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a b s t r a c t

Background: Low-intensity transcranial focused ultrasound stimulation is a promising candidate for
noninvasive brain stimulation and accurate targeting of brain circuits because of its focusing capability
and long penetration depth. However, achieving a sufficiently high spatial resolution to target small
animal sub-regions is still challenging, especially in the axial direction.
Objective: To achieve high axial resolution, we designed a dual-crossed transducer system that achieved
high spatial resolution in the axial direction without complex microfabrication, beamforming circuitry,
and signal processing.
Methods: High axial resolution was achieved by crossing two ultrasound beams of commercially avail-
able piezoelectric curved transducers at the focal length of each transducer. After implementation of the
fixture for the dual-crossed transducer system, three sets of in vivo animal experiments were conducted
to demonstrate high target specificity of ultrasound neuromodulation using the dual-crossed transducer
system (n ¼ 38).
Results: The full-width at half maximum (FWHM) focal volume of our dual-crossed transducer system
was under 0.52 mm3. We report a focal diameter in both lateral and axial directions of 1 mm. To
demonstrate successful in vivo brain stimulation of wild-type mice, we observed the movement of the
forepaws. In addition, we targeted the habenula and verified the high spatial specificity of our dual-
crossed transducer system.
Conclusions: Our results demonstrate the ability of the dual-crossed transducer system to target highly
specific regions of mice brains using ultrasound stimulation. The proposed system is a valuable tool to
study the complex neurological circuitry of the brain noninvasively.
© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Direct brain neuromodulation offers distinct advantages
compared to indirect pharmaceutical methods, which suffer from
limited delivery through the blood-brain barrier (BBB), drug
dependence and resistance, and low target specificity [1e3].
Currently, various direct brain stimulation modalities are clinically
used to treat neurological pathologies such as Parkinson’s disease
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(PD), Alzheimer’s disease (AD), and depression. Some of the most
widely explored technologies include deep brain stimulation (DBS),
transcranial magnetic stimulation (TMS), and transcranial direct-
current stimulation (tDCS) [4]. DBS based on electrical stimula-
tion using implantable electrodes is clinically used for patients
suffering from movement disorders, PD, dystonia, and tremors [5].
However, DBS requires highly invasive neurosurgical operations to
implant electrodes deep within the brain and thus, is subject to low
patient compliance. In contrary, TMS and tDCS are noninvasive
with high patient compliance, but are limited by low spatial reso-
lution and limited target depth [6].

Recently, a new modality based on ultrasound (transcranial
focused ultrasound stimulation, tFUS), which is also noninvasive
but is theoretically capable of targeting deep brain structures with
high spatial resolution has been proposed and widely explored
[7e20]. Since there is yet a clinically available tool that targets deep
brain structures non-invasively, tFUS is increasingly recognized as a
powerful tool for noninvasive neuromodulation (Supplementary
Table S1). However, despite the theoretical advantage of high
spatial resolution, highly specific targeting using ultrasound neu-
romodulation still remains a challenge [21,22]. While ultrasound
neuromodulation studies on human, non-human primates, and
small animals have been widely demonstrated [23e30], due to the
use of curved single-element piezoelectric ultrasound transducers
with elliptical focal spots, the focal volume spanned across multiple
brain sub-regions in the axial direction (i.e. dorsoventral direction)
of the beam [31] (Fig. 1A(i), 1B(i)). This problem is especially critical
for small animal experiments where brain sub-regions are in the
order of a few hundred microns (Supplementary Table S2,
Supplementary Fig. S1).

There have been previous attempts to reduce the focal size in
order to improve the target specificity of tFUS by using modulated
ultrasound waves, higher-frequency ultrasound, and beamforming
arrays [21,31e33]. Increasing the center frequency of curved single-
element piezoelectric ultrasound transducers reduces the focal area
but only in the lateral direction; the focal area in the axial direction
remains unchanged [31]. Therefore, a higher frequency ultrasound
beam improves the mediolateral (ML) and anteroposterior (AP)
specificity but is still limited by low dorsoventral (DV) specificity.
Natural beam focusing through the use of a ring-shaped ultrasound
transducer based on Micro Electro Mechanical Systems (MEMS)
technology has been proposed but also suffered from low axial
resolution [34e36].

The most common approach to reduce focal size is to use an
array of transducers and apply phase delay to achieve beamform-
ing. Since the axial resolution is determined by the center fre-
quency, focal length, and aperture size, for the same frequency and
focal length, a larger array is required to achieve a high axial res-
olution [37]. For example, for a linear array with a center frequency
and focal distance of 5 MHz and 2 cm, respectively, the estimated
required aperture size for the linear phased array to achieve an
axial resolution of 1 mm is in the meter scale, which is impractical
(Supplementary Fig. S2). Hemispherical phased arrays are able to
achieve high spatial resolution in the axial direction by physically
positioning a large number of array elements around the skull,
however, these arrays still suffer from a relatively low axial reso-
lution and are too bulky for small animal studies [38]. Furthermore,
beamforming requires complex circuitry and a signal processing
unit. Recently, a new method using optoacoustics demonstrated
motor neuromodulation in mice at a submillimeter spatial resolu-
tion. However, this technique is highly invasive as it required
insertion of a fiber directly into the brain [39]. Therefore, there is
still a challenge to achieve high spatial resolution in the axial di-
rection for noninvasive ultrasound neuromodulation. In addition,
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the solution should be low-cost and simple to be readily adapted in
neuroscience laboratories.

To overcome these challenges, we propose a dual-crossed
transducer system that is capable of high spatial resolution in
both the lateral and axial directions (Fig. 1A(ii)-(iv)). By crossing the
beams of two commercially available transducers, we were able to
significantly reduce the focal size in the axial direction and the focal
volume. The overlapping area of the two beams formed a new focal
spot and the resulting focal area was dramatically minimized
compared to that of previous works. Another important advantage
of this system is that the ultrasound beam intensity required for
each transducer is smaller compared to that of a single transducer.
Thus, the non-target brain regions along the ultrasound beam path,
which are inevitably exposed, are subject to a lower intensity. In
addition, our proposed system offers a new solution that does not
require expensive and complicated beamforming circuitry and
signal processing unit.

Material and methods

Beam profile simulation

We used finite element analysis (FEA) to simulate the beam
profile of both a single transducer and dual-crossed transducers
(COMSOL Multiphysics®, MA, USA). We simulated in two di-
mensions (2D) to minimize the computation time. The curvature of
the transducer surface was set equal to that of the 5-MHz piezo-
electric transducers we used for the experiments. Then, we applied
a harmonic oscillation to the transducers with a few nanometers of
displacement at a frequency of 5 MHz. After simulating the beam
profile of the single transducer, we positioned two transducers so
that two beams crossed in-phase at the focal spot. The beam pro-
files of two transducers positioned at the crossing angles of 45�,
60�, and 90� were simulated (Fig. 1B(ii)-(iv)). After finding the
maximum intensity at the focal spot, we defined the axial and
lateral resolutions according to the FWHM in the respective di-
rections (Fig. 1C and D). All values were normalized to that of a
single transducer for comparison. Furthermore, we simulated the
effects of phase differences that may exist in the actual imple-
mentation by positioning one of the transducers slightly backwards
to create the phase difference. Nine phase differences were simu-
lated for three crossing-angles (45�, 60�, and 90�) (Fig. 1G). All
values were normalized by the maximum intensity of the primary
focal lobe observed for the in-phase condition (ideal case).

Implementation of dual-crossed transducer system

The dual-crossed transducer system consisted of two commer-
cially available transducers (5 MHz, diameter ¼ 19.05 mm, focal
length (F)¼ 38.1mm, Hagisonic Inc., Korea) and a custom-designed
fixture that held the two transducers in place at a fixed angle
(Supplementary Fig. S3A). The fixture consisted of a stainless steel
ruled bar with two arms attached freely on the bar: a fixed arm and
a mechanically translatable arm (Sciencetown Inc., Korea). The
mechanically translatable arm consisted of an xyz stage with an
acrylic holder for the transducer, and both arms were fixed at a 45�

angle to the bar. Two identical collimators were attached to the
transducers and were filled with ultrasound coupling gel (Sanipia
Inc., Korea). The distance between the two arms on the bar and the
position of the mechanically translatable arm were manually
adjusted to achieve precise 90� beam-crossing alignment.

For precise positioning of the focal spot of the dual-crossed
transducers during in vivo stimulation, ultrasound beam simula-
tions of the dual-crossed transducers were conducted with the
MATLAB acoustics toolbox k-Wave and mouse skull CT data



Fig. 1. Schematics and simulated beam profiles of dual-crossed ultrasound transducers with varying crossing angles. (A) 2D schematic of (i) a single transducer and dual-
crossed ultrasound transducers with crossing angles of (ii) 45� , (iii) 60� , and (iv) 90� . (B) Simulated 2D ultrasound beam profiles of (i) a single transducer and dual-crossed
transducers with crossing angles of (ii) 45� , (iii) 60� , and (iv) 90� . The color scale represents the relative intensity of the beam with the strongest shown in red. Normalized (C)
axial diameter, (D) lateral diameter, (E) focal area, and (F) intensity to that of single transducer based on the 2D simulation results. (G) Normalized intensities of the primary and
secondary lobes observed in the simulated beam profiles plotted against various phase differences. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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(MathWorks®, Natick, MA, USA) [40,41]. Then, at the desired
simulated brain location, the dual-transducer system was posi-
tioned using an acrylic reference needle attached to the center of
the fixture bar. This reference needle was used to pinpoint the
location of the bregma before stimulation to precisely position the
focal spot to the known coordinates of the mouse brain (For more
details on the positioning system and the custom-made MATLAB
simulation program, see Supplementary Method S1). To evaluate
the robustness of our custom-designed fixture, we measured the
beam profile of our dual-crossed transducers after 8 months. We
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observed that the beam profile remained unchanged after 8
months, demonstrating the mechanical stability of our system. (For
more experimental details on beam profile measurement, see
Supplementary Method S2 and S3.)
In vivo animal experiment setup

All animal experiments conducted in this study were performed
in accordance with protocols and ethical standards delineated by
the Institutional Animal Care and Use Committee (IACUC) at the



S. Kim, Y. Jo, G. Kook et al. Brain Stimulation 14 (2021) 290e300
Korea Advanced Institute of Science and Technology (KAIST, Dae-
jeon, Korea). A total of 38 wild-type mice (C57BL/6J, 6e8 weeks old,
male) were used. (For more details on surgical procedures, see
Supplementary Method S1.)

In vivo neuromodulation protocol

After visual confirmation of stable breathing of anesthetized
mice on the stereotaxic frame, the dual-crossed transducer system
was positioned at the target region using a custom-made program
that controlled the motorized stage. We applied ultrasound stim-
ulation after 30 min of stabilization. The stimulation parameters
were center frequency of 5 MHz, duration of 0.4 s, pulse repetition
frequency (PRF) of 500 Hz, duty cycle of 50%, and intensity of 1 W/
cm2 (~130 mW/cm2 accounting for skull attenuation effects)
(Supplementary Fig. S3B) [31]. Using this stimulation protocol, we
conducted three in vivo experiments to verify the functionality of
our dual-crossed transducers. Specifically, wemeasured the success
rate of motor response of the dual-crossed transducers (1) at a
single coordinate with varying intensities and (2) compared with a
single transducer to demonstrate the efficacy of the dual-trans-
ducer system. In addition, we observed the activation of neurons
using c-Fos staining by (3) targeting the habenula, a deep-brain
structure. The success rate was determined by analyzing electro-
myography (EMG) signals acquired from the mice’s forepaw and
verifying movement visually (Supplementary Fig. S3D, Supple-
mentary Method S4). After the end of sonication, cardiac perfusion
was conducted at the 30-min mark after the first ultrasound trigger
was delivered. (For more details on immunohistology protocols, see
Supplementary Method S5.)

For a single target region in the mouse motor cortex (ML: 0.7,
AP: �0.5, DV: 1), we measured the success rate of the dual-crossed
transducer system at various intensities (n ¼ 4) (Supplementary
Fig. S6). Then, at the same coordinates, we compared the success
rate of motor responses between a single transducer and dual-
crossed transducers for two cases: (1) equal single beam in-
tensities (n ¼ 4) and (2) equal focal intensities (n ¼ 4). The former
case confirmed the ability of the dual-crossed system to effectively
use two low-powered single transducers to produce a high in-
tensity central focal point capable of successful neuromodulation.
The latter case investigated the efficacy of an improved spatial
resolution for the dual-crossed system. Then, the habenula (ML:
0.2, AP: �2.1, DV: 2.4), an important deep-brain structure that is
linked to depression disorder, was targeted with our dual-crossed
transducer system (n ¼ 10) [42]. Verification of successful stimu-
lation of targeted regions was verified with c-Fos expression for the
comparison of the single and dual-crossed transducers (n ¼ 16), as
well as for the stimulation of the habenula. For stimulation of the
habenula, c-Fos activation was compared for (1) dual-crossed
transducer stimulation of the habenula, (2) off-target stimulation
of a random region (substantia nigra, ML: 1.1, AP: �2.9, DV: 4.7),
and (3) no stimulation. (For more details on immunohistology
protocols, see Supplementary Method S5.)

Human skull simulations

As a preliminary study, the clinical applicability of our dual-
crossed transducer concept was tested with high fidelity acoustic
simulations on five human head models using the Sim4Life (ZMT
Zurich MedTech AG, Zurich, Switzerland) software, as described in
Refs. [43,44]. We modeled the transducer as a single curved
element focused transducer with a radius of curvature of 85 mm
and an aperture width of 50 mm, working at a center frequency of
500 kHz, which resulted in an elliptical beam of 42 mm by 5 mm in
a water background. We employed the same transducer model in
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all simulations and targeted the subgenual cingulate cortex (CG25),
which is involved in depression [45e47]. The five human head
models were taken from the multi-modal data, as described in
Ref. [48]. For more details on the setup of the human skull simu-
lations, see Supplementary Method S6.

Results

Design and working principle

In our proposed system, high axial resolution is achieved by
crossing two focused ultrasound beams from commercially avail-
able piezoelectric curved transducers at the focal length of each
transducer. For this scheme, the angle between two beams (i.e.
crossing angle) is an important design parameter. Thus, we first
conducted simulations using finite element analysis (FEA) to
characterize the beam profile of dual-crossed transducers at vary-
ing crossing angles. Specifically, we compared the acoustic in-
tensities of a single transducer to that of dual-crossed transducers
at crossing angles of 45�, 60�, and 90�. When the two beams were
crossed in-phase, the axial diameter and focal area were greatly
reduced for all crossing angles (Fig. 1A and B). A crossing angle of
90� showed the highest axial resolution and doubled intensity,
which were about 10 times and 2.1 times greater than that of the
single transducer, respectively (Fig.1C, F). In addition, we compared
our simulation results to estimated intensity values calculated
based on an analytical model that assumed in-phase condition
(Supplementary Method S7). We show that it is proportional to the
cosine of half the crossing angle and this value matches well with
our simulation results and experimental measurements. Since the
focal spot is formed through the constructive interference of two
ultrasound beams, accurate alignment of two beams is critical. For
example, two beams must coincide at the exact focal length of each
transducer while propagating in the same plane.

However, in practice, it is difficult to achieve perfect alignment.
For example, unwanted phase differences could arise due to tech-
nical errors such as minor differences in the transducers and the
fixture. Thus, to assess the tolerance of our system and quantita-
tively analyze the effects of misalignment on intensity and spatial
resolution, we simulated the performance of the dual transducers
crossed at 45� and 90� at varying phases (Supplementary Fig. S4).
For the crossing angle of 45�, as the phase shifts from in-phase to
out-of-phase, the single primary focal lobe decreases in intensity
and splits into two focal lobes (Fig. 1G(i)). We confirmed a similar
phenomenon for the crossing angle of 60� (Fig. 1G(ii)). In contrary,
for the crossing angle of 90�, two secondary lobes exist on both
sides of the primary lobe even in the in-phase condition but this
pattern does not significantly change in both intensity and shape as
the misalignment worsens (Fig. 1G(iii)). Thus, while the lateral
resolution of the 90�-angle case is poorer compared to the 45�-
angle and 60�-angle cases due to the existence of the secondary
lobes, we chose 90� for the crossing angle because of its highest
axial resolution and robustness to misalignment errors
(Fig. 1C,G(iii)).

Beam profile measurement of dual-crossed transducers

We custom-designed a fixture to hold two commercially avail-
able 5 MHz piezoelectric transducers that were aligned for beam
crossing at a 90� angle (Supplementary Fig. S3A). First, we
measured the beam profile of a single 5 MHz curved transducer to
characterize the focal length (F) and FWHM (Supplementary
Fig. S3C). The axial and lateral resolution defined by FWHM were
approximately 10 mm and 0.8 mm, respectively. Using the focal
length estimated from this measurement (F ¼ 38.1 mm), we
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adjusted our dual-transducer fixture roughly so the focal spot of
each transducer crossed at 90�. For precise alignment, we iterated
beam profile measurement and fixture adjustment. After a few it-
erations, we experimentally confirmed that the two beams were
successfully aligned with a crossing angle of 90� (Fig. 2).

The center of the crossed beams formed a focal sphere with a
diameter of approximately 1 mm at FWHM (Fig. 2C and D). Thus,
the spatial resolution was 1 mm in both the axial and lateral di-
rections, which matched well with our simulation results.
Compared to the single transducer, we achieved a ten-fold
improvement in the axial resolution using our dual-crossed trans-
ducer system. The slight increase in the lateral resolution of the
dual-crossed transducers due to the secondary lobes compared to
that of a single transducer was also reflected in our simulations.
Moreover, similar beam patterns of primary and secondary lobes
were observed to that shown in the simulation (Fig. 1B,
Supplementary Fig. S4). The measured maximum intensity at the
spherical focal spot of the dual-crossed transducer system was
approximately double that of a single transducer, which also
matched well with the simulation results (Fig. 1F). The maximum
intensity of the dual-crossed transducer systemwas 1189 mW/cm2,
which was approximately 155 mW/cm2 accounting for skull
attenuation effects. Because of the natural increase in the intensity
at the focal spot due to overlapping beams, the intensity of each
ultrasound beam required for neuromodulation was smaller. Thus,
using our system, non-target brain regions would be exposed to a
lower intensity of ultrasound.

The skull effects of both the dual-crossed transducers and a
single transducer were analyzed with beam profile measurements.
We observed less beam distortion in the dual-transducers
compared to that of the single transducer. In addition, intensity
attenuation due to the presence of the skull was observed in both
the single transducer and the dual-crossed transducer system
(Supplementary Fig. S5). The intensity values were normalized by
the maximum intensity measured from the dual-crossed trans-
ducers. The ultrasound beams of the single and dual-crossed
transducers were reduced to 7% and 13% of its original intensity,
respectively. Nonetheless, the attenuated intensity values were
sufficient for noninvasive ultrasound brain stimulation [49].

Additional beam simulations including the skull effects using
micro CT data of a mouse skull demonstrate the limitations of our
current dual-crossed transducer system which is incapable of
rotational movement. Our simulations show that the curvature of
the mouse skull prevents effective beam penetration of the dual-
crossed transducers as the target brain region moves away from
the medio-lateral plane (Supplementary Table S3). Thus, with the
current setup, stimulation of brain areas is relatively unimpeded in
the antero-posterior (AP) and dorso-ventral (DV) directions but is
medio-laterally (ML) confined.

In vivo animal experiments

To demonstrate the functionality of our dual-crossed transducer
system, we conducted in vivo experiments onwild-type mice. First,
the motor cortex was stimulated using the stimulation protocol
that resulted in an ISPPA of 1 W/cm2 (~130 mW/cm2 accounting for
skull attenuation effects) (Supplementary Fig. S3B). Using our dual-
crossed transducer system, we successfully observed induced
movement in the forepaw of the mice (Movie S1). Furthermore, we
measured the success rate at varying intensities. Similar to previ-
ously reported results, we observed that the success rate increased
as the intensity of the dual-crossed transducer system increased
(Supplementary Fig. S6, S7; n¼ 4) [35]. Thus, we demonstrated that
our systemwas capable of neuromodulation of the motor cortex of
mice.
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Supplementary data related to this article can be found at
https://doi.org/10.1016/j.brs.2021.01.002.

For the comparisons of induced motor responses for a single
transducer against our dual-crossed transducers, we observed
statistically significant (two-tailed paired t-test, *p < 0.05) differ-
ences in the success rates between a single transducer and our
dual-crossed transducers. For the case with equal single transducer
intensities, the overlapping beams of the dual transducer system
allowed for more efficient stimulation with a smaller sized focus
but at a higher focal intensity than the single transducer (Fig. 3A
and B; Supplementary Fig. S8; n ¼ 4). These results reaffirmed the
intensity-dependence for successful ultrasound neuromodulation
and the key advantage of our dual transducer system (i.e. lower
intensity in the beam path and higher intensity at the target re-
gion). For the case with equal focal intensities, the success rate of
eliciting a motor response was high for both the single and dual
transducers, but the high resolution dual transducers demon-
strated more efficient stimulation (Fig. 3D and E; Supplementary
Fig. S9; n ¼ 4). These results demonstrate the effectiveness of
neural stimulation with the use of a high-spatial resolution dual-
crossed transducer system.
c-Fos activation

Using the same protocol as the cortical stimulations, neuro-
modulation of the habenula, an important deep-brain structure,
was conducted. Immunohistochemistry was conducted for two sets
of in vivo experiments: (1) comparison of single vs. dual trans-
ducers, and (2) stimulation of the habenula to investigate neural
tissue damage and neural activation. To quantify the neural activity
with ultrasound stimulation, we performed immunohistochem-
istry of c-Fos, an activity dependent immediate early gene, which
has been widely used as a biomarker for neural activity [50]. Mice
were sacrificed and the brain was fixed with a 4% para-
formaldehyde (PFA) solution at the 60 min mark after the start of
ultrasound stimulation, which targeted the motor cortex and
habenula. The habenula is a deep brain structure that has been
suggested as a potential target region for deep brain stimulation in
patients with depression [42]. Brain sections were stained with
antibodies for c-Fos and DAPI and scanned with a slide scanner
(Pannoramic ScanII). We analyzed the number of c-Fos positive
cells in the motor/somatosensory cortex and habenula by visual-
izing 2D or 3D brain images using the QUINT workflow (Fig. 4A)
[51e53].

DT stimulation significantly increased the number of c-Fos
positive cells in the target regions compared to stimulation with a
single transducer in the motor cortex (Fig. 3C,F). For the case of
equal single transducer intensities, DT stimulation significantly
induced more c-Fos expression compared to that of the single
transducer (Fig. 3C; Supplementary Fig. S10A; n¼ 8). For the case of
equal focal intensities, DT stimulation induced c-Fos expression
more consistently in the target region of the motor cortex while the
single transducer induced widespread cortical activity beyond the
targeted motor cortex (Fig. 3F; Supplementary Fig. S10B; n ¼ 8).
This is consistent with the focal size of the beams as defined by the
full-width half maximum intensity (FWHM). DT stimulation of the
habenula significantly increased the number of c-Fos positive cells
compared to DT stimulation of a random off-target region (sub-
stantia nigra, ML: 1.1, AP: �2.9, DV: 4.7) and no stimulation (Fig. 4B
and C; Supplementary Fig. S10C; one-way ANOVA with Dunnett’s
post-hoc test, Hb: n ¼ 3; off-target: n ¼ 3; no-stim: n ¼ 4;
*p < 0.05). These results suggest efficient and target-specific neu-
romodulation of cortical and deep-brain regions with the dual-
crossed transducer system.

https://doi.org/10.1016/j.brs.2021.01.002
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Human skull simulations

Upon verification of successful stimulation in mice, we con-
ducted preliminary simulations to demonstrate the potential of our
dual-crossed transducer concept for clinical applications in the
future. To test our proposed concept on larger human brains, we
conducted preliminary simulations of dual-crossed transducers in
five human head models using CT and MRI data (Sim4Life, ZMT
Zurich MedTech AG, Zurich, Switzerland) (Fig. 5, Supplementary
Fig. S11).

The dual transducers crossed at 45� delivered a more focused
intensity distributionwith a better target engagement compared to
a single transducer. Fig. 5A(i) and 5B(i) show the superimposition of
the simulated maximum beam intensity in the brain and the
anatomical T1-weighted MR image in the three planes (frontal,
sagittal, and transverse) for single and dual transducers, respec-
tively. The sagittal planes show that the ultrasonic waves from a
single transducer (Fig. 5A(i)) are reflected by the base of the skull,
and the maximum intensity is a few centimeters away from CG25.
The transverse and frontal planes (Fig. 5A(i)) confirm that the
maximum is close to the base of the skull. In contrary, the intensity
beam from the dual transducers reaches the CG25 without a strong
reflection pattern, and the FWHM areas (Fig. 5B(ii)) are 7.5 times
smaller in the transverse and frontal planes and 2.5 smaller in the
sagittal plane (Supplementary Table S4) compared to a single
transducer. Finally, it is worth noting that the maximum intensity
from the dual transducers is four times bigger. This is relevant for
the safety of the stimulation since a lower driving pressure is
needed to reach the same intensity at the target when combining
two transducers [49]. In other words, the skull below the trans-
ducers and the brain areas outside the target area will absorb less
acoustic energy.

Crossing angles of both 45� and 90� for the dual transducers
result in high spatial resolutions. However, our simulations show
that the 45� configuration results in fewer lateral side foci.
Comparing the beams after cranial transmission shows that the
focus region is elliptical in the sagittal planes (Supplementary
Fig. S12A(i), B(i)) when the crossing angle is 45�, and more spher-
ical when using a 90� configuration. The main difference occurs in
the transverse and frontal planes (Supplementary Fig. S12A(ii, iii), B
(ii, iii)), where the 90� configuration results in more lateral side foci,
which can lead to unwanted side stimulations. For this reason, we
chose 45� as the better configuration to target the CG25.

The similarity of the simulated beam inside the brain when
targeting the CG25 with two transducers angled at 45� in five
subjects confirm the stability of the approach with dual-crossed
transducers in humans. Supplementary Figure S11 qualitatively
shows the agreement of the simulated beams for the different head
models. Quantitatively, Supplementary Table S4 shows that the
FWHM areas are 14.13 ± 6.27 mm2 (mean ± standard deviation) in
the transverse plane, 17.35 ± 6.1 mm2 in the frontal plane and
45 ± 6.13 mm2 in the sagittal plane. The attenuation of the intensity
is 7 ± 2.9%, indicating a rather high variability of the intensity that
reaches the target in each head model, which suggests that
Fig. 2. Beam profile measurement of dual-crossed ultrasound transducers. (A)
Schematic of five 2D planes selected for beam profile measurement. (B) Beam profile
measurements of the five planes with 500 mm-steps between each plane. (C) Beam
profile measurement of eleven planes centered at the focal spot between planes ii and
iv with 100 mm-steps between each plane. (D) Plot of normalized intensity in the axial
direction. The FWHM of the focal spot in the axial direction was 1 mm. (E) Axial spatial
distribution of 90-crossing DT beams as a function of normalized intensity. The
simulation confirms experimental beam focal size (FWHM) for entire beam crossing,
including the adjacent ripples.



Fig. 3. Neuromodulation of motor cortex with dual and single ultrasound transducers. (A) Schematic of intensity profiles for the comparison between dual-crossed (DT) and
single transducers (ST) for equal single beam intensities, resulting in a lower (halved) focal intensity for ST (case 1). (B) Comparison of the success rate of ultrasound stimulation
between DT and ST for case 1 (equal single beam intensities, n ¼ 4). (C) Analysis of c-Fos positive neurons for representative coronal slices of case 1 (n ¼ 8). Grey dotted lines
represent the motor and somatosensory areas. The black scale bar represents 1 mm. (D) Schematic of intensity profiles for the comparison between DT and ST for equal focal
intensities, resulting in a larger focal area (FWHM) for ST (case 2). (E) Comparison of the success rate of ultrasound stimulation between DT and ST for case 2 (equal focal intensities,
n ¼ 4). (F) Analysis of c-Fos positive neurons for representative coronal slices of case 2 (n ¼ 8). Grey dotted lines represent the motor and somatosensory areas. The black scale bar
represents 1 mm.
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individualized optimization is beneficial for accurate dose control
and targeting in humans.

Using subject S1, we aimed to exemplarily demonstrate that the
dual-crossed transducers enable a fine control of the focus position
for individualized optimization. In Supplementary Figure S13A(i),
the intensity distribution covers both the greymatter and thewhite
matter. Slightly changing the transducer positions successfully
moves the focus into grey matter of the cingulate cortex
(Supplementary Fig. S13B(i)). Supplementary Figure S13A(ii), B(ii),
and Table S4 confirm that the beam areas are only slightly affected
(15.65 mm2 instead of 11.02 mm2 in the transverse plane,
15.54 mm2 instead of 14.74 mm2 in the frontal plane, and
51.43 mm2 instead of 40.86 mm2 in the sagittal plane). The atten-
uation of the beam is lower for the optimized position (11.1%
instead of 7.39%). The latter confirms the need for individualized
dose calculations.
Discussion

We successfully demonstrated an improved spatial resolution in
the axial direction using our dual-crossed transducer system. An
axial resolution of approximately 1 mmwas achieved with our dual
crossed ultrasound beams. Furthermore, we confirmed the ability
of our system to stimulate millimeter-scale sub-regions of wild-
type mice brains through in vivo experiments. This allows for tar-
geting of neural circuit elements in small animals, which is crucial
for treating various neurological pathologies noninvasively. How-
ever, we report some limitations of our proposed system: 1) bulk-
iness of the system, 2) potential for misalignment, 3) potential
imprecise positioning of the focal spot of the dual-crossed trans-
ducers relative to the bregma, and 4) inability to accurately target
medio-laterally peripheral areas of the brain. First, while our
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system does not require complex circuitry, its physical size is still
inherently bulkier than a single transducer, which limits in vivo
experiments to stereotaxic fixation. Second, since our system relies
on the physical alignment of dual-transducer beams, the potential
for misalignment depends heavily on the mechanical tolerance of
the fixture. Third, the calibration procedure necessary for posi-
tioning the focal spot of the system relative to the bregma depends
on the positioning of the reference needle and the step-resolution
of the motorized stage, which can be subject to potential
imprecision.

Fourth, simulations using the MATLAB acoustics toolbox k-Wave
and micro CT data of a mouse skull have revealed limitations in
targeting area due to the curvature of the skull. Our current setup
uses a xyz motorized stage that can be manipulated in the 3
orthogonal axes but is incapable of rotational movement. This
prevents the system from aligning the incident angle of the beams
with the surface of the skull for ideal penetration in peripheral
regions where the curvature of the skull becomes significant
(Supplementary Table S3). Thus, our system is capable of targeting
brain regions that lie within a narrowmedio-lateral (ML) range but
wide antero-posterior (AP) and dorso-ventral (DV) ranges. For
future works with the dual-crossed transducers, an ideal setup
would require a motorized stage capable of rotational movement
integrated with ultrasound beam simulations of skull penetration
at target brain regions.

Nonetheless, our dual-crossed transducer system presents a
new high-resolution tool for ultrasound brain stimulation in small
animals. The high spatial resolution of our system enables targeting
of millimeter-scale sub-regional structures of small animal brains.
The mice habenula, which is approximately
1 mm � 1 mm � 1.5 mm, is the perfect candidate for noninvasive
tFUS using our dual-crossed transducer system. The habenula is a



Fig. 4. Ultrasound neuromodulation of deep brain with dual-crossed ultrasound transducers. (A) Schematic of the QUINT workflow with custom MATLAB analysis for c-Fos
activation data. (B) Number of c-Fos positive neurons in the habenula after DT stimulation compared with two controls: off-target stimulation and no stimulation (n ¼ 10, one-way
ANOVA, *p < 0.05). (C) Analysis of c-Fos staining in representative coronal slices for DT stimulation of the habenula, off-target location, and no stimulation. The black scale bar
represents 1 mm and the white scale bar represents 0.25 mm for the zoomed-in IHC images.
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crucial sub-region of the brain which is linked to nociception,
sleep-wake cycles, reproductive behavior, and depression. Neuro-
modulation of the habenula and conducting subsequent behavioral
in vivo experiments using our proposed system is a promising di-
rection for future studies. While we demonstrated our system on
small animals, which impose a challenge in terms of physical size,
the concept of our dual-crossed transducers can be extended to
larger animals if more rigorous modeling on beam transmission
through the cranium is conducted and the positioning system is
adapted for larger brains. In this study, we conducted preliminary
simulations on five human head models, which demonstrated the
potential for clinical applicability with our dual-crossed transducer
concept.

However, an actual test of applicability is beyond the scope of
this paper since the topological complexity of the human cranial
surface, the variations between individual skulls (Supplementary
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Fig. S11, Table S4), and the wave mechanics within and without
the cranial cavity require more extensive numerical modeling,
simulations, and preliminary human trials. A complete acoustic
model for human skull simulations does not yet exist as far as we
know, and research on clinical ultrasound stimulation generally
rely on partial ex-vivo skull samples and numerical simulations for
accurate targeting through the cranial barrier [43,54,55]. Thus,
while the concept of our system can theoretically be modified for
clinical applications, significant preliminary experiments and sim-
ulations with excised skull samples would be required. In addition,
a revised positioning system would be required for accurate and
precise targeting of brain regions in larger andmore complex brains
with no standardized stereotaxic coordinate system.

Along with simulations, real-time high resolution imaging
techniques such as MRI are frequently employed in conjunction
with ultrasound stimulation on larger animals and humans



Fig. 5. Beam profile simulations for single and dual-crossed transducers in human skull. (A) Beam profile simulation of a single 500 kHz transducer targeting the subgenual
cingulate (CG25), which is a clinically relevant brain region linked to depression. (i) Cross-sectional views of three planes, sagittal, frontal, and transverse, are shown superimposed
on anatomical T1-weighted MR images, and (ii) their respective maximum intensity projections are mapped. (B) Beam profile simulation of dual-crossed transducers with a
crossing angle of 45� and resonant frequencies of 500 kHz targeting the CG25. (i) Cross-sectional views of three planes (sagittal, frontal, and transverse) are shown superimposed on
anatomical T1-weighted MR images. (ii) The maximum intensity projections are also mapped. The white scale bar represents 1 cm.
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[56e58]. A recent report of ultrasound stimulation in human sub-
jects acquired MRI scans of subjects’ brains before stimulation to
map the neuroanatomical structures of the brain for accurate
positioning of the transducer [58]. This study also designed custom
3D-printed head-worn mounts to fix the distance of the transducer
surface from the brain, and precise targeting was confirmed in real
time by a two-person verification approach using a rapid scanning
system calibrated with the focal length of the ultrasound beam and
the relative neuroanatomical map of the brain. Our proposed sys-
tem would benefit from real-time fMRI techniques for accurate
positioning and targeting of brain subregions. In future works with
our system, integration of MR-based imaging protocols with
advanced modeling for topologically complex skulls, and im-
provements to the fixture system could allow for clinical
applications.
Conclusions

Sub-millimeter scale targeting in wild-type mice using nonin-
vasive ultrasound brain stimulation was demonstrated with our
novel dual-crossed transducer system. Motor responses were suc-
cessfully evoked in mice, and stimulation of the habenula was
verified using c-Fos activation. Furthermore, as a preliminary study,
the clinical applicability of the dual-crossed transducer setup was
demonstrated with simulations in five human skulls targeting the
subgenual cingulate cortex. This work presents a valuable
biomedical tool for highly specific, noninvasive direct brain stim-
ulation studies using tFUS in small animals with potential for
clinical applications.
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