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Remus: System for remote deep brain interventions

Taylor D. Webb,* Matthew G. Wilson," Henrik Odéen,? and Jan Kubanek'**

SUMMARY

Transcranial-focused ultrasound brings personalized medicine to the human
brain. Ultrasound can modulate neural activity or release drugs in
specific neural circuits but this personalized approach requires a system that de-
livers ultrasound into specified targets flexibly and on command. We developed a
remote ultrasound system (Remus) that programmatically targets deep brain re-
gions with high spatiotemporal precision and in a multi-focal manner. We vali-
dated these functions by modulating two deep brain nuclei—the left and right
lateral geniculate nucleus—in a task-performing nonhuman primate. This flexible
system will enable researchers and clinicians to diagnose and treat specific deep
brain circuits in a noninvasive yet targeted manner, thus embodying the promise
of personalized treatments of brain disorders.

INTRODUCTION

One in three patients with brain disorders is treatment-resistant (Bystritsky, 2006; Al-Harbi, 2012; Zesiewicz et al.,
2010; Elias et al., 2016; Ferguson, 2001; Karceski, 2007; Lancet, 2017; Ahrsbrak et al., 2017). Neuromodulation
provides these patients with new treatment options, but invasive, surgical approaches are risky and inflexible,
and current noninvasive approaches do not have the necessary spatial resolution. Transcranial-focused ultra-
sound provides a new set of regimens that enable the manipulation of brain activity noninvasively and at high
spatiotemporal precision. Depending on stimulus duration, ultrasound modulates neural activity (Fry, 1958; Ku-
baneketal., 2020; Deffieux et al., 2013; Tufail etal., 2010; Lee et al., 2015; Legon et al., 2014) or induces changes in
functional connectivity (Verhagen et al., 2019; Folloni et al., 2019; Bongioanni et al., 2021). In addition, when com-
bined with nanoparticles or microbubbles, ultrasound can be used to deliver drugs, genes, or stem cells selec-
tively into the specified target/s. This can be achieved by releasing drugs from nanoparticle carriers, (Wang etal.,
2018a; Rapoportetal., 2011; Lea-Banks et al., 2020) or using microbubbles to temporarily disrupt the blood-brain
barrier (Abrahao et al., 2019) and so deliver large agents that would not pass otherwise. Thus, this form of energy
provides treatment options for the large number of patients who are resistant to current forms of treatment.

Nonetheless, these applications are limited by technological challenges. A key requirement for the success
of ultrasound-based therapies is the ability to target a specified site flexibly and reproducibly. This flexi-
bility is critical given that the neural sources of many mental and neurological disorders are poorly under-
stood and vary from individual to individual (Braun et al., 2018; Price and Drevets, 2012; Peirs and Seal,
2016; Insel and Cuthbert, 2015). Systems that could provide this functionality—phased arrays—are primar-
ily designed for ablative treatments (Ghanouni et al., 2015) with only a few phased array systems available
for other transcranial applications (Liu et al., 2014; Chaplin et al., 2018).

We developed Remus, a system that manipulates deep brain circuits remotely and programmatically, thus
enabling personalized circuit manipulations in clinical and research settings. The platform enables an operator
to specify one or more targets, together with the desired timing and ultrasonic waveform, in software. The design
is MR-compatible, which enables clinicians and researchers to confirm precise targeting. The system'’s imaging
functionality ensures reproducible positioning of the device and evaluates the quality of the ultrasound coupling
to asubject’s head. We validated these capabilities in a nonhuman primate (NHP). Remus can be used to validate
existing and devise new ultrasonic protocols in large animals, NHPs, and humans. Ultimately, the system will be
used to provide precision treatments to patients who are currently out of options.

RESULTS
Remus

Remus is a practical platform that delivers focused ultrasound into specified deep brain targets remotely,
with the skull and skin intact (Figure 1, top). The targets of the ultrasound are specified in software. The
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Figure 1. Remus: Remote ultrasound system for multi-focal deep brain interventions

Top: The system is attached to the head of an NHP to provide reproducible targeting of deep brain

circuits while the subject engages in behavioral tasks. Bottom Left: Ultrasound targets are specified
programmatically. This figure shows selective targeting of the left and right lateral geniculate nucleus (LGN).

Image overlays were acquired using MRI thermometry. Neuromodulation sonications use 10 to 100 times less

energy than the sonications used to obtain these images, thus the expected temperature rise during
neuromodulation is on the order of 0.01-0.1°C (see STAR methods). Bottom Right: The system can be used to

target multiple sites in rapid succession (minimum pulse separation of approximately 30 us) or simultaneously. The figure
shows acoustic traces simultaneously recorded by two hydrophones placed at the approximate location of the left and
right LGN.

software can flexibly target individual sites in sequence (Figure 1, bottom) or simultaneously. An animated
graphical abstract provides a visual representation of Remus and is available in the online version of this
article.

Remote modulation of choice behavior

We validated these features in an NHP. Specifically, we used the system to programmatically deliver
brief pulses of focused ultrasound into the left and right LGN while quantifying the effects on behavior
(Figure 2A). The two LGNs were targeted electronically, without mechanical movement of the transducer.

We found that brief, 300 ms pulses of ultrasound directed into the left and right LGN transiently modulated
choice behavior in the NHP. The subject was asked to look at a left or a right target, whichever appeared
first. We quantified the effects of the ultrasonic neuromodulation in the controlled condition in which both
targets appeared at the same time. We assessed the proportion of choices of each target when the left
LGN was stimulated, and when the right LGN was stimulated and quantified the proportion of choices
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Figure 2. Inhibition of deep brain nuclei with immediate effects on choice behavior

(A) Brief, low-intensity ultrasound (300 ms, 650 kHz, 1 MPa pressure at target) was delivered into the left or right LGN every
6-14 5. The side of the stimulation was randomized. The animal was deciding whether to look at a left or a right target. The
brief, low-intensity ultrasonic pulses influenced the choice behavior. Specifically, variation in the duty cycle of the
ultrasound significantly changed the proportion of contralateral choices. Stimuli pulsed at 10% duty significantly
decreased the proportion of contralateral choices relative to continuous stimuli. The decrease in contralateral choices is
consistent with neuronal inhibition (vertical arrows). Data are represented as mean + SEM. x x:p <0.01 as measured by
a two-sided t-test.

(B) Repeated application of neuromodulatory ultrasound to deep brain circuits does not inhibit the subject from
improving in the task over time. The break in the x axis marks an increase in the difficulty of the task. The positive slope of
the linear fit is significant before the increase in difficulty (r = 0.27; F(28) = 10.1; p = 0.004).

of the contralateral target for these conditions. The resulting proportion of contralateral choices, averaged
across individual sessions, is shown in (Figure 2A).

We found that stimuli pulsed at 10% duty cycle induced a significant (one-sided t-test, t(11) = — 272, p =
0.02) ipsilateral bias, consistent with an inhibition or disruption of the neural activity in the target circuit. In the
initial n = 8 sessions of continuous stimulus, we found a significant contralateral bias (one-sided t-test, t(7) =
4.4; p = 0.003), consistent with an excitation of the target neural circuit. However, the effect gradually lost sig-
nificance over the individual sessions (linear fit to contralateral choices as a function of stimulation day; r = 0.24;
F(23) = 7.36; p = 0.012), ultimately yielding a non-significant 100% duty effect. This gradual loss of an effect
may be owing to the animals’ adapting to the repeated, day-by-day stimulation.

Notably, in these analyses, we only compared effects for trials in which there always was an ultrasound stim-
ulus: either the left or the right LGN was sonicated. This controls for potential generic artifacts that can be
associated with ultrasound. Moreover, we found a dissociation in the effect size by the stimulus duty cycle
(two-sided t-test, t(35) = — 3.1; p = 0.004). Intriguingly, the stimulus that delivered 10 times less energy
into the target (10% duty) produced an effect while the more potent 100% duty stimulus did not significantly
alter the animal’s behavior (Figure 2A). This corroborates the notion that the duty cycle constitutes a critical
variable in the neuromodulatory effects of ultrasound (Plaksin et al., 2016; Yu et al., 2021), and the growing
consensus that the effects of low-intensity ultrasound are of mechanical, as opposed to thermal, nature
(Tyler et al., 2018; Kubanek, 2018; Naor et al., 2016; Fomenko et al., 2020).

We delivered the ultrasound into the deep brain targets repeatedly, over 37 sessions. Figure 2 shows the
subject’s accuracy across each session. The positive slope (r = 0.27; F(28) = 10.1;, p = 0.004) demon-
strates the subject’s improvement in task performance over time. Near the end of the study (day 96), we
increased the difficulty of the task. Following this change the slope was insignificant (r = 0.27; F(5) =
1.57, p = 0.24). Thus, repeated daily sonication of the deep brain targets did not prevent the subject
from improving their discrimination performance over time.

Reproducible transducer positioning and validation of coupling

Repeated delivery of ultrasound into the brain rests on reproducible positioning of the device and on the
quality coupling of the transducer face to the subject’s skin. To address these critical aspects of ultrasound
delivery, we equipped the platform with imaging functionality that ensures reproducible positioning with
respect to the skull and high-quality coupling (Figure 3). Specifically, the device has a receive capability that
also implements pulse-echo imaging. The ultrasound images acquired during each session are compared
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Figure 3. The system operated in imaging mode to ensure reproducible positioning and coupling

Prior to each therapeutic session, the platform is operated in imaging mode. Top: The imaging reliably detects the
location of the scalp and the skull. Bottom: The timing of the echoes received from the skull provides information on
the position of the device with respect to the skull; their magnitude evaluates the quality of ultrasound coupling to the
subject’s head. Dotted line represents the mean and the shaded region represents SD across sessions, measurements
acquired over 36 sessions.

with a standard taken during an MRl imaging session, which validated the targeting. In addition, the magni-
tude of the received echoes (Figure 3, bottom) provides information on the coupling quality. The resulting
ultrasound image allows the operator to confirm repeatable and accurate placement of the array relative to
the skull in each session but the image should not be interpreted as a visualization of skull thickness or brain
anatomy. The measured variation in distance averaged across all 256 elements and 36 sessions (the
coupling check failed to run in one session) was 0.39 + 0.77 mm. The variation in echo magnitude was
—11+ 5.5%.

Flexible deep brain targeting

Targets in the visual system, such as the LGN, will enable researchers to characterize the effects of ultra-
sound on neural tissue but future diagnostic and therapeutic protocols will require the ability to target sys-
tems involved in emotional regulation, such as the limbic system. Thus, we further validated our setup by
demonstrating successful sonication of the LGN and amygdala in a second NHP subject (Figure 4).

DISCUSSION

We developed and validated a practical and MRI-compatible system that delivers ultrasound through the
intact skull and skin into one or more neural targets in awake subjects. Remus unleashes the full potential of
ultrasound: personalized, targeted, and noninvasive interventions deep in the brain (Figure 5).

Remus provides this intersection of features as a portable device. On the other hand, emerging systems
based on single-element transducers are incapable of electronic targeting and have a limited axial resolu-
tion. Surgical systems (ex: ExAblate Neuro, Insightec (Ghanouni et al., 2015)) can deliver ultrasound into
deep brain targets electronically, but the system was not designed for repeated, systematic applications.
Moreover, in comparison with these systems, Remus provides imaging capabilities that validate the de-
vice's position with respect to the head and test the quality of the ultrasound coupling.

The programmatic targeting enables clinicians to flexibly target multiple neural structures in a single ses-
sion and the geometric design enables flexible mechanical placement of the array, resulting in a large treat-
able volume within the brain. This large treatment envelope, combined with the ease of targeting multiple
nuclei in a single setting, provides the capacity to identify specific brain regions involved in an individual
patient’s symptoms. For example, a physician can target multiple deep brain structures in a patient pre-
senting with chronic pain. A significant change in the patient’s pain score would establish a causal
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Figure 4. Flexible and Programmatic Deep Brain Targeting

Successful sonication of the left and right LGN and left and right amygdala is shown in a second NHP subject. The coordinates
used to target each region are listed at the bottom of each image. These results demonstrate the capacity to reach a broad
range of targets, including nuclei within the limbic system such as amygdala. As in Figure 1, these high-intensity sonications are
for visualization purposes only—neuromodulation pulses use ten to one hundred times less energy.

relationship between the targeted region and the patient’s pain, thus enabling the physician to replace sys-
temic treatment (such as opioids) with a more effective and targeted therapy.

The dissociation between neuromodulatory effects and duty cycle (Figure 2A) provide additional evidence
of ultrasonic modulation of neural structures (Naor et al., 2016; Tyler et al., 2018). In addition to these ef-
fects, ultrasound can elicit auditory or vestibular confounds (Guo et al., 2018; Sato et al., 2018). Remus’ fixed
positioning and its capacity to programmatically deliver distinct ultrasound waveforms into distinct re-
gions, with dissociated effects, enables scientists to control for such confounds.

Future applications

The manipulation of circuit function and dysfunction in the short term enables systematic and personal-
ized diagnoses of the neural sources of brain disorders in the clinic. In the lab, transient manipulation
of circuit function enables causal investigations of the function of specific deep brain regions in humans.
Moreover, the system will enable researchers to deliver stimuli of durations necessary to induce circuit
reset (Verhagen et al., 2019; Folloni et al., 2019; Bongioanni et al., 2021; Oh et al., 2019) into the malfunc-
tioning regions.

Remus provides maximal pressure output over 5 MPa, well above the pressures needed to release drugs
into a specified neural circuit during awake behavior. The awake setup enables investigators to quantify
the effectiveness and duration of the neuromodulatory effects induced by specific neuromodulatory drugs,
such as propofol (Wang et al., 2018b) or ketamine. In addition, the behavioral readout can be used to assess
the safety of the release at the functional level (Figure 2B).

Analogous protocols can be used to assess the effectiveness and safety of cargo delivery across the blood-
brain barrier (BBB) (Abrahao et al., 2019). To maximize therapeutic effects, agents, such as chemotherapy,
need to be delivered across the BBB repeatedly over multiple sessions. This may raise safety concerns (Ko-
vacs et al., 2017). Remus can be used for the systematic investigation of the effects of repeated ultrasound-
based BBB opening.
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Figure 5. Applications of the platform for treatments of medication-resistant disorders

Brief, millisecond-second ultrasound stimuli modulate neural activity in a transient fashion. This effect, when coupled with
successive targeting of individual circuit candidates, provides a tool to dissect circuit function and dysfunction (top left).
Ultrasound delivered into a target for minutes induces neuroplastic changes in the target. This could be used for a durable
reset of the malfunctioning circuits (top right). To further increase the specificity of these effects, ultrasound can be
combined with drug-carrying nanoparticles that release their cargo specifically at the ultrasound target (bottom left). If
agents that do not naturally cross the blood-brain barrier (BBB) are to be delivered into a target, ultrasound can be
combined with microbubbles that—upon sonication—transiently permeate the BBB (bottom right).

Together, Remus affords multi-focal ultrasound-based brain intervention at high spatiotemporal resolu-
tion. The system's flexible targeting and its validation of positioning and coupling open new possibilities
for a large number of patients currently without options.

Limitations of the study

The study was designed to validate Remus’ capacity to reliably target deep brain structures during awake
behavior. Behavioral modulation in one subject validates this capacity. With this validation, future studies
will use Remus to measure the neuromodulatory effects of ultrasound in multiple subjects, including the
effects of longer and higher intensity sonications.
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In situ intensity estimates based on MR thermometry require several assumptions about brain tissue prop-
erties and do not account for spatial and temporal averaging inherent in MR thermometry measurements.
Thus, there is considerable uncertainty in these estimates.
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REAGENT or RESOURCE SOURCE

IDENTIFIER

Experimental models: Organisms/strains

Macaca Mulatta Oregon Health and Science University

35079, 35077

Software and algorithms

MR thermometry and targeting software Custom MATLAB scripts

886115E

Other

256 Element Transducer Doppler Electronic Technologies

HP-500K-256-BE

Vantage 256 driving hardware Verasonics Vantage 256
Head Frame Custom Solidworks Design B32A6E4
poly(vinyl alcohol) Sigma-Aldrich 363065
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Jan Kubanek (jan.kubanek@utah.edu).

Materials availability
1. The transducer (HP-500K-256-BE) is available from Doppler Electronic Technologies (Guangzhou,
China).
2. The Vantage 256 Driving system is available from Verasonics (Kirkland Washington).

3. The coupling material is made with 6% by weight poly(vinyl alcohol) in water (Lee et al., 2014). The
poly(vinyl alcohol) is available at Sigma-Aldrich, product number 363065.

4. The titanium pins used to attach the frame to the subject’s head were custom made by Gray Matter
Research (Bozeman, Mt).

Data and code availability
1. The software, which includes the element locations for the 256 element transducer, is available online at
onetarget.us/software.

2. MR Imaging data and the subject’s behavioral data is available upon request to the lead contact (Jan
Kubanek: jan.kubanek@utah.edu).

3. Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Nonhuman primates

Two male macaque monkeys (macaca mulatta) participated in this study. One subject (age 6 years, weight
8 kg) participated in both MR based targeting validation and behavioral studies. A second subject (age 6
years, weight 12 kg) participated only in MR based target validation. The procedures were approved by the
Institutional Animal Care and Use Committee of the University of Utah.

METHOD DETAILS
System overview

An overview of the system is given in Figure S1. Custom targeting software interfaces with the MR scanner
for target validation and with the ultrasound driving system to deliver ultrasound to the desired location.
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Thus, Remus delivers ultrasound into specific deep brain targets, enabling real-time modulation of awake
behavior. Items in the green boxes are provided as part of this study at onetarget.us/software.

MR validation

A series of custom MATLAB functions allows the user to register the array to an MR image, select an acous-
tic focus within the image, and deliver a sonication to the desired anatomical location. The resulting ther-
mometry images are overlaid on the anatomical image to verify accurate placement of the acoustic focus.

Targeting

Custom targeting software interfaces with the ultrasound driving system (Verasonics, Kirkland Washington)
to measure the distance between the array and the skull, measure the quality of the acoustic coupling, and
to provide the individual element phases necessary to place the acoustic focus at the desired location.
Phases are determined using a time of flight algorithm (Szabo, 2004).The targeting software accepts
user inputs through a serial connection to enable a user to specify target locations and to change those
locations during individual sessions.

Cost

The cost of Remus is dictated by the costs of the driving system and the transducer array. Bulk
manufacturing of the complete system is currently estimated to be around $50,000.

NHP platform positioning and head fixation

Forthe NHP experiments shown here, we developed an apparatus that ensures reproducible positioning of
the platform with respect to the head from session to session, and at the same time allows us to head-fix
NHPs and engage them in behavioral tasks. To achieve that, we developed a custom head frame that is
attached to the skull via four titanium pins (Gray Matter Research, Bozeman, MT). Each pin is attached
to the skull using three to four screws. The frame for the NHP experiments was designed in 3D cad software
and produced with a 3D printer. A 3D drawing of the frame is available at onetarget.us/software. The frame
is attached to a primate chair using two steel bars, mounted into the left and right side of the frame. After
the frame is attached to the chair, the transducer is mounted to the frame via four screws (one on each
corner). Coupling of the transducer to the skull is achieved using a 6% polyvinyl alcohol (PVA) gel (Lee
etal., 2014) that is compressed between the subject’s head and the transducer. The subject’s hair is shaved
prior to each session. Shaving may not be necessary in the ultimate human applications; the platform could
detect the quality of the coupling and aberration due to the hair, and adjust the emitted ultrasound ampli-
tude accordingly.

In each session, the system measures the accuracy of the device placement with respect to the head and the
quality of the acoustic coupling using ultrasound imaging. Specifically, the system measures the distance
between the transducer and the skull at six distinct locations. A pulse-echo measurement, performed using
individual elements, provides an estimate of the location of the skull relative to the transducer. The distance
is measured by detecting the front edge of the reflected ultrasound energy and assuming a speed of sound
of 1500 m/s in the coupling gel. The average difference in position relative to the position measured during
MR thermometry was 0.39 + 0.77 mm. The total power returned to each element (Figure 3, bottom) was
—11 4 5.5% lower across sessions compared to the power measured during the MR thermometry session.

MR imaging

The system is fully MRI-compatible. Accurate targeting of specific deep brain regions can therefore be vali-
dated using MRI, such as MR thermometry or MR ARFI. We used MR thermometry. In this approach, a
continuous, 5-second sonication is sufficient to increase temperature at the focal spot by about 2°C,
enabling visualization of the focus without inducing long-term changes in the neural tissue.

All scans were performed using a 3T MRI scanner (Trio, Siemens Medical Solutions, Erlangen, Germany)
with a 4-channel flex coil wrapped underneath the animal’s head. High resolution 3D T1-weighted images
were used for anatomical imaging and target identification; Magnetization Prepared Rapid Acquisition
Gradient Echo (MPRAGE), TR = 1900 ms, TE = 3.39 ms, TI-200 ms, BW = 180 Hz/pixel, flip angle 9°,
FOV =192 x 192 x 120 mm, resolution 1 X 1 X 1 mm, acquisition time 5:12 min. MR thermometry was per-
formed with a 3D gradient recalled segmented echo planar imaging pulse sequence; TR = 24 ms,
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TE = 11 ms, BW = 592 Hz/pixel, flip angle 12°, echo train length = 5 with monopolar readout, FOV =
144 x 117 x 36 mm, resolution 1.5 x 1.5 x 3.0 mm, acquisition time 4.6 s per dynamic image.

During thermometry, the subject was sedated and placed in a sphinx position. A custom 3D printed stand
was mounted to the head frame by four screws located at the four corners of the frame. The stand held the
subject’s head in position and provided space or the placement of the flex coil (3D drawings available at
onetarget.us/software). After the subject was in place the transducer was mounted to the frame and
coupled to the head using the same process used during awake procedures.

Registration of ultrasound and MR space was performed using three fiducial markers. The fiducials were
placed in cavities with known locations that were designed into the printed frame. After registration, the
average euclidean distance between the estimated and the actual location of of the three fiducials (as
measured by the 3-dimensional center of mass) was 2.5 mm. The transducer caused distortion along the
subject’s inferior/superior axis resulting in approximately 4 mm of error in the transducers registration in
that dimension. The registration of the transducer to the subject’s anatomy guided initial steering of the
acoustic beam. Once the first thermometry signal was acquired, adjustments to the focal location were
based primarily on the location of the thermometry signal, thus correcting any errors introduced by
poor transducer localization.

Itis well established that preferential absorption of ultrasound in the skull can lead to undesirable off-target
heating. Indeed, clinical ablation trials rely on both a large transducer aperture and constant cooling of the
scalp to mitigate this risk (Ghanouni et al., 2015). With a smaller transducer aperture and in the absence of
active cooling investigators must assume that the temperature rise in the skull could be higher than at
focus. Care should thus be taken to monitor the health of the skull and scalp between the transducer
and the target when MR thermometry is used to validate acoustic targeting.

At the short durations and low frequencies used for neuromodulation in this study, heating of the skull was
not a concern. The subject, who was awake, showed no signs of discomfort in response to the ultrasound.

Acoustic intensity at Target

While the energy delivered during MR thermometry is much greater than the energy used to achieve neuro-
modulation, we can scale the thermometry result to estimate the acoustic intensity at target during neuro-
modulation. First, using Pennes’ bioheat equation (Pennes, 1948), together with the measured temperature
rise, we estimate the intensity during MR thermometry. We then scale this result by the voltage delivered by
the neuromodulatory sonications to estimate the intensity delivered during neuromodulation. Assuming
negligible conduction and perfusion, the acoustic intensity during MR thermometry, Iy, is related to
the temperature rise, AT, by

pCAT
Ata
where p, C, and a are the density, specific heat capacity, and acoustic absorption of the tissue and At is the
time in which the temperature increase occurs. To minimize the effects of conduction and perfusion AT is
chosen to be the maximum temperature measured in the first dynamic in which the ultrasound is on. The
center of k-space is acquired 2.3 seconds into each acquisition. Thus, At was set to 2.3 s. We assumed a
density of 1046 kg/m?, a specific heat capacity of 3630 J/K, and an acoustic absorption of 3.9 Np/m. The
intensity during neuromodulation, Iy, is then

Ivri = (Equation 1)

v2

N = Ivr— (Equation 2)
VMRI
where vy and wr) are the voltages applied to the transducer during neuromodulation and MR thermometry

(15 Vp and 20 Vp).

Similarly, the MR thermometry can be used to estimate the maximum temperature rise during each neuro-
modulatory sonication. The temperature rise during the first 2.3 s of each thermometry pulse was 1.4 and
1.8 C in the left and right LGN respectively. The 10% duty cycle sonication delivered 0.73% of the energy
delivered in the first 2.3 seconds of the thermometry sonication. Thus, we can estimate a temperature rise
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of 0.010 and 0.013 C° in the left and right LGN. A continuous wave sonication delivers 10 times the energy,
thus, the expected temperature rise for these sonications is 0.10 and 0.13°C.

Stimulation parameters

Our custom, 256 element transducer (Doppler Electronic Technologies, Guangzhou, China) can produce
focal pressures greater than 3 MPa at its 650 kHz center frequency and a usable freuquency range of
480-850 kHz. The transducer geometry is semicircular, with a radius of curvature of 65 mm (see Figure 1).
The elements are 4 X 4 mm square and the distance between elements is 4.2 mm. All stimuli used
650 kHz. The pulsed stimulus (10% duty) used a 500 Hz pulse repetition frequency. Both pulses used a
square envelope. The peak focal pressure (estimated from the thermometry data) was 1.1 and 1.0 MPa
in the right and left LGN respectively. The half power beam width measured by a hydrophone in a water
tank for was 1, 3.75, and 3.75 mm in the left/right, anterior/posterior, and superior/inferior dimensions,
respectively. The half power beam width measured by thermometry was 0.75 and 3.0 mm in the left/right
dimension and 3.75 and 5.25 mm in the front/back dimension for the left and right LGN respectively. Using
the same input voltage, the free field pressure-measured using a hydrophone-is 3 MPa at the location of
the left and right LGN. Thus, the MR thermometry measurements suggest that about 30% of the pressure
reaches the target through the individual layers. It is worth noting, nonetheless, that this estimate likely un-
derestimates the actual pressure at target. In particular, the temperature measured by the MR is averaged
spatially (across a voxel) and temporally (across the acquisition time); the actual peak temperature is thus
higher than the measured average. In addition, a portion of the energy is distributed to the thermal con-
duction and vascular convection.

Task

We trained one NHP to perform a visual choice task. This task was used in many previous studies (e.g., (Ku-
banek et al., 2015, 2020)). Briefly, the subject was seated in a comfortable primate chair and was presented
with visual stimuli shown on a monitor. The subject’s eye movements were tracked and recorded using an
infrared eye tracker (Eyelink, SR Research, Ottowa, Canada). In the task, the subject first fixates a central
target. Following its offset, one target appears on the left and one target on the right side of the screen.
There is a brief, controllable delay between the onset of the two targets, which can range from —60 to
60 ms. We varied the location of the targets within 2.5 visual degrees to circumvent adaptation. The son-
ication of the left and right LGN was randomly interspersed with trials in which no ultrasound was delivered.
In an ultrasound trial, a 300 ms stimulus was delivered 150 ms before the fixation point offset. The subject
receives a liquid reward if he looks at the target that appeared first within 2 s. In the key condition in which
both targets appear at the same time and during which we quantify the effect of ultrasound, the subject is
rewarded for either choice. The subject generally worked daily throughout the work week.

Software

We designed custom software to integrate ultrasound sonication with both the MR thermometry and the
behavioral task. The software can register the transducer to an MR coordinate system, output the targeted
focus in both transducer and MR coordinates, and overlay the temperature change (as measured by MR
thermometry) on the anatomy image. The overlay of the MR thermometry and MR anatomy image is
achieved by interpolating the thermometry image to the coordinates of the anatomy image. The coordi-
nate systems are read from the image file headers (DICOM format) returned by the scanner. To protect
the subject’s scalp, skull, and neural tissue we used very small temperature increases to visualize the focal
spot. Thus, to improve the visualization, we included a noise reduction algorithm in our visualization soft-
ware. The algorithm assumes an exponential increase in temperature during the sonication and an expo-
nential decay in temperature after the ultrasound turns off. Voxels in which the temperature does not follow
such a trend are ignored.

Similarly, we developed software that integrates a behavioral task with flexible sonication of the targeted
neural circuit. The ultrasound controller accepts target coordinates and intensities from the server running
the behavioral task. Synchronization of the sonication with presentation of the visual stimulus is achieved
with a TTL pulse. All of the ultrasound software was developed within the Verasonics framework and is avail-
able at onetarget.us/software.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Behavioral changes resulting from each set of stimuli were measured using a two-sided t-test (caption of
Figure 2A, and results section; Figure 2A shows mean and standard error of the mean). Behavioral changes
across the two stimuli were measured with a paired two-sided t-test (asterisks and caption of Figure 2A, and
results section). The individual datapoints constituted the individual sessions, with 12 sessions collected for
the 10% duty stimulation and 25 sessions for the 100% duty stimulation. Significance was defined as a
p-value less than 0.05. P-values less than 0.05 were marked with one asterisk while p-values less than
0.01 were marked with two asterisks. A linear fit to the subject’s accuracy over time was characterized
by the R-squared value and the F-statistic measured against a constant model (Caption to Figure 2B and
results section). The analyses have included 27 sessions.
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