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Device for multifocal delivery of ultrasound into
deep brain regions in humans

Thomas Riis, Daniel Feldman, Adam Losser, Brian Mickey, and Jan Kubanek, Member, IEEE

Abstract— Low-intensity focused ultrasound provides

the means to noninvasively stimulate or release drugs in

specified deep brain targets. However, successful clini-

cal translations require hardware that maximizes acoustic

transmission through the skull, enables flexible electronic

steering, and provides accurate and reproducible targeting

while minimizing the use of MRI. We have developed a

device that addresses these practical requirements. The de-

vice delivers ultrasound through the temporal and parietal

skull windows, which minimize the attenuation and distor-

tions of the ultrasound by the skull. The device consists

of 252 independently controlled elements, which provides

the ability to modulate multiple deep brain targets at a

high spatiotemporal resolution, without the need to move

the device or the subject. And finally, the device uses

a mechanical registration method that enables accurate

deep brain targeting both inside and outside of the MRI.

Using this method, a single MRI scan is necessary for

accurate targeting; repeated subsequent treatments can

be performed reproducibly in an MRI-free manner. We val-

idated these functions by transiently modulating specific

deep brain regions in two patients with treatment-resistant

depression.

Index Terms— ultrasound, neuromodulation, focused,

beamforming

I. INTRODUCTION

Transcranial focused ultrasound provides a new set of
approaches to noninvasively manipulate neural activity in spa-
tially circumscribed deep brain targets [1], [2]. The approaches
have included transient [3], [4] and durable [5]–[7] modulation
of neural circuits, and the delivery of specific drugs across
the intact [8], [9] and transiently opened [10] blood-brain
barrier. Unlike other noninvasive approaches, ultrasound-based
approaches reach millimeter-level precision deep in the brain
[11]. However, clinical translation has been impeded by chal-
lenges associated with ultrasound distortions by the skull, lack
of flexible targeting, and the complexity and cost of transducer
to subject registration. These issues reduce the control over the
delivery of ultrasound to brain areas of interest, thus limiting
the safety and effectiveness of therapeutic applications.

The human skull poses a formidable barrier for ultrasound
[12], [13]. For example, the intensity of neuromodulatory
ultrasound is attenuated by human skull alone by a factor
of 4.5–64, depending on skull segment and individual [14].
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Previous studies [14]–[16] found that delivery of the ultra-
sound through the temporal and parietal bone minimizes the
severity of the aberrations, both in terms of the ultrasound
dephasing and its attenuation. We designed a device that
focuses ultrasound through these areas to minimize the impact
of the skull distortions.

Mental and neurological disorders involve distributed neural
networks [17]–[22]. The distributed nature of these representa-
tions requires the ability to flexibly steer the ultrasound target
throughout the brain. Phased array technology has been used
to implement this feature [23]. We designed our device using
two phased arrays with the goal of maximizing the volume in
which the ultrasound can be refocused. This approach enables
operators to precisely address multiple targets through a large
volume of the brain rapidly without the need for moving the
subject or the device.

And finally, repeated therapeutic applications require ac-
curate registration to patient-specific anatomy. This can be
achieved using MRI guidance [24]–[26]. However, most cur-
rent applications of reversible, low-intensity ultrasound re-
quire repeated applications. For such applications, positioning
subjects in MRI repeatedly would incur high cost and thus
impede treatment reimbursement. To address this issue, we
have developed an approach that uses noninvasive mechanical
registration for accurate targeting of deep brain areas both in-
side and outside of the MRI scanner. The registration requires
a single MRI scan of the subject’s head.

We validated these key functions by deploying the device in
two patients with major depression. The stimulation modulated
mood states and was well tolerated with no adverse events.

II. MATERIALS AND METHODS

A. Ultrasonic Device

1) Arrays: The device consists of two spherical phased array
transducers mounted to a plastic, MRI compatible frame such
that they are positioned opposite to each other and separated
by a distance of 187 mm (Fig. 1). These transducers delivered
ultrasound through the parietal and temporal bones of a
subject. Specifically, the transducers were positioned parallel
to the left and right sides of a subject’s head.

The array elements are made of PMN-PT material, with a
square surface geometry of 6 mm x 6 mm, and operate at a
fundamental frequency of 650 kHz. The rated acoustic power
at the transducer surface was 3 W/cm2 (Suppl. Fig. 2). The
two spherically focused arrays have a radius of 165 mm, 126
elements in a 9 x 14 element grid, with inter-element spacing
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of 0.5 mm. Each array has a height of 55 mm and a width of
86 mm, spanning an area of 47.3 cm2. The array elements are
housed in rectangular plastic casing with height of 65.83 mm,
width of 98.8 mm, and depth of 66.43 mm. Each element
is connected to an insulated copper wire (38 AWG) that
terminates in an impedance-matching network matched at the
transducers’ 650 kHz driving frequency. (Doppler Electronic
Technologies).

Both transducers were driven by a programmable driving
electronics system with 256 output channels (Vantage256,
Verasonics). The driving system additionally used a high-
voltage dual 600 W DC power supply (QPX600DP, Aim and
Thurlby Thandar Instruments). The tranducers were connected
to the Verasonics using DL5-260P connectors which termi-
nated in an impedance-matching network. The transducers and
matching network are connected by a 9-meter-long cable that
is detachable from the matching network such that it can be
passed through MRI waveguides.

2) Coupling: Coupling was mediated using a hydrogel [27].
Standard ultrasound coupling gel was applied to the interfaces
between the transducer and the hydrogel, and the hydrogel and
the head.

3) Registration: We mechanically registered the device to
the subject’s brain anatomy. In particular, we immobilized the
subject’s head using a standard thermoplastic mask (Aquaplast
U-Frame, QFix). Lateral windows are made within the mask,
exposing the left and right sides of the subject’s head, for
unobstructed ultrasound propagation. Once the head was fixed
using the mask, we took a single T1 MRI with the arrays
mounted on the subject over the brain target of interest.
The MRI field of view included both the subject’s brain
anatomy and the arrays with fiducial markers. Using the
fiducial markers, we then registered the transducer geometry
within the MRI image of the patient’s brain. The plastic frame
that holds the arrays slides on horizontal and vertical tracks
and can be locked in specific discrete positions. This allows
the arrays to be placed repeatedly over any section of the left
and right sides of the head for targeting of nearly the entire
deep-brain volume. In subsequent sessions outside the MRI,
we manually locked the arrays in the same position as during
the MRI session and applied the same thermoplastic mask to
position the subject’s head in the same location with respect
to the arrays. This step reproduces the position of the arrays
and the subject’s head in the same configuration imaged inside
the MRI. Thus we then used the anatomical MRI data of this
configuration with the registered transducers in all subsequent
sessions outside the MRI for subject-specific targeting.

4) Targeting: Beamforming with ultrasound phased arrays
consists of emitting ultrasound from each element with delays
such that the wavefronts arrive into the defined target at the
same time, so that they constructively interfere. These delay
values can be calculated by knowing the distance from each
element to the target and dividing by the speed of sound over
the acoustic path. The distance from each element to the brain
target is known from the MRI image of the transducer mounted
on the subject, where both the transducers and the subject’s
brain are in the same image space. We use the speed of sound
in water to set the initial delays to focus at target and add

the estimated phase shifts from any skull correction method
to account for phase shifts induced by coupling, hair, scalp,
skull, and brain. We then apply these delays, the sum of the
focusing in water and the estimated phase shifts to focus into
the target in the brain.

5) Relative Through Transmit Skull Correction: With the dual
array setup, we employed through-transmit measurements to
assess how the skull is distorting the incoming beams of
ultrasound and compensate for these aberrations. Specifically,
we applied the correction algorithm as follows:

1) The transducers emitted a 10-cycle, 650 kHz pulse indi-
vidually from each of its 126 elements while recording
responses from all the other, non-transmitting elements
on the opposing transducer. During the through-transmit
scans, the peak pressure amplitude of each transducer
element is 80 kPa (Suppl. Fig. 2). The entire process
of this scan takes less than one second to complete. The
650 kHz pulse frequency is the same as that used for the
neuromodulation. This through-transmit measurement is
relativistic: it is performed with the subject present and
absent. When the subject is absent, the measurement
is made through water. It requires no prior information
about the subject’s anatomy or CT/MRI images of the
head. Let sij(t) represent this signal received on a
transducer i after a brief, 10-cycle pulse is emitted from
a transducer j. Let the signals received in free field
and through the acoustic barriers (skull, hair, coupling,
and other barriers) be denoted as s

F
ij(t) and s

B
ij(t),

respectively.
2) The method compares the through-transmit measure-

ments in water, sFij(t), with those taken through the sub-
ject, sBij(t), to estimate the phase shift, ⌧i, and amplitude,
Ai, distortions introduced by the subject’s head for each
element i. The through-transmit attenation from element
j to element i, Aij , is measured by dividing the peak
amplitudes of the through-transmit waveforms through
the subject versus through water, when there is no barrier
to transmission:

Aij =
max(sBij(t))

max(sFij(t))
(1)

The attenuation through the two opposite sides of the
skull are multiplicative, hence Aij = AiAj , where Ai

is the attenuation factor for element i, and the value
we must estimate in order to compensate for the skull
and other barriers in front of this element. To estimate
this value for element i, we first selected through-
transmit pairs where the angle between the transmitting
transducer i and the target and the transmitting trans-
ducer i and the receiving transducers was less than or
equal to 7�. Ai is then estimated as the square root of
the median through-transmit value between i and the
selected receive elements. Phase correction is estimated
similarly by finding the phase shifts ⌧ij that minimize
the cross correlation between the waveforms s

F
ij(t) and

s
B
ij(t). Previous work discusses the details of this method

[28].
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3) Once the phase and amplitude values are estimated, we
automatically adjust the stimulation parameters to com-
pensate for the distortions. With the attenuation values
Ai estimated for each element, we scale the voltage
applied to element i by 1/Ai in order to compensate
for this attenuation. If Ai is less than a threshold value
of 0.1, the element is turned off to avoid overdriving
the element. Similarly, with the speed up through the
skull estimated as ⌧i, we delay the emission time of
this element by the same value so that the waveforms
compensate for this distortion.

In the stimulation sessions, the correction was performed
online and took approximately 2 minutes to complete.

B. Human Subjects

The hardware and stimulation described in this article were
considered non-significant risk by the Institutional Review
Board of University of Utah and approved to be applied
in patients with major depression (NCT05301036). Subjects
included in this study have a primary diagnosis of major
depressive disorder or bipolar disorder and a self-rated 16-
item Quick Inventory of Depressive Symptomatology (QIDS)
total score greater than 10. All subjects provided informed
consent. Two patients (female, aged 32 and 35) with history
of severe treatment-resistant depression were recruited in the
study.

C. Neuromodulation Parameters

The effects on mood reported in this study were measured at
the Huntsman Mental Health Institute, in a sonication session
outside of the MRI. The ultrasound was delivered into each
target in 30 ms ON periods (650 kHz, 1.0 MPa peak pressure,
estimated using the relative through transmit skull correction
method [28]), MI = 1.2, ISPPA = 31 W/cm2) followed
by 4 s OFF periods (0.75% duty, ISPTA = 0.233 W/cm2).
Sonication duration varied from 60-180 s.

1) Active Sham: We controlled for the potential artifacts
that can be associated with the application of ultrasound
through the head. Specifically, we developed an active sham
condition that used the same waveform and emission voltages
but was not focused into a specific target. The ultrasound
emission times were set such that each transducer emitted an
unfocused, planar wave from the face of the transducer in the
axial dimension (Suppl. Fig. 3). The power applied to the
transducer and the pressure emitted from each element was the
same as during the verum stimulation. This way, the subjects’
head experienced equal energies and waveforms in both the
verum and the active sham conditions, yet the spatial peak
pressure inside the brain for the plane wave (0.098 MPa, 0.30
W/cm2) were an order of magnitude lower than the focused
condition (1 MPa, 31.1 W/cm2) (Suppl. Fig. 3).

D. Evaluation of Effects on Mood and Side Effects

We used a 7-point scale to measure changes in subject mood
states: Depression and Anxiety. For example, the scale for
depression ranged from -3, ”much less depressed”, to 3, ”much

more depressed”, with 0 indicating no change. A psychiatrist
asked the subject to rate their mood immediately following
each sonication. Additionally, the subject filled out the Generic
Assessment of Side Effects (GASE) questionnaire prior to
enrolling in the trial and at the end of each sonication session.
The subject was asked to rate each of 36 different symptoms
from 0-not present, 1-mild, 2-moderate, 3 severe, and note if
they found this symptom related to the treatment.

E. Study Protocol

The first visit took place inside an MRI suite (Magnetom
VIDA, 3T, Siemens). Prior to the imaging, we molded the
thermoplastic mask on the patient’s face, coupled the device
to the patient’s head, and took structural MRI images for the
previously described registration. The second, MRI-free visit
was performed at the Huntsman Mental Health Institute. The
subject’s head was immobilized in the same thermoplastic
mask and the arrays locked in the same position as during
the initial visit. We delivered ultrasonic stimulation into the
subgenual cingulate cortex and the ventral striatum. The tar-
gets were presented randomly, in a blinded manner, and were
interleaved with the above described active sham stimulation
(plane waves) over a 1.5 hour neuromodulation session.

F. MRI

We collected all imaging data with a 3T MRI scanner (Mag-
netom Vida, Siemens) at the Imaging Neuroscience Center at
the University of Utah. We placed a Siemens flex coil (size:
small) over the anterior and superior aspects of the subject’s
head to maximize the signal-to-noise ratio of the acquired
signals.

1) Anatomical Acquisition: T1 anatomical images were col-
lected using a magnetization prepared radio frequency pulses
and rapid gradient echo (MPRAGE) sequence with an ascend-
ing, anterior to posterior acquisition of 192 sagittal slices with
thickness of 1.3 mm. The repetition time (TR) was 2400 ms,
echo time (TE) was 2.26 ms, inversion time (TI) was 1060
ms, and echo spacing was 6.84 ms. The field of view (FOV)
was 256 mm, with bandwidth of 200 Hz/pixel and a flip angle
of 8 degrees.

G. Measurements of steering range and focal volume

1) Skulls: Four intact ex-vivo human skulls were used in this
study. The skulls were obtained from Skulls Unlimited (Ok-
lahoma City, OK). The supplier provides ex-vivo specimens
specifically for research under a research agreement. A large
opening was made at the bottom of each skull to enable field
measurements inside the skull (Suppl. Fig. 1). Each skull
was degassed overnight in deionized water [12]. Following
the degassing at -25 mmHg, the skull was transferred, within
the degassed water, into an experimental tank filled with
continuously degassed water (AIMS III system with AQUAS-
10 Water Conditioner, Onda).
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2) Steering range: Beamforming range was measured inside
four ex-vivo skulls with hydrophone field scans. At each
location in the scans, elements were fired individually, and the
received signals recorded. The total pressure at each point was
taken as the sum of these individual waveforms under perfect
focusing through the skull. Perfect focusing entails adjusting
the delays on the received signals from each element such that
they arrive at the hydrophone at the same time, perfectly in
phase. Delays are found by maximizing the cross-correlation
between all waveforms. The scans were performed over 2D
planes in the XY, XZ, and YZ planes with the span of the
X (axial), Y (lateral), and Z (elevational) dimensions being
80 mm, 60 mm, 56 mm respectively, all with 1.5 mm step
size. These 2D scans were then interpolated to a resolution
of 0.2 mm and the full width half max (FWHM) distance in
each dimension was calculated about the origin defined as the
geometric center of the two arrays. In the X dimension, the
FWHM value exceeded the scan bounds that were constrained
to ± 40 mm by the width of the ex-vivo skulls. To estimate
the entire FWHM in this dimension, we fit a 2nd-degree
polynomial to the measured field in the X dimension about the
origin and extrapolated the field profile out to ± 100 mm. The
FWHM was calculated as the difference in the X coordinates
where the extrapolated field profile first fell below 50% of the
peak value.

3) Pressure Field Hydrophone Scans: A capsule hy-
drophone (HGL-0200, Onda) secured to 3-degree-of-freedom
programmable translation system (Aims III, Onda) was used
to record the ultrasound field emitted from each element.
The hydrophone has a sensitivity of -266 dB relative to 1
V/µPa and aperture size of 200 µm. This aperture size is
well within the ultrasound wavelength (2.3 mm). The 3D field
measurements use a step size of 0.2 mm to provide high spatial
resolution of each element’s contribution to the total field. The
hydrophone scans measured 40 x 40 mm planar scans in all
three dimensions (XY, XZ, and YZ).

The scans were performed at the geometric center of the
two arrays in water and through an ex-vivo human skull. At
each location in the scans, elements were fired individually,
and the received signals recorded. Since ultrasound pressure
is additive, the total pressure was computed as the sum of the
individual constituents.

4) Focal volume: We quantified the focal volume of the
arrays by measuring the total size of the intensity field above
half the maximum value. Specifically, we took the convex hull
of the voxels just exceeding the half-maximum intensity in
both the XY and XZ planes. For each position on the x-axis,
we calculated the full width half max—the width of the focal
volume at half-maximum intensity—in the Y and Z dimension.
We then integrated these products over the x axis to get the
total volume. In particular, let the functions FWHMy(x) and
FWHMz(x) denote the full width half max at position x in
the Y and Z dimension, respectively. The focal volume then
equals

R
FWHMy(x)FWHMz(x)dx.

H. Measurements of positioning reproducibility

We quantified the session-to-session registration error across
5 human subjects by measuring the position variability of

both the device and the subject. In particular, we used an
optically tracked stylus (Brainsight, Rogue Resolutions Ltd.)
to record the position of six fiducial markers on the transducer
arrays and four anatomical landmarks on the subject (tip of
the nose, left and right corners of the eye, and a mark on the
left temple). We performed this measurement across 10 trials
per subject. Before each session, we re-instantiated the device
and the subject to simulate a new treatment session. After each
session, the subject was taken out of the thermoplastic mask
and asked to stand up and walk away from the table. The
device was unscrewed from its locked position and reset to
its reference position. Each fiducial and anatomical landmark
was measured three times with the stylus. The median of these
three measurements was used as the fiducial’s position.

We measured the variability in position of the device and
subject by calculating the mean location of each fiducial for
each subject across all trials, and subtracted that number from
the fiducial positions. Next, we calculated the combined vari-
ability of the subject and the device by taking the difference of
each fiducial on the device from each fiducial on the subject.
We then measured the deviation from the mean in these
distances for each pair across trials. The targeting accuracy
constituted the average relative position variability across all
fiducial pairs.

III. RESULTS

We have developed a device for neuromodulation of spec-
ified deep brain regions in humans. The device consists of
two sets of ultrasound transducer arrays positioned at opposite
sides of the head (Fig. 1a). The dual phased arrays enables
the device to electronically focus the ultrasound into specified
deep brain targets and deliver ultrasound specifically through
the relatively acoustically permissive areas of the skull—the
parietal and temporal bone [14]–[16], [29].

Prior to an application, the subject’s head is immobilized us-
ing an individually fitted, standard radiological mask (Fig. 1b).
Lateral windows in the mask enable the ultrasound to propa-
gate into the head using a coupling medium (Methods). The
device is MRI-compatible (Fig. 1c-d). The MRI provides the
means for accurate registration of the device with respect to the
subject’s brain anatomy. Since the mask is attached to the same
platform as that which holds the transducers, this MRI-based
registration procedure only requires one MRI scan. Subsequent
applications can be reproducibly performed without an MRI,
as is shown further.

Fig. 1c-d shows the intensity fields produced by the device,
overlaid on a patient’s brain anatomy. For the specified target
of the subgenual cingulate cortex (SGC), the intensity field had
lateral x elevational x axial dimensions of 2.4 mm x 3.6 mm x
20.4 mm (y, z, and x dimensions of the Montreal Neurological
Institute coordinate system). The total field volume of 0.142
cm3 was equivalent to a sphere with a radius of 3.24 mm.

The phased-array device has the ability to focus the ultra-
sound into specified targets electronically, without moving the
subject or the device. Fig. 2a shows, in yellow-red colors, an
example field associated with a focal point measured inside
an ex-vivo human skull. The device can steer the focal point
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Fig. 1: Approach and hardware for flexible delivery of ultrasound into deep brain targets.

a, Hardware. Programmatic, electronic focusing is achieved using two sets of 126 individually controlled transducer elements, one over
the left and one over the right side of the head (black). This design delivers ultrasound through the relatively permissive portions of the
skull—the temporal and parietal bone [14]–[16], [29]. b, Application. The subject’s head is secured in place using a standard radiological
mask (Methods). Lateral windows are made within the mask for unobstructed ultrasound propagation. Coupling is mediated using cryogel
(Methods). Ultrasonic arrays are mounted within a MRI compatible frame that positions the arrays within a specific location in the anterior-
posterior and superior-inferior axes. c-d, Treatment planning. Coronal (c) and sagittal (d) views of subject-specific brain anatomy. Computed
fields (Suppl. Fig. 3) are superimposed on the subject-specific anatomy to label the target for the operator (subgenual cingulate cortex, in
this case).

through beamforming to modulate single or multiple targets
[30] within a relatively broad treatment envelope (Fig. 2,
blue). The addressable space within which the device de-
livers at least half of its maximal pressure, measured using
hydrophone inside four ex-vivo skulls, spans 110.8 ± 5.69 mm,
46.1 ± 3.4 mm, 44.8 ± 2.7 mm (mean ± s.d.) in the axial,
lateral, and elevational dimensions, respectively (Fig. 2b). To
target additional parts of the brain, the frame that holds
the transducers (Fig. 1b) can be physically translated in the
patient’s anterior-posterior and superior-inferior dimensions to
target particular regions of interest.

For cases in which cost is an important factor, the device can
be applied outside the MRI scanner after a single MRI session
that registers the relative position of the head and the device.
This mode of operation is possible by immobilizing a subject’s
head with a standard radiological mask (Fig. 1b). Moreover,
the plastic frame provides reproducible positioning of the
ultrasound transducers. We evaluated the registration error
between the head and the transducers in five subjects across
ten sessions. Across all sessions (n = 10 in each subject),
the ultrasound transducers’ position was displaced from their
initial position on average by 0.89±0.64 mm (mean±s.d.).
Within each dimension (x, y, z), the transducers were displaced

by 0.45±0.32 mm, 0.43±0.14 mm, and 0.44±0.17. The error
in the head positioning was also within the acceptable range.
Using fiducial markers positioned on the subjects’ head, we
detected an average error of 1.28±0.66 mm, and 0.53±0.19
mm, 0.68±0.27 mm, and 0.71±0.31 mm in the x, y, and z
dimensions across all subjects and sessions. We then computed
the relative error between the transducer and the subject’s
head, which is the ultimate metric that informs on the targeting
accuracy. The relative error was 1.64±0.66 mm across subjects
and 0.77±0.50 mm, 0.93±0.41 mm, and 0.99±0.49 in the x,
y, and z dimensions (Fig. 3).

We deployed the device to modulate the SGC in two patients
with treatment-resistant depression (NCT05301036). Major
depression is commonly associated with hyperactive SGC
[31]. We therefore hypothesized that a transient suppression of
the SGC should improve subjective mood states. To suppress
neural activity, we delivered the ultrasound into the target at a
low duty cycle value, which tends to inhibit neuronal activity
[32]–[34]. Indeed, the modulation of the SGC had a positive
effect on metrics of depression and anxiety in both subjects
(Fig. 4). Stimulation of the SGC for duration 60 seconds and
longer led to significant improvements in depression (t18=3.54,
p=0.0012, two-tailed t-test) and anxiety (t18=2.87, p=0.0051,
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Fig. 2: Deep brain focusing and steering.

a, Example pressure field measured in three dimensions through an ex-vivo human skull. The middle and right panels show that the two
arrays produce a notable standing wave, as expected. b, Electronic targeting range (blue) measured through four ex-vivo skulls. The white
boundaries outline the regions in which the device can deliver 50% of its maximal pressure output. The fields were measured inside an
ex-vivo human skull and overlaid on anatomical MRI for comparison. Any target within this region can be reached within a few dozens of
microseconds [30].
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Fig. 3: Targeting reproducibility for MRI-free operation.

a, Mean±s.d. difference between the relative distance of the trans-
ducers and markers placed on the head. The measurements were
performed in 5 subjects, n = 10 sessions each. b, The difference
separately for each dimension averaged over all subjects.

two-tailed t-test) metrics. Sham stimulation caused no signifi-
cant effects on depression (t7=1.53, p=0.17) or anxiety (t7=0,
p=1).

We evaluated the safety of the stimulation at the behavioral
and anatomical levels. At the behavioral level, subjects com-
pleted a standard clinical side effect questionnaire [35]. No
adverse effects were noted by either subject or the attending
psychiatrist. At the anatomical level, we collected structural
T1-w and T2-w MRIs of the brain. No apparent changes were

evident.

IV. DISCUSSION

We have developed an approach and hardware that 1)
minimizes the distortions that ultrasound experiences when
propagating through the skull 2) provides flexible electronic
targeting of deep brain regions 3) uses mechanical registration
for practical, low-cost registration inside and outside of an
MRI. We used this device to stimulate deep brain targets in two
patients with major depression and observed target-specific
improvements in mood states.

The propagation through the temporal-parietal windows
maximizes the ultrasound transmission into the head. However,
this feature should be complemented by approaches that can
accurately correct for all aberrations of ultrasound by the skull.
On this front, the device is designed to accommodate many
of the existing and emerging approaches for skull correction
[11], [28], [29], [36]–[40]. All elements of the phased arrays
are controlled independently. This way, it is possible to adjust
the emission time and amplitude separately for each element,
thus achieving the sought correction optimum with respect to
the method of choice.

The phased arrays provide the capacity to target many
regions within the deep brain (Fig. 2). For instance, the
modulation of the SGC in subject A required to steer the focus
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Fig. 4: Noninvasive deep brain stimulation is capable of improving mood states in patients with major depression.

Combined self-reported mood scores across patients following each stimulation (27 stimuli; Suppl. Fig. 4). A psychiatrist assessed changes
in the subjects’ mood immediately following each stimulus, measuring changes to depression on a seven-point scale from -3 (indicating
much less depressed) to 3 (much more depressed) with 0 representing no change. Sham stimulation delivered into the brain had the same
energy and waveform but was not focused. This controls for potential generic auditory and tactile artifacts that could be associated with
transcranial ultrasound. Subjects were blinded to the individual stimuli. There were positive effects on mood following the modulation of
the SGC for at least 60 s, but not in other cases including sham stimulation.

17 mm laterally and 9 mm elevationally from the geometric
center of the arrays. The electronic beamforming also enabled
ultrasound delivery into the superior and inferior sections
of the subgenual cingulate cortex, as well as the ventral
striatum (Suppl. Fig. 4). The capacity to electronically deliver
ultrasound into different targets in less than a millisecond
could lead to the development of rapid stimulation sequences
that modulate neural networks in precise spatiotemporal pat-
terns. This capacity is expected to prove crucial for effective
treatments of mental and neurological disorders, which require
high targeting precision as well as flexibility in targeting
distant nodes of neural networks [31], [41]–[46].

The device and data acquisition approach are designed
to minimize the need for MRI, with the goal of reducing
treatment cost. A single MRI image provides sufficient infor-
mation for registration. Subsequent therapeutic sessions can
be performed in an MRI-free manner (Suppl. Fig. 4). This
is achieved by immobilizing the patient’s head in a fixed
location with respect to the transducers, and reproducing this
positioning outside of MRI during subsequent stimulation
sessions. We found that the re-positioning of the subject’s head
and transducers is reproducible from session to session, with
a relative positioning error between fiducial markers on the
subject and the transducers of 1.64 mm on average (Fig. 3).
The mechanical registration method allows for accurate tar-
geting of deep brain areas inside and outside of an MRI
scanner. The operation in the MRI opens a path to new tools
for validating and monitoring the ultrasound delivery [24],
[47]–[49]. For MRI-free operations, the thermoplastic mask
provides a convenient approach to mitigate the costs associated
with optical neuronavigation systems [48], [50], [51].

The device can be used for two main applications—
diagnostic and therapeutic. The ability to flexibly modulate

specified deep brain targets (Suppl. Fig. 4) will provide
a unique tool to guide invasive approaches such as deep
brain stimulation or ultrasonic ablative brain treatments [11].
By precisely modulating candidate targets in sequence, it is
possible to determine the brain region that maximizes the
sign or symptom improvement in each individual patient. This
region constitutes the target for a subsequent invasive treat-
ment. The flexible neuromodulation also provides a unique
tool for manipulation of deep brain structures, which can
further our causal understanding of human brain function. By
systematically modulating specific brain regions, investigators
will be equipped to determine how these regions are causally
involved in given behaviors.

The potential for effective treatments is equally promising.
When low-intensity ultrasound is applied to the brain for a
sufficient amount of time (e.g., about 150 s used here; Fig. 4),
it induces durable effects within the stimulated structures [52]–
[60]. These neuroplastic effects are believed to be mediated, at
least in part, by activation of glial cells and the ensuing effects
on synaptic processes [6]. These effects provide a unique
opportunity for durable circuit reset, akin to electroconvulsive
therapy or repeated applications of TMS, but now in a much
more targeted manner. The targeted nature of the stimulation
is expected to increase treatment effectiveness and safety and
provide a treatment option to patients for whom the current
approaches are inadequate.

The device and study have several limitations. First, the
axial resolution is, albeit sharper than for single-element
devices [4], [61], limited (Fig. 1c, Fig. 2a). Second, it is not
clear whether the average error of 1.6 mm between the subject
and transducer fiducials for MRI-free operation is sufficient
for accurate targeting. Dephasing of the ultrasound caused by
the skull will impart additional targeting error. This issue has
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a straightforward albeit costly solution—if accuracy higher
than this level is required, the device can be operated inside
MRI during every application. Third, the device is limited
by its placement over the left and right sides of the skull.
Although this positioning is favorable in terms of ultrasound
transmission, it precludes access to some cortical targets
at the surface of the brain. Finally, this work has focused
on the design, key beneficial features, and proof-of-concept
deployment of the device in a limited two patient dataset
instead of on systematic investigations of the multidimensional
space of ultrasound stimulation parameters and effects on
mood across many patients. These investigations are expected
to be accelerated though multi-institutional collaborations.

In summary, we have developed a device for noninvasive
modulation of deep brain structures in humans. The system’s
phased arrays deliver ultrasound through parietal and temporal
skull regions and offer high targeting precision and flexibil-
ity. The device enables integration with MRI for treatment
guidance and monitoring and practical subsequent MRI-free
operation. We demonstrated a proof-of-concept application
of the device in two patients with no adverse effects. The
device is expected to guide existing invasive therapies, further
our causal understanding the function of deep brain circuits
in humans, and accelerate the use of sustained ultrasound
stimulation and ultrasound-based local drug release to provide
therapeutic options for the large number of treatment-resistant
patients.
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