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 A B S T R A C T

Transcranial focused ultrasound enables remote targeted therapies that were previously only possible using 
surgical approaches. Mechanical therapies are particularly attractive due to their confined action and the 
elimination of the potentially harmful tissue and skull heating. However, systems for controlled mechanical 
therapies of the brain have been missing. Here, we have developed a prototype of such a system. The 
system operates at a relatively low frequency of 325 kHz (bandwidth 270–380 kHz) to accentuate mechanical 
effects and minimize the shift of the focal point, field distortion, and acoustic attenuation. We evaluated the 
transcranial performance of the system through 21 ex-vivo human skulls. There was a favorably low shift of the 
focal point (mean of 1.2 mm; 2.6 mm max), a minimal increase in focal volume (mean increase of 18%), and 
moderate attenuation of the pressure field (average 67% pressure attenuation). These values were achieved 
without phase correction. These results demonstrate that systems operating at a relatively low frequency are 
less prone to the aberrations of ultrasound by the skull, and provide a prototype that has the potential to be 
used for combined neuromodulation and mechanical therapies. However, translation to clinical high-intensity 
applications will require further validation, including in-vivo thermometry and safety testing.

1. Introduction

Disorders of brain function affect nearly one in three people glob-
ally [1,2]. For many of these patients, pharmacological interventions 
are ineffective and produce substantial side effects [1–5]. As a result, 
there is a critical need for noninvasive brain therapies that can reliably 
reach and modulate deep neural structures. Focused ultrasound (FUS) 
has emerged as a promising platform for this purpose, offering nonin-
vasive energy delivery through the intact skull. Although first clinical 
applications were based on thermal lesioning [6–9], mechanical ther-
apies, whether low-intensity (neuromodulation, blood–brain barrier 
opening) or high-intensity (histotripsy, boiling histotripsy) are attract-
ing attention due to a relatively sharp focus and lower risk for damage 
of unintended tissues compared to thermal therapies [10–15]. The 
low-intensity therapies are advantageous in that they are reversible, 
whereas high-intensity therapies minimize the need for repeated use. 
Low-intensity therapies also have the potential to guide high-intensity 
therapies through systematic evaluation of the contribution of specific 
brain regions to disease signs and symptoms. This dual use opens 
new opportunities for individualized treatments, but systems with that 
capacity have been missing. A system to provide effective mechanical 
therapies of the brain must meet criteria for effectiveness and for 
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minimization of the aberrations by the head. Regarding effectiveness, 
neuromodulation [16] and cavitation-related effects (blood–brain bar-
rier opening, local drug release [17]) are more effective at lower 
frequencies. Aberrations of ultrasound by the head can also be al-
leviated by using lower frequencies. Both ultrasound dephasing and 
attenuation are less severe at lower frequencies [18–21]. Thus, next-
generation systems for mechanical therapies should generally operate 
at low frequency. At the same time, the frequency should be high-
enough to provide favorable focus, e.g., on the order of individual brain 
nuclei such as the VIM [6], i.e., on the order of about 4 mm diame-
ter [22,23]. Multiple large-array systems, such as Insightec’s Exablate 
platform and those described by others [24,25], have demonstrated 
effective deep targeting for both thermal and low-intensity focused 
ultrasound (LIFU) applications. Building on this work and the above 
considerations, we developed a system operating at a center frequency 
of 325 kHz with the aim to reduce skull-induced aberration while 
maintaining a sufficiently small focal size for both LIFU and high-
intensity (HIFU) mechanical therapies all while minimizing the need 
for explicit aberration correction. We evaluated the above premises in 
vitro and through human ex-vivo human skulls.
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Fig. 1. System and setup. Experimental setup (A) and single transducer array (B). The experimental setup contains: (1) arrays placed in custom frame, (2) skull 
cap, (3) magnets securing the skull to a positioning system, (4) fiber optic hydrophone connected to a micro manipulator. Single arrays contain a 10 ε 13, 
13 ε 13 mm square PZT elements in a spherical configuration with radius = 100 mm.

2. Methods

2.1. Overview

This study investigated the capability of a 256 hemispherical FUS 
array operating at 325 kHz to perform mechanical therapies through 
the human skull. Specifically we characterized the pressure output and 
steering capabilities of the array in free field as well as the attenuation, 
focal shift, and change in focal volume when applied through 21 ex-vivo
human skulls (Skulls Unlimited, OK, USA).

2.2. Device specifications

Simulations performed in Field II [26,27] showed that the use of 2 
large hemispherical arrays offset at an angle of 30 degrees allowed for 
creation of a compact focus while also enabling a geometry in which 
each element could possibly transmit/receive from the mirrored side 
for possible through transmit skull correction [28]. These simulations 
guided the production of manufactured two custom 128-element fo-
cused ultrasound arrays (Doppler Electronic Technologies, Guangzhou, 
China). Each transducer has 128 PZT elements of size 13 ε 13 mm with 
1 mm kerf and spherical radius of 100 mm (Fig. S1). The fundamental 
frequency of the elements is 325 kHz. These arrays were placed in 
a mirrored format, with a custom frame fixing the two arrays. Both 
arrays are simultaneous powered by the NXT-256 platform (Verasonics, 
WA, USA), enabling precise control over the timing and activation 
of individual elements. Pressure waveforms were recorded using a 
fiber optic hydrophone (Precision Acoustics, Dorset, UK), paired with 
a high-resolution digital oscilloscope (Pico Technologies, St. Neots, 
UK), both synchronized via the NXT-256 system. Scans were conducted 
in a degassed water tank using the AIMs III scanning system (Onda, 
CA, USA), which features an electronic micromanipulator for accurate 
hydrophone positioning (Fig.  1). All components were coordinated 
through a custom MATLAB script (MathWorks, MA, USA), ensuring 
synchronized transmission, acquisition, and spatial mapping of the 
acoustic field.

2.3. Free field experimental set-up

In order to analyze potential pressure output and steering capabili-
ties, we performed multiple scans in free field. Peak negative pressure 
output of our arrays was measured via three acquisitions of 40-cycle 
bursts driven at voltage steps ranging from 5 to 80 V at the geometric 
focus of the array. Hydrophone alignment to the focus was ensured 
through a series of 2D scans, with the center of each subsequent 
scan being defined as the location of the spatial peak in the pressure 
distribution of the previous scan, until the focus was centered in all 
three planes.

To validate the pressure output, the measurements were verified 
with 2 other calibrated hydrophones. To avoid damage to the hy-
drophones, we emitted the ultrasound from individual elements sep-
arately and summed their waveforms, extracting the summed peak 
negative pressure as the total output of the system. This superposition is 
possible due to pressure being additive. Steering ability was quantified 
by preforming three 80 ε 80 mm plane scans with a step size of 
0.5 mm through the geometric center of the arrays for the XY (Coronal), 
XZ (Transverse), and YZ (Saggital) planes. These scans were driven 
at 30 V and featured 40 cycle pulses. To evaluate steering ability in 
each plane, a phase delay adjustment algorithm was used to align the 
measured waveforms at different points along each axis. Intensity fields 
corresponding to each steered point were calculated, peak intensity was 
normalized against the peak intensity found at the geometric focus. 
In addition to the hydrophone scans, we conducted 200 ε 200 mm 
field simulations (Fig. S2) of the array output in free field. These 
simulations and steering scans both covered a larger field of view than 
was experimentally unfeasible inside the skull cavity, and were used to 
probe whether peripheral lobes might appear outside the 15 mm scan 
window that would later be used for skull measurements. This approach 
ensured that our chosen scan volume would capture the dominant focus 
and relevant side-lobes.

2.4. Skull scan experimental set-up

We performed a free-field characterization to identify the peak 
pressure location of the ultrasound focus (Fig.  2A). A 15 ε 15 ε 15 mm3

volume centered on the focal point was then defined as the region 
of interest to balance field-of-view with skull and array geometric 
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constraints. The hydrophone was raster-scanned through this volume 
in 0.5 mm increments to construct a three-dimensional pressure field. 
This step size was chosen as a compromise, between spatial resolution 
and scan time. The array elements were driven at 30 V and emitted 
10 cycle pulses, with the inter-element delay stipulated above. These 
scan parameters were used all subsequent skull measurements to assess 
changes in spatial distribution and intensity of the field, focus and 
side-lobes.

We prepared calvarial bone specimens by sectioning above the 
supraorbital ridge anteriorly and continuing posteriorly to 3–4 cm 
above the inion, thereby isolating the cranial vault without the facial 
skeleton or cranial base. Each of these ex-vivo skull sections were 
scanned under identical conditions, allowing direct comparison of field 
distortions between subjects (Fig.  1). Both sexes were represented, and 
the skulls spanned a range of ages, although only Caucasian samples 
were available. Prior to scanning, all skulls were submerged in water 
and degassed at 25 mmHg for at least 12 h to eliminate trapped air 
following methods in similar studies [19,20,29,30]. For positioning, 
we identified the widest lateral and anterior–posterior dimensions of 
each skull and aligned with a removable 5 cm pointer, positioned at 
the intersection of these dimensions within the skull cavity, to the 
focus identified in free field as marked by the starting position of 
the hydrophone. This protocol enabled reproducible alignment and 
consistent reconstruction of the pressure field under both free-field and 
transcranial conditions, facilitating direct evaluation of skull-induced 
effects on focal quality and intensity.

2.5. Data analysis

As a metric for determining the effects of low-frequency ultrasound 
at penetrating the skull we analyzed the change in peak pressure and 
intensity, the shift of the focus location and the change in the focal 
volume. Waveform data were processed using a custom MATLAB script. 
We calculated and averaged negative peak pressure as well as intensity 
across all skulls and normalized them. We calculated peak shift by 
comparing and averaging the euclidean distance between free field and 
the skull scans. As a measure of focal volume, we devised a binary mask 
of voxels that exceed half of the max intensity, including any voxels 
from both the main and side lobes, of the field as follows:

∱𝜔𝜀𝜗[𝜛𝜔,𝜀,𝜗 >
𝜛𝜚𝜍𝜔
2

]𝜑𝜔𝜑𝜀𝜑𝜗

Total focal volume change was then calculated by comparing the focal 
volume of free field with that of the skull scans. In addition to the 
above, we separated the pressure losses into contributions from atten-
uation versus aberration. We compared the emitted individual element 
waveform amplitude and phase at the geometric focus to that of the its 
free field counter part. From these values, attenuation was estimated 
as the reduction in average waveform amplitude relative to free field, 
while aberration was estimated as the residual pressure loss due to 
destructive interference following phase misalignment. This approach 
allowed us to quantify the relative impact of material absorption/scat-
tering versus phase distortion. Furthermore, using skull donor sex and 
age, we performed multiple linear regression (with age as a continuous 
covariate and sex as a categorical factor, i.e. an ANCOVA model) to 
assess demographic effects on acoustic transmission.

3. Results

3.1. Focusing capacity

We first characterized the focusing capacity of the system. To do so, 
we focused the ultrasound into the geometric center of the two arrays, 
and characterized the emitted pressure field using a hydrophone. The 
fundamental frequency of 325 kHz produced confined fields (Fig.  2a), 
with full-width-half-maximum (FWHM) diameters of 6 mm, 3 mm, 

and 3 mm in the X, Y, and Z dimensions, respectively. This FWHM 
region encompasses the full main lobe and the first side lobe, thereby 
capturing the total region of effect. The characterization of the fields 
obtained in each skull is shown in Figs. S5-S24.

We then evaluated the system’s pressure output. The system elicits 
peak negative pressures at the focus of 0–35 MPa for driving inputs 
ranging from 0–80 V in amplitude with further ability to drive past 
100 V. There was a saturating relationship between the output and 
the input, with a relationship following the formula 𝛻 = ϑ0.002𝜕 2

+

0.602𝜕 ϑ0.519 (Fig.  3) where 𝛻  is output peak negative pressure (MPa) 
and 𝜕  is the input voltage. The saturation of output pressure with 
increasing drive voltage likely indicates a change in the impedance of 
individual FUS elements.

We assessed the system’s electronic steering range in all dimensions. 
The maximum steering range that maintained half of maximum inten-
sity was ±25 mm in the medial–lateral direction, +16,ϑ17 mm in the 
dorsal–ventral direction, and ±14 mm in the anterior–posterior direc-
tion (Fig.  4). Across the steering range shown in Fig.  4, we found that 
the convex hull, which estimates the size of the main lobe, decreased 
by a maximum of 18%, indicating a slight reduction in focal size at the 
steering maxima. For increased steering range, the subject’s head can 
be positioned in predefined locations with respect to the arrays.

3.2. Transcranial application: Attenuation

We subsequently introduced ex-vivo human skulls within the path 
of the emitted ultrasound. To determine the effect of each skull on the 
ultrasound transmission, we compared focal peak negative pressure and 
intensity across skull scans normalized to the free-field condition. On 
average, the skulls attenuated peak negative pressure by 67%, with 
values ranging from 50% to 80% (Fig.  5a), and attenuated acoustic 
intensity by 87% on average, with a range of 65% to 95% (Fig.  5b). 
Across skulls, attenuation accounted for approximately 95% of the 
total transmission loss on average, while aberration accounted for the 
remaining 5% (Fig.  6). Although both mechanisms reduced transmit-
ted pressure, attenuation was the dominant contributor. The relative 
contributions were consistent across the skulls, with some inter-subject 
variability (ℵℶ𝜑 = ±3%).

We examined whether skull donor age or sex influenced the pressure 
transmitted through the skull (Fig.  7). A multiple linear regression 
model revealed a positive trend between age and transmitted pressure 
(ℷ = 0.044 MPa/year), though the effect did not reach significance 
(ℸ (1, 18) = 3.93, ⊳ = 0.063). A Pearson correlation between age 
and pressure did, however, indicate a modest, statistically significant 
relationship (⊲ = 0.46, ⊳ = 0.035), suggesting that older skulls may 
attenuate less (Fig.  7a). Sex did not have significant leverage on the 
pressure transmission (ℸ (1, 18) = 1.53, ⊳ = 0.23) either, with male 
skulls transmitting slightly less pressure on average ϑ0.60 MPa than 
female skulls (Fig.  7b). The model explained 27.4% of the variance in 
transmitted pressure (02

= 0.274).

3.3. Transcranial application: Focal shift and volume

We next characterized the shift in focal coordinates following the 
introduction of each skull in the ultrasound path (Fig.  8). There was an 
average 1.2±0.5 mm total shift away from the free-field focus (range 0.5 
to 2.6 mm). This value was significantly different from zero (one-sided 
t-test, ℶ_20 = 9.75, ⊳ < 0.001. Fig.  8 shows that largest displacement 
was observed along the 1 -axis (dorsal–ventral; mean of 0.7 mm), with 
minimal shifts along the X (ϑ0.02 mm) and Z (0.07 mm) directions. 
This axis showed a consistent bias across skulls, whereas X and Z 
shifts remained minimal despite greater opportunity for positioning 
variability in these directions during repeated mounting. Of these shifts, 
the shift in the Y direction was significantly different from zero (two-
sided t-test ℶ_20 = 3.62, ⊳ = 0.002), while the shifts in the X (ℶ_20 =

ϑ0.29, ⊳ = 0.771) and Z (ℶ_20 = 0.57, ⊳ = 0.576) directions were not.
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Fig. 2. Focusing capacity of the system. Orthogonal slices through the acoustic intensity field measured in free field (A) and after transcranial propagation through 
a sample human skull (B) at 30 V input. Each shows sagittal (YZ), coronal (XY), and transverse (XZ) slices respectively centered at the acoustic focus.

Fig. 3. Pressure output. Peak negative pressure output at the geometric focus 
as a function of the input voltage. The measurements were performed in free 
field. The dashed line constitutes a quadratic polynomial fit.

Fig. S3 shows component-wise absolute shift and Fig. S4 shows axial 
line plots that visualize these shifts. The discrete appearance of the 
distributions reflects the 0.5 mm sampling step used in the raster scans, 
which imposes a maximum localization uncertainty of ±0.25 mm per 
axis. This quantization is small relative to the observed 1 -axis bias and 
mean total shift, and therefore does not affect the reported conclusions

Furthermore, we analyzed the change in focal volume following the 
introduction of the ex-vivo skulls within the ultrasound pathway (Fig. 
9). When comparing transcranial to free field we found an increase in 
focal volume of 18±35% (mean ± s.d.). Inspection of orthogonal slices 
across skulls (Figs. S5–S25) suggests that the overall focus geometry 

was qualitatively preserved. However, because side lobes intermit-
tently exceeded the half-maximum threshold, conventional axis-by-axis 
FWHM analysis did not provide a reliable or interpretable measure of 
focal shape. For this reason, we focused on focal volume as the primary 
quantitative descriptor.

4. Discussion

4.1. Summary of results

In this study, we evaluated the possibility of using a low-frequency 
device prototype for mechanical therapies of the brain. We assessed the 
effects of human skulls on key parameters of the ultrasound propaga-
tion. We also evaluated output characteristics of a device prototype. 
Across 21 human ex-vivo skulls, we observed an average focal shift of 
approximately 1.1 mm and a focal volume increase of only about 17%. 
These values compare favorably to previous studies (see Table  1) [30–
32]. Thus, low-frequency operation helps to minimize the distortions 
induced by the skull. Despite the improved focusing characteristics, 
we observed significant transmission loss: on average, the transmitted 
pressure was reduced by 67% from free-field values. These values 
are consistent with, but slightly higher than, prior attenuation mea-
surements in the 300–400 kHz range, which typically report pressure 
reductions between 50% and 60% depending on skull thickness and 
orientation [30–32]. We observed a consistent bias toward dorsal–
ventral (Y axis) displacement. The effect was likely due to refraction 
from the skulls because it was observed specifically and consistently for 
Y and not for the X and Z axes. In examining demographic contributors 
to variability, we found no statistically significant difference in trans-
mission efficiency between male and female skulls. However, a modest 
positive correlation was observed between donor age and transmitted 
pressure. This trend may reflect age-related changes in bone structure, 
including reduced cortical density or increased porosity, which have 
been previously linked to decreased ultrasound attenuation [33].

4.2. Comparison to prior literature

Our results reinforce and extend prior observations regarding the 
effects of the human skull on focused ultrasound transmission, while 
addressing notable gaps in the experimental literature concerning low-
frequency operation. Numerous studies have established that transcra-
nial ultrasound at higher frequencies (∲500 kHz) suffers from severe 
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Fig. 4. Electronic steering capacity. Steering extent in each direction from the geometric focus (23 ϖ medial–lateral, 21 ϖ dorsal–ventral, 24 ϖ anterior–posterior). 
Normalized intensity with respect to the intensity at the geometric focus is shown. Measured values of intensity loss are compared to simulated values and values 
are plotted until they fall below half of the max intensity found at the geometric focus. Steering was evaluated in both directions along each axis. Because of 
array asymmetry along the 1 -axis, only dorsal steering is plotted, with ventral steering extending slightly further.

Table 1
Effects of frequency on transcranial transmission. Focal shift, attenuation, and focal volume change for studies that evaluated 
transcranial transmission with no correction algorithms.
 Study Leung et al. 

(5 = 3)
Clement 
et al. (5 = 10)

Li et al. 
(5 = 10)

Li et al. 
(5 = 10)

Krokhmal 
et al. (5 = 4)

Our study 
(5 = 21)

 

 Carrier 
frequency (kHz)

670 740 650 1000 270 325  

 Pressure 
attenuation (%)

50 ± 13 66 ± 20 67 ± 16 76 ± 18 62 66 ± 5  

 Focal shift (mm) 1.0 ± 0.34 1.1 ± 0.64 1.1 ± 1.10 0.9 ± 1.20 1.9 1.1 ± 0.5  
 Focal volume 
increase (%)

200 ± 100 100 ± 40 40 ± 30 40 ± 40 35 17 ± 35  

attenuation and focal distortion, often resulting in focal shifts exceeding 
3 mm and reductions in transmitted pressure well beyond 70% in the 
absence of phase correction strategies [20,30,32]. Our use of 325 kHz 
FUS resulted in a mean focal shift of 1.1 mm and a pressure attenuation 

of approximately 67%, demonstrating similar preservation of focus 
compared to higher-frequency studies, despite the absence of aberra-
tion correction. The attenuation levels we observed are comparable to 
those reported by White et al. who found that skull-induced attenuation 
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Fig. 5. Ultrasound attenuation through ex-vivo skulls at 325 kHz. Histograms of the distribution of (A) normalized pressure, and (B) normalized intensity through
ex-vivo human skulls (5 = 21) relative to free-field measurements.

Fig. 6. Percent pressure loss due to Attenuation vs. Aberration. Violin plots showing the amount of pressure loss through the skull caused by attenuation and 
aberration when individual elements were compared to free field. Average pressure loss due to attenuation was found to be 95 ± 3%.

is markedly lower at 300–400 kHz than at 500 kHz and above [20]. 
Pinton et al. further showed that lowering the frequency to the 300–400 
kHz range increases the transmission efficiency through both temporal 
and parietal bone, with average pressure transmission coefficients in-
creasing by 30%–50% relative to 650 kHz [34,35]. Our findings directly 
corroborate these trends, confirming that low-frequency ultrasound 
can maintain sufficient acoustic intensity for transcranial therapies. 
At 325 kHz, the focal volume increased on average only be 17%. 
This compares favorably to the more substantial increases reported by 
Younan et al. [36] at 650 kHz and by Clement and Hynynen [12,36] 
at 1 MHz, both of whom noted dramatic losses in spatial precision 
in the absence of a correction. This suggests that the lower-frequency 
regime provides a more robust focus for transcranial applications, 

even without a correction (Table  1). This also corresponds with the 
findings of Krokhmal et al. who found that lower frequencies (250 
and 500 kHz) minimized the shift of the focal point [21]. Few studies 
have systematically assessed inter-skull variability at lower frequencies. 
Li et al. reported that anatomical differences among skulls introduce 
significant variance in both attenuation and focus, yet found that low-
frequency ultrasound (300–400 kHz) reduced this variability [32]. Our 
results are in agreement with these observations, and support the fea-
sibility of clinical protocols that do not require complex compensation 
algorithms. By separating transmission losses into attenuation versus 
aberration, we found that attenuation within the skull bone accounted 
for the majority of the pressure reduction, with aberration contributing 
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Fig. 7. Normalized spatial peak negative pressure based off of skull demographic data. (A) Normalized spatial peak negative pressure as a function of skull donor 
age (⊳ = 0.035). (B) Mean ± SEM of normalized spatial peak negative pressure for male and female skulls.

Fig. 8. Focusing ability through human skulls. Distribution of focal shift across individual skulls and directions. The violin plots show the displacement along 
each axis (23 ϖ medial–lateral, 21 ϖ dorsal–ventral, 24 ϖ anterior–posterior) as well as length of the vector shift. Colored points represent individual skulls. 
Thick black lines denote the median of each distribution.

a smaller fraction. This pattern is consistent with prior reports that at-
tenuation dominates at lower frequencies [20,35], whereas aberration 
effects become increasingly problematic at higher frequencies. These 
findings suggest that further improvements in transmission efficiency 
at 325 kHz will likely require strategies to reduce effective bone path 
length or exploit skull windows, rather than relying solely on phase 
correction.

In addition to prior ex-vivo skull transmission studies, Xu et al. 
(2014) [37] examined the effects of a 220 kHz ExAblate Neuro sys-
tem in-vivo in piglets. Their work established thresholds for producing 
either thermal lesions (∲53–55 ⋛C with long-duration sonications at 
140–300 W) or hemorrhagic mechanical lesions (20 s sonications at 
300–700 W) and identified a cavitation dose threshold (0̃.09 V Hz) 
beyond which hemorrhage occurred. Importantly, these experiments 
were performed following craniectomy, and thus did not address the 
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Fig. 9. Skull effects on focal volume. Histogram of the focal volume inside 
each skull. The dashed triangle shows focal volume obtained in free field, and 
the solid triangle denotes the mean.

impact of the skull on focal shift, volume, or transmission. By contrast, 
the present study directly quantifies these transcranial effects across 
21 intact human skulls. Our results therefore complement Xu et al. by 
extending low-frequency characterization from lesion safety thresholds 
to the specific distortions and attenuations introduced by the skull 
barrier.

Collectively, these direct comparisons highlight the principal ad-
vantage of low-frequency FUS for transcranial applications: robust 
transmission with modest focal distortion, even in the absence of 
correction. By extending these findings to a larger and more diverse 
skull sample, our work helps establish the 300–400 kHz range as a 
practical operating window for future systems harnessing mechanical 
effects.

4.3. System output

The prototype system evaluated in this study could in principle be 
used for a wide set of transcranial therapies. The system can drive 
low-intensity applications (Fig.  3) and can also power high-intensity 
applications (Fig.  3), up to about 35 MPa in free field. This field 
strength is on the order of that required for histotripsy [11,14,38], 
and can be increased further by increasing the driving voltage. The 
use of relatively low frequency further facilitates the production of 
mechanical effects. We observed that the bulk of the pressure loss 
through the skull was due to attenuation rather than dephasing (Fig. 
6). This raises the possibility that using lower frequencies may obviate 
the need for correction of phase, and thus the associated CT or MRI 
scans of the head. Nonetheless, our data show that dephasing still 
constitutes a significant, albeit not substantial, factor, and so correcting 
for dephasing may be desirable for specific applications.

The system can support steering range of about ±25 mm in the 
medial–lateral direction, ±17 mm in the dorsal–ventral direction, and 
±14 mm in the anterior-posterior direction (Fig.  4). This treatment 
envelope can be further broadened by manual adjustment of the head 
location with respect to the arrays. We note that our method assumes 
linear acoustic propagation when summing individual element wave-
forms. Nonlinear propagation effects, which become more significant at 
high pressures, are therefore not captured here. As such, the reported 

pressure values should be interpreted as upper-bound estimate of the 
total output. At the highest drive levels, nonlinearities and saturation 
effects are expected to gradually limit increasing pressure [39,40]. 
Further investigation will be required to characterize HIFU effects 
under realistic conditions.

4.4. Limitations

This device is a prototype and has certain limitations and testing 
that must be resolved before translation to human treatment. First, 
we characterized the system output but have not directly tested its 
capacity for applications such as histotripsy. Furthermore, many studies 
highlight important benchmarks and limitations of HIFU devices [21,
41–43]. Future studies will ensure that HIFU ablation size, and target-
ing comply with these benchmarks and ensure patient safety. Current 
pursuits by the authors to ensure clinical feasibility include verification 
of targeting through use of MRI thermometry and classification of 
lesion size in ex-vivo tissue. Second, the system described in this study 
constitutes an early prototype of the potential system used in the 
clinics. There are many variables that would need to be controlled, 
including systems for head positioning, ultrasound coupling, and treat-
ment monitoring. Future research could consider approaches such as 
the angular spectrum method to reduce scan time and improve reso-
lution [44,45]. Skulls were degassed similarly as in previous studies. 
Future studies may validate that degassing was complete using imaging 
methods such as CT.

4.5. Summary

In summary, we have evaluated the feasibility of an approach 
and a prototype system for mechanical therapies of the brain using 
transcranial focused ultrasound. Operating at low frequency, the ap-
proach facilitates the focusing of ultrasound through the head and the 
induction of mechanical effects. The resulting systems could be used 
for several therapies, including neuromodulation, blood–brain barrier 
opening, local drug release, and histotripsy, in separation or combined. 
For instance, systematic, transient neuromodulation could be used to 
guide more permanent histotripsy treatments. Such approaches could 
realize the potential of the ultrasonic technology for individualized, 
circuit-directed treatments of mental and neurological disorders.
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