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Abstract

Noninvasive brain stimulation using transcranial focused ultrasound (FUS) has many potential 

applications as a research and clinical tool, including incorporation into neural prosthetics for 

cognitive rehabilitation. To develop this technology, it is necessary to evaluate the safety and 

efficacy of FUS neuromodulation for specific brain targets and cognitive functions. It is also 

important to test whether repeated long-term application of FUS to deep brain targets improves or 

degrades behavioral and cognitive function. To this end, we investigated the effects of FUS in the 

dorsal striatum of nonhuman primates (NHP) performing a visual-motor decision-making task for 

small or large rewards. Over the course of 2 years, we performed 129 and 147 FUS applications, 

respectively, in two NHP. FUS (0.5 MHz @ 0.2 – 0.8 MPa) was applied to the putamen and 

caudate in both hemispheres to evaluate the effects on movement accuracy, motivation, decision 

accuracy, and response time. Sonicating the caudate or the putamen unilaterally resulted in modest 

but statistically significant improvements in motivation and decision accuracy, but at the cost of 

slower reaction times. The effects were dose (i.e., FUS pressure) and reward dependent. There was 

no effect on reaching accuracy, nor was there long-term behavioral impairment or neurological 

trauma evident on T1-weighted, T2-weighted, or susceptibility-weighted MRI scans. Sonication 
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also resulted in significant changes in resting state functional connectivity between the caudate 

and multiple cortical regions. The results indicate that applying FUS to the dorsal striatum can 

positively impact the motivational and cognitive aspects of decision making. The capability of 

FUS to improve motivation and cognition in NHPs points to its therapeutic potential in treating a 

wide variety of human neural diseases, and warrants further development as a novel technique for 

non-invasive deep brain stimulation.
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Introduction

Intracranial electrical brain stimulation has long been used for the treatment of neurological 

disorders (e.g. Parkinson’s Disease, Benabid et al., 1987) and is increasingly being 

considered for psychiatric disorders. Recent studies indicate that DBS in the ventral internal 

capsule and ventral striatum may be effective in improving symptoms of OCD (Greenberg 

et al., 2010; Goodman et al., 2010), while DBS in subcallosal cingulate white matter and 

nucleus accumbens improved some symptoms and response to antidepressants in patients 

with treatment-resistant major depressive disorder (Kennedy et al, 2011; Bewernick et al, 

2010). Electrical DBS can target deep structures with high spatial accuracy, but carries the 

risks associated with brain surgery (Mayberg et al. 2005). Non-invasive brain stimulation 

methods like transcranial magnetic stimulation (TMS) have also been shown to improve 

motor function in Parkinson’s patients (Schulz et al., 2013). TMS has been shown to help 

counteract the impairment of cognitive functions seen in Alzheimer’s (Boggio et al., 2011). 

TMS is non-invasive, but is less well-localized and has limited ability to penetrate deep into 

the brain, reducing its applicability for subcortical structures such as the striatum (Hallet 

2007).

Focused ultrasound (FUS) neuromodulation is an alternative method of non-invasive brain 

stimulation in which an ultrasound beam is focused onto specific regions of the brain to 

modulate neural activity. Studies dating back nearly a century demonstrated that FUS was 

able to disturb the activity of electrically active cells (Harvey 1929). FUS was first used to 

directly modulate brain activity when Fry and colleagues applied it to the lateral geniculate 

nucleus of a cat and found that it suppressed visually evoked potentials in visual cortex (Fry 

et al. 1959).

FUS can be applied either on its own, stimulating neural activity through a mixture of 

thermal and mechanical effects, or with microbubbles to permeabilize the blood-brain 

barrier (BBB). It differs from other techniques like TMS in that it can target deep subcortical 

structures like the striatum. Unlike DBS, FUS is non-invasive, making it less risky and 

potentially suitable for a wider patient population (Munoz et al., 2018).

In recent years, there has been renewed interest in FUS as a clinical and scientific tool. 

In humans, FUS applied to the frontal-temporal cortex has been shown to slightly and 
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temporarily reduce pain (Hameroff et al., 2013) or improve mood (Sanguinetti et al., 2020). 

Additionally, FUS applied to the somatosensory cortex enhances sensitivity to touch, and 

can even induce the sensation of touch without any external stimuli (Legon et al., 2014; Lee 

et al., 2016). FUS also elicits illusory visual percepts when applied to the visual cortex in 

human participants (Schimek et al., 2020).

While the exact neural mechanism for FUS-induced neuromodulation is still unknown, 

many in vivo and in vitro studies have shed light on processes that may play a role. In rat 

hippocampal cells, fiber volley and cell population potentials had lower amplitudes when 

undergoing FUS, while dendritic field potentials were enhanced (Bachtold et al., 1998). 

Additionally, FUS has been shown to increase sodium and calcium transients and short 

latency action potential firing in mouse hippocampus (Tyler et al., 2008; Tufail et al., 2010). 

Studies in Xenopus oocytes and C. Elegans have pointed to mechanosensitive ion channels 

in the brain as the target of FUS (Kubanek et al, 2018).

The current study sought to examine the effect of FUS on motivation and decision-

making when applied to the dorsal striatum of awake, behaving rhesus macaques. 

Neurophysiological studies implicate the striatum in reward-modulated sensory-motor 

decision making (Ding & Gold, 2013; Fan et al., 2020.) Previous studies in macaques have 

shown that FUS can temporarily enhance neural activity and connectivity to closely related 

areas in both cortical and subcortical structures (Verhagen et al., 2018; Folloni et al., 2019; 

Yang et al., 2021). FUS can also directly affect behavior in rhesus macaques. Several studies 

have showed that FUS applied to the frontal eye field alters eye movement behavior and 

decision-making (Deffieux et al., 2013; Wattiez et al., 2017; Pouget et al., 2020), and altered 

decision-making (Khalighinejad et al. 2020; Kubanek et al., 2020; Lowe et al., 2021).

A previous study from our group examined the effect of FUS with microbubbles on the 

dorsal striatum of rhesus macaques. After FUS was applied to the putamen, response speed 

and decision accuracy improved (Downs et al., 2017). In this study, FUS with microbubbles 

resulted in blood-brain barrier (BBB) opening, therefore the elicited effects may have been 

a combined product of BBB opening and direct neuromodulation. Hence, the effects of 

applying FUS alone (without microbubbles or BBB opening) to the dorsal striatum in NHP 

has remained unexplored until now. The current study also addresses the long-term safety of 

low-intensity FUS neuromodulation. This work helps to establish parameters and protocols 

within which FUS can be used for beneficial effects over extended time periods without 

causing permanent damage.

Materials and Methods

Subjects

Four adult male Macaca mulatta (N, O, P, Q) weighing 9.0, 11.5, 10.5, and 8.0 kg were used 

in these experiments. Two NHP (P, Q) were used in behavioral experiments in which they 

underwent awake sonication experiments over 2 years with a total of 276 sessions (P=129, 

Q=147). Before this series of sonications, the two NHPs were trained for a year to perform 

a visual-motor decision-making task on a touch-panel display, until performance reached 

a consistent level. During the task, NHPs received fluid for every correct response, and 
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continued to perform until satiated or 1000 trials had been completed. After they completed 

the task, NHPs were given a banana or an apple.

Four NHP (N, O, P, and Q) were used in fMRI experiments. All four underwent one session 

of anesthetized fMRI not preceded by sonication. Three (O, P, Q) underwent one session 

each of anesthetized fMRI preceded by FUS sonication. Thus, NHP P and Q underwent 

behavioral testing and fMRI with and without sonication. NHP O underwent fMRI with and 

without sonication. NHP N underwent fMRI without sonication.

NHPs received vitamin enriched biscuits and enrichment toys in their cages every day. The 

Institutional Animal Care and Use Committees (IACUC) of Columbia University and the 

New York State Psychiatric Institute (NYSPI) approved all NHP procedures.

Behavioral Task

NHPs sat in a custom-made polycarbonate chair when performing the task (Figure 1A). 

The head was stabilized by means of a surgically implanted plastic post. Visual stimuli 

were presented on a 20-inch LCD touchscreen monitor (ELO Touch, Rochester NY) placed 

directly in front of the chair, so the NHP could reach the screen. The touchscreen device had 

a resolution of 1,024 × 1,024 pixels, and a sampling rate of 60 Hz. Attached to the front 

of the chair was a vertical midline divider made of polycarbonate. This divider restricted 

reaching movements so that stimuli presented on the right side of the screen could only be 

touched by the right hand, and vice versa. The divider did not obscure vision. Both sides of 

the screen were equally visible at all times.

The task design was a two-alternative spatial forced choice (Figure 1B). When the NHP 

initiated a trial (Fig. 1B “CUE”), he was presented with two motion patches arranged 

horizontally side by side (Fig. 1B “CHOICE”). One patch contained random dots moving 

incoherently (zero coherence), and the other contained random dots with a motion coherence 

level between 0.0 and 1.0. Coherent motion could be leftward or rightward. The correct 

response was to touch the patch with coherent motion, regardless of the direction of motion. 

The coherence level was chosen randomly on each trial and all coherence levels occurred 

with equal probability. When both patches moved incoherently, the “correct” patch was 

designated randomly.

Each trial of the task began by presenting a vertically or horizontally oriented yellow bar (1 

× 3 degrees of visual angle, 43.8 cd/m2 luminance) on the left or right side of the monitor 

(Fig 1B, CUE). The orientation of the bar signaled the amount of fluid reward that would be 

dispensed for a correct response (vertical = 1 drop, horizontal = 5 drops). By touching the 

oriented bar, the NHP initiated the trial. If the NHP did not touch the bar within 2.5 seconds, 

the trial was scored as a failure, and there was a delay of 3 seconds before the next trial 

began. The orientation of the bar indicated the offered reward size (1 or 5 drops) that would 

be delivered on correct completion of the trial.

Once the trial was initiated, the yellow bar disappeared, followed by the simultaneous 

presentation of 2 side-by-side patches of 100 moving dots (each dot was 0.17 deg square, 

luminance 71.6 cd/m2.). Each patch of dots moved within a circular aperture of 10 degrees 
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diameter. Both patches were on the same side as the screen as the original yellow bar. If the 

NHP touched the patch containing coherent motion, he was reinforced with drops of water 

(correct response). After a correct response, there was only a brief delay before the next trial 

began, but if the NHP touched the patch with incoherent motion there was a 3 second delay 

before the next trial.

Catch trials were interleaved with two-alternative choice trials. On catch trials, only one 

patch with coherent motion was shown. The NHP had to touch the motion stimulus to 

obtain a reward. One-fifth of all trials were catch trials. The absolute coherence levels of the 

motion stimulus on catch trials varied from 0.0 to 1.0 in 0.1 increments, and each coherence 

level was presented randomly with equal probability. Coherence is signed to account for the 

direction of dot motion; negative coherence indicates leftward motion, positive coherence is 

rightward.

NHPs performed the task under 3 different experimental conditions, with one condition 

used during each daily behavioral session. The initial year of training was done under the 

baseline condition where NHPs completed the task without any sonication equipment set 

up around them. After the initial baseline training, sham sonication and real sonication 

sessions were randomly interleaved. Under sham sonication, NHPs completed the task with 

the transducer set up on their chairs, but not activated (all of the equipment was turned on, 

but the FUS pressure was set to zero). Under real sonication, NHPs completed the task with 

the transducer set up, and a 2-minute sonication was delivered after the first 200 trials of the 

session. During real sonication sessions, only one pressure was used per session (200, 400, 

600 or 800 kPa).

Ultrasound Exposure

Sonication parameters were generated by a Windows 10 computer and sent to a function 

generator (Agilent 33220A, Agilent Technologies, Santa Clara). The output of the function 

generator was passed through an amplifier (E&I, Rochester, NY), which drove the 

ultrasound transducer (part number H-107MR, center frequency 500 kHz, focal size 2mm 

× 11mm; Sonic Concepts, Bothell, WA). The function generator output was monitored on 

an oscilloscope. The sonication carrier frequency was 500 kHz delivered in 10 msec pulses 

twice per second. The peak negative pressure was 200, 400, 600, or 800 kPa (kiloPascals), 

calibrated in a tank water both in free field and with NHP skull fragments though a 

capsule hydrophone (HGL-0200, −3 dB, frequency range: 0.24–40 MHz, electrode aperture: 

200mm; Onda Corp., Sunnyvale, CA) (Pouliopoulos et al., 2020 and 2021). We measured 

the total attenuation through two ex vivo NHP skulls, to estimate the derated pressure at a 

center frequency of 0.5 MHz. At the pressure range tested here, the average attenuation was 

47.3 +/− 3.3 %. The acoustic pressures reported in the Results refer to the derated values. 

The total sonication duration was 120 sec.

The spatial peak pulse average intensity (Isppa) in water (free field) are between 0.5 and 

7.8 W/cm2. This values are well bellow the FDA recomendation of Isppa = 190 W/cm2. 

The spatial-peak time-average intensity (Ispta) were between 10.1 – 156.7 mW/cm2 are also 

below the FDA recomendation of Ispta = 720 mW/cm2. Sham Sonications used the same 

setup and procedure, but the FUS pressure was set to 0.
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The head was immobilized using a surgically implanted post. The transducer was positioned 

with a stereotaxic manipulator (Kopf, Tujunga CA). Once the transducer was positioned 

relative to the head, the bladder coupling system (Sonic Concepts, Bothell WA) was inflated, 

and coupled to the scalp with ultrasound gel. The water in the bladder was degassed using a 

water degassing system (WDS105+; Sonic Concepts, Bothell WA).

During sonication, the cavitation signal was recorded by a hydrophone (Y-107; Sonic 

Concepts, Bothell) located inside the transducer and co-axially aligned with the ultrasound 

focus. The hydrophone output was used to ensure adequate degassing and to monitor FUS 

intensity. The output was digitized by a picoscope (Pico Technology, Tyler TX).

The sonication protocol was designed to avoid auditory confounds using an offline protocol 

in which the sonication was delivered at a different time than the behavioral responses and 

fMRI data were collected. Humans can detect auditory artifacts created by ultrasound, but 

the artifact does not appear to remain audible nor does the auditory N1 EEG persist beyond 

the time that ultrasound is applied (Braun et al., 2020). Hence, trials that occur before or 

after ultrasound application are unlikely to be affected by a peripheral auditory response. 

In the current study, ultrasound was applied for only 2 minutes during each behavioral 

session (Fig 2E). Each session was divided into three epochs: pre-sonication (200 trials), 

during sonication (20–30 trials), and post-sonication (up to 1000 trials). A similar approach 

has been used to assess “offline” persistent effects of ultrasound, which can last 1–2 hours 

after FUS delivery (Folloni et al, 2019; Verhagen et al., 2019, Fouragnan et al., 2019, 

Khalighinejad et al., 2020; Bongioanni 2021).

Structural MRI and Neuronavigation

A Brainsight neuronavigation system (Rogue Research, Montreal) was used to target FUS 

to the caudate and putamen. T1-weighted structural MRI scans (MPRAGE) were used for 

targeting (Figure 2A–D.) To conduct the MRIs, the NHPs were first sedated with ketamine 

(10mg/kg) and dexmedetomidine (0.02 mg/kg), and then anesthetized with isoflurane (1–

3%) administered via endotracheal intubation. An EKG was used to monitor heart rate. The 

NHP was then placed in an MR-compatible stereotaxic device, with a fiducial attached to the 

head implant. Blankets and a warm air blower were used to maintain core body temperature. 

The scans were done on a 3T Siemens Prisma scanner.

Once the MRI scans were obtained, they were uploaded to the Brainsight neuronavigation 

system. The targets (left and right putamen, left and right caudate) and trajectories were 

designated for each NHP. The trajectories were selected to have a perpendicular angle 

with the NHP skull, in an effort to minimize ultrasound attenuation following transcranial 

propagation. The attenuation coefficient used was the same for both NHPs, and was derived 

experimentally using ex vivo NHP skulls. Prior to each experiment, the NHP was registered 

with Brainsight by using the pointer tool to mark each of 5 fiducials attached to the head, 

the same fiducial set that was used during the MRI. The orientation of the pointer tool 

was captured by an infrared (IR) camera, and its location was measured in reference to the 

subject tracker on the edge of the chair. After registration, the fiducial was removed and 

the transducer (Sonic Concepts, Bothell) was attached to the chair. The transducer had a 

Munoz et al. Page 6

Brain Stimul. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tool tracker device attached to the top that allowed its orientation to be monitored by the IR 

camera.

At the end of the experiment, each NHP underwent a second MRI. T1 structural scans 

with and without gadodiamide contrast, T2 structural scans, T2-FLAIR, and susceptibility 

weighted imaging (SWI) scans were performed to confirm that there was no trauma.

Functional MRI

Functional MRI scan were performed on four NHPs (N,O,P,Q) under light anesthesia 

(isoflurane 0.8 – 1.1%, sponteneous ventilation) on a 3T Siemens Prisma scanner. Prior 

to fMRI scans, FUS sonications (2 min @ 800 kPa) were performed on NHPs O and P, one 

sonication for each NHP. For each sonicated NHP, 4 continuous runs equalling 60 min (15 

min per run) resting state fMRI acquisitions were acquired starting 45 min after sonication. 

For comparison, control resting state fMRI scans were performed on all the four NHPs 

without FUS sonications for a total of 16 runs (4 runs for each NHP).

The NHPs were scanned in the supine position while head motion was restrained with 

an MR-compatible stereotaxic device. In the initial phase of the anesthesia, resting 

state T2*-weighted gradient echo EPI functional images were acquired (TR=2000ms, 

TE=28.2ms, Flip angle= 70°, FOV 106×106×53mm, 64×64×32 1.65mm3 isotropic voxels, 

456 volumes per run). Slices were acquired with the standard Siemens ventral to dorsal 

interleaved sequence. In the same session as the functional MRI, T1-weighted structural 

images were acquired (TR=2580ms; TE=2.81ms; FA=9°, isotropic 0.5mm resolution; FOV 

128×128×60mm).

The preprocessing and analysis of fMRI data were performed using FSL (FSL 6.0.3, 

Jenkinson et al 2012) and Matlab (Matlab 2019b, The MathWorks, Inc., Natick, MA, United 

States). To correct the distortion due to B0 inhomogeneities, we also collected two short-

duration (30s) echo planar images with opposite phase encoding directions. FSL-Topup 

was applied on both scans to generate field map images for further B0 field unwrapping 

(Andersson et al 2003). Brain extraction and tissue-type segmentation (white matter, gray 

matter and cerebral spinal fluid) were applied on structural T1 weighted images, using the 

BET and FAST tools of FSL, respectively (Jenkinson et al 2012). The resulting extracted 

brain image was linearly registered to standard D99 atlas of NHP brain (Reveley et al 2017).

The fMRI data preprocessing and first-level analysis were then performed using FSL-FEAT 

with procedures as follows (Jenkison et al 2012): Distortion due to motion was corrected 

by MCFLIRT; B0 unwrapping was applied with previously generated field map images 

to correct geometrical distortions; and Boundary based registration (BBR) from fMRI to 

structural images was performed within the GUI, using the white matter boundaries acquired 

from FAST of FSL. In addition, a high pass temporal filter with 100 sec cutoff was applied 

on fMRI data to remove the low-frequency drift; and a spatial filter with 3mm FWHM 

Gaussian kernel was applied on to smooth the data at each acquisition.

To calculate functional connectivity of a seed region to the rest of the brain we averaged 

pre-processed BOLD activity in this region and correlated it separately to the activity of all 
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brain voxels. The seed ROI was selected as 4 × 4 × 4 mm3 region located at right Caudate. 

This procedure was repeated for all runs of the NHPs. For each voxel this rendered a set of 

8 or 16 correlation values, depending on the number of functional runs with or without FUS 

exposure. These correlation coefficients were transformed using Fisher’s z-transformation 

and fed into a a non-parametric permutation test (Nichols and Holmes 2002) with 5000 

resamples to compare the BOLD activity of baseline rsfMRI and post-FUS rsfMRI. The 

resulting average seed-based correlation maps of baseline rsfMRI and Post FUS rsfMRI, as 

well as the difference between the two were also obtained to evaluate the FUS effects on 

functional connectivity. The statistical threshold was set as 0.05, with p<0.05 represents a 

significance difference.

Audio Recording

Audio recordings were made during sonication with a lavalier microphone (Sound 

Professionals model SP-TFB-2–13099) placed at the entrance to the NHP’s ear canal. 

The microphone had a flat frequency response up to 20 kHz. The microphone output was 

amplified by an Etymotic Research ER-10B amplifier and digitized at 10 kHz by a National 

Instruments USB-6001 multfunction I/O device. A total of 36 recordings were made; six 

recordings ipsilateral to the transducer (2 each at 200, 600, and 800 MPa), six contralateral 

at the same pressures, and 24 shams (12 contralateral, 12 ipsilateral, 0 MPa). Each recording 

included a baseline of 2 minutes before the transducer was turned on and then 2 minutes 

during sonication (or the equivalent time period for shams). During recordings, all of the 

sonication equipment was turned on, and the NHP was alert and performing the task. During 

sham sessions, everything was the same as sonication sessions except that the transducer 

pressure was set to zero.

Data Analysis

Matlab 8.3 with the Statistics 9.0 toolbox (Mathworks, Natick MA) was used for data 

analysis, with all statistical equations in the Mathworks format. Response times (RT) were 

analyzed with multivariate ANOVA to determine significance and a generalized linear 

model regression (using the Matlab glmfit function) to measure effect size. The explanatory 

variables were 1. an identifier for each NHP subject (P or Q), 2. motion coherence (−1.0 to 

1.0), 3. Amount of offered reward (1 or 5 drops), 4. presence of sonication. FUS pressure, 

session number and sonicated hemisphere (ipsilateral or contralateral to responding hand) 

were included in some analyses

Performance accuracy was analyzed with multivariate ANOVA and logistic regression. The 

same explanatory variables used in the response time GLM were also used in this analysis. 

Psychometric functions (accuracy vs coherence) were estimated by using Gaussian process 

regression (GPR; Rasmussen & Williams 2006). Gaussian processes (GPs) is a powerful 

non-parametric probabilistic framework for performing regression and classification. GPR 

is a highly flexible non-linear estimation technique that can be used to inference for 

overdispersed and/or missing data. GPR is performed by estimating the extent to which 

every observation covaries with every other, given some prior metric for comparing the 

distance between observations along the dimensions of interest. Each observation influences 

the estimate for other ‘nearby’ observations (e.g. that occur at similar times or have similar 
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coherence) more than observations that are distant (Lucas et al. 2015). Although a full 

Gaussian process model can be computationally prohibitive to fit, we take advantage of the 

“expectation propagation” approximation (Tolvanen et al. 2014) implemented in the GPstuff 

toolbox (Vanhatalo et al. 2013) to accelerate estimation.

Results

The goal of the current study was to determine if low intensity FUS affects behavioral 

performance when directed to the dorsal striatum (caudate and putamen) in NHPs 

performing a motivated decision-making task. We hypothesized that FUS directed to the 

anterior caudate and putamen might be associated with changes in reaching accuracy, 

motivation, decision accuracy, and reaction time.

Both NHP were trained on the task shown in Figure 1B for one year before any real 

or sham sonications were performed. During this year of training, they attained stable, 

asymptotic performance levels. The data reported in the current study were collected after 

the initial year of training. NHP P completed a total of 169 behavioral sessions (129 with 

real sonication, 40 sham), with an average of 1400 trials per session. NHP Q completed a 

total of 188 behavioral sessions (147 with sonication, 41 sham), with an average of 1402 

trials per session.

Sonications were spread out over a period of 2 years. The large number of sonications did 

not impair either NHPs’ ability to perform the task. On the contrary, performance actually 

improved slightly. From the start of the sonications, the average performance for NHP P 

improved from 78.0% correct responses during the first 20 sonication sessions to 79.3% 

during the last 20 sonications (t-test p=0.2), and for NHP Q from 84.4% to 85.7% (t-test 

p=0.02). Over the entire 3 years of the experiment (including baseline, sham and real 

sonication), we estimated the effect of session number by applying GLM. The coefficient 

(beta) for session number for NHP P was β1=0.04%/session (p<0.0001, n=238) and for 

NHP Q was β1=0.02%/session (p<0.0001, n=233). These small improvements are evidence 

against the hypothesis that long-term application of FUS led to a degradation in cognitive 

performance.

Effects of FUS on Touch Precision

Touch precision was used as a measure of motor performance. Here, touch precision is 

defined as the dispersion of the first point of contact the NHP made with the screen after the 

motion stimulus appeared. Figure 3A shows the effect of sonication on touch precision for 

reaches to the motion stimulus in three example sessions (one each with sham, putamen, or 

caudate sonication) for NHP P. This analysis was restricted to trials in which a single motion 

patch was presented, to avoid confounding reach accuracy with decision uncertainty. Only 

post-sonication trials in each session (trial numbers 230 to 1030) were used for analysis.

Touches were clustered near the center of the motion target. Clustering was similar in trials 

with or without sonication, indicating that touch precision was not impacted by FUS to the 

caudate or putamen. It was expected that sonication of the putamen might have a greater 

motor effect than sonication of the caudate, as the putamen is the striatal component of the 
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motor “loop” (Parent & Hazrati 1995), but sonication of neither brain area had an effect on 

the NHPs’ ability to make spatially accurate reaching movements.

The standard deviation (dispersion) of the initial X and Y touch coordinates relative to 

the center of the motion stimulus was taken as a measure of initial touch variability. The 

average X and Y dispersion is plotted as a function of FUS pressure in Fig. 3B,C. A 

one-way ANOVA was used to test the significance of the effect of FUS pressure on touch 

dispersion across sessions. The results are shown in Table 1 along with a measure of effect 

size (eta-squared = percentage of total variance accounted for by variation in FUS pressure 

from 0 to 800 kPa). In no case did FUS pressure account for more than 10% of the variance 

in initial touch dispersion.

A second analysis was performed to estimate the influence of repeating sonication. To 

address this we generated two random groups from the same data but only included 

sonication sessions and applied one-way anova to test for the effect of session number. 

This procedure was repeated 1000 times to compute an average p-value and its standard 

deviation. We found no significant effect of sonicated session number on touch precision for 

either axis. NHP P x-axis p=0.54±0.28 y-axis p=0.55±0.28 and NHP Q x-axis p=0.50±0.27 

y-axis p=0.52±0.27.

Effects of FUS on Motivation

The primate dorsal striatum is strongly associated with reward-motivated visual-motor 

behavior (Ding & Hikosaka, 2006). Both the likelihood and speed with which goal-oriented 

actions are initiated have been considered to be behavioral indicators of motivation (Tourè-

Tillery & Fishbach, 2014). The motion detection task was designed so that each trial was 

self-initiated by the NHP. This provided an opportunity to assess the effect of FUS on 

motivation by quantifying the NHP’s willingness to initiate trials. Trials were initiated by 

touching the cue (a yellow bar) that was presented at the start of each trial (Figure 1B). 

The orientation of the bar indicated the amount of reward that the NHP would receive for 

a correct response on that trial (vertical = 1 drop, horizontal = 5 drops). If the NHP did 

not touch the cue within 2.5 seconds, the trial ended without a reward and was scored 

a “failure”. The rate at which failures occurred was roughly 4 times lower when the 

cue signalled a larger reward size (Fig. 4A vs. 4B.) Within each session, the failure rate 

increased with the number of trials completed (Fig. 4A,B), which is correlated with satiety. 

The dependence on reward size and satiety suggest that failure rate is a valid index of 

motivation.

The relative failure rate for trials following FUS administration was quantified by comparing 

the rate of failures after sonication to the failure rate pre-sonicaiton in each session. 

Specifically, failures were counted in each session in successive 100-trial intervals after 

sonication (trials 230–1030). These counts were converted to the probability of failing 

to initiate any given trial. Post-sonication failure rate was normalized by subtracting the 

pre-sonication failure rate (trials 1–200). Normalized post-sonication failure rates were then 

averaged across sessions. Results are shown in Figure 4 for low (Fig. 4A) and high (Fig. 4B) 

reward trials.
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Normalized failure rate during post-FUS trials depended significantly on reward size and 

FUS treatment, but not on session number, indicating that FUS had no cumulative effect 

when was applied to the striatum. Table 2 shows the results of 2-way ANOVAs with the 

following explanatory variables: treatment (FUS or sham), reward size (1 or 5 drops) and 

session number. The dependent variable was the normalized failure rate, i.e. the number 

of failures to initiate a trial after the FUS was applied (trial number 230 to 1030) minus 

the failure rate on pre-FUS (trials 1–200). N was calculated as the (number of sessions) 

× (treatment levels) × (reward levels). Effect size is reported as partial eta-squared (effect 

sum-of-squares divided by effect + error sum-of-squares), which is an estimate of the 

variance accounted for by each explanatory variable. In the caudate, the effect of FUS was 

comparable in magnitude to the effect of reward size, whereas, in the putamen, the effect of 

FUS was much smaller than reward (Table 2).

Response times may also be an indicator of motivation. For trials that were initiated by the 

NHP, the initial response time (RT) was defined as the time elapsed between the appearance 

of the cue stimulus and the first touch registered by the touchscreen. RT was faster when 

the cue signaled a larger reward (NHP P: small reward avg RT = 675 msec, large reward 

avg RT = 534 msec t-test p>0.0001, t = 119.8, df = 169,265; NHP Q: small reward avg 

RT = 691 msec, large reward avg RT = 612 msec t-test p>0.0001, t = 92.5, df = 185,475). 

However, RT tended to become slower over the course of the behavioral session as the NHP 

became satiated with rewards. Fig. 4C,D shows normalized post-sonication RT calculated 

by subtracting the pre-sonication average RT (trials 1–200) from post-sonication RT (trials 

230–1030, divided into 100 trial intervals). RT thus appears to be inversely correlated 

with motivation. Table 3 quantifies differences in normalized RT that were correlated with 

sonicated region (caudate or putamen), presence of FUS treatment, and reward size for both 

NHP (P and Q). For small rewards, FUS Sonication tended to increase RT compared to 

SHAM controls. For large rewards, FUS tended to reduce RT. These effects are consistent 

with the hypothesis that FUS enhances the effects of motivation, as measure by differences 

in RT correlated with reward size.

Overall decision accuracy (percent correct responses on choice trials) is another potential 

indicator of motivation. Accuracy tended to be highest at the beginning of each session 

and then fell off as the NHP became satiated (Table 4). Decision accuracy was roughly 

5% higher and showed less variability for large reward trials than for small rewards. As 

was the case for failure rate and initial response time, the dependence on reward size and 

satiety strongly suggests that overall decision accuracy is a valid measure of motivation. The 

presence of FUS vs. sham sonication had a significant effect on overall accuracy in 3 our of 

4 cases, although the effect sizes were small compared to the effect of reward.

There were only modest differences in overall accuracy between sonication conditions 

(sham vs. caudate vs. putamen). Table 4 provides the results of an ANOVA. Effect size 

is measured as partial eta-squared (proportion of total variance accounted for by each 

explanatory variable. N is number of sessions × reward levels.) The effect of reward size 

on overall accuracy was roughly an order of magnitude stronger than the effect of FUS 

sonication.
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Effects of FUS on performance: accuracy and response time as a function of motion 
strength

Performance on the motion detection task was quantified in terms of accuracy (percent 

correct) and response time (time from motion stimulus onset to first registered touch 

response) as a function of motion coherence for choice trials. Coherence takes into account 

the direction of dot motion; negative coherence values indicate leftward motion, positive 

coherence corresponds to rightward motion. Post-sonication behavior (trials after trial 

number 230 in each session) during FUS sessions was compared to the same trial range 

in randomly interleaved sham sessions. Performance (Figure 5 A,B) and response time 

(Figure 5 C,D) were affected mainly by motion coherence and reward size. NHP responded 

faster and more accurately as absolute coherence increased, and were also more accurate but 

slower when a larger reward was offered. FUS sonication had significant but small effects on 

accuracy and response time. These effects did not depend strongly on the sonicated region 

(putamen or caudate) or hemisphere. The relative effect size for each explanatory variable 

(reward size, FUS pressure, sonicated hemisphere) was estimated using the odds ratio for 

decision accuracy, and by a generalized linear model for response time (Figure 5 E,F). 

Session number was included as an explanatory variable to account for long-term trends 

in accuracy and response time over the course of the entire experiment. The explanatory 

variables were scaled to the same range (0 to 1) so that the magnitude of the regression beta 

values could be directly compared. For example, the effect of FUS pressure on accuracy, 

while statistically significant, was much smaller than the effect of reward.

Response time variability can provide insight into decision processes. A widely used 

approach for analyzing RT variability is to divide RT distributions into quantiles (Ratcliff 

& McKoon, 2008). Choice trials were sorted into four RT quartiles and decision accuracy 

was calculated in each quartile for each NHP, region, and FUS pressure. For both NHP and 

sonicated regions, accuracy was highest for faster responses (1st and 2nd RT quartiles), 

and tended to increase with FUS pressure (Figure 5) For slower responses (3rd and 

4th quartiles), accuracy was lower overall and the dependence on FUS pressure was not 

consistent across NHP or regions.

The effect of FUS pressure on performance accuracy in different response time quartiles was 

fit with a generalized linear model. The GLM beta weights segregated by NHP, sonicated 

region (caudate or putamen), and response time quartile are shown in Table 5.

Audio Recordings and Performance during Sonication

Although the behavioral data reported above were collected “offline”, i.e. before and after 

sonication, there may still be concerns about effects mediated by auditory stimulation. To 

address this, we made audio recordings during putamen sonications with a microphone 

placed at the entrance to the NHP’s ear canal. Figure 7A shows the amplitude spectrum (up 

to the Nyquist frequency of the digitizer) of the microphone output during real and sham 

sonications. The thin lines are the mean amplitude, averaged over 6–12 sessions. Shaded 

regions are the standard deviation of the mean. The inset plot shows the spectrum for low 

frequencies (0–10 Hz). For reference, the pulse repetition frequency of the sonication was 2 
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Hz. Across the entire spectrum, the recorded sound pressure during real sonications did not 

differ from that during shams.

To test if behavior was disrupted by FUS sonication, behavioral performance (overall 

percent correct) during sonication is shown in Figure 7B. Due to the smaller number of trials 

( 30 per session), the data were modeled with a beta distribution. The bars and whiskers 

are the mean and variance of the beta distributions in each condition. Performance during 

real sonications was slightly better than shams. However, none of the pairwise comparisons 

showed a significant difference between real and sham sonications (chi-squared < 3.2, p > 

0.05, df = 1).

Structural MRI

At high intensities, FUS has the ability to heat and displace neural tissue, which could 

lead to permanent lesions. FUS might also disrupt the blood supply or weaken blood 

vessels, leading to infarct or hemorrhage. Structural MRI’s were performed under anesthesia 

before the first sonication and after the last (Figure 8). T1-weighted, T2-weighted, and 

susceptibility weighted (SWI) images were obtained. For post-FUS T1 (Fig. 8, middle 

column), the images were combined with T2-weighted images to enhance contrast. T2 and 

SWI images were not obtained pre-FUS. SWI is sensitive to blood, which shows up as 

regions of hyperintensity.

Neither NHP P or Q had been treated with FUS prior to this study. Hence, the pre-FUS T1 

images show their normal brain anatomy. Raw MRI images, in dicom format, were read by a 

board-certified neurologist who is also an expert in NHP neuroanatomy. In his opinion, there 

was no structural damage in the target areas. No evidence of chronic or acute trauma was 

visible in the post-FUS images, nor were there significant changes compared to pre-FUS 

MRI. These results do not rule out the possibility that trauma arose and was resolved prior to 

the end the study. However, if this happened, it did not leave any lasting evidence. Both NHP 

are currently being used in follow-up studies.

Functional Connectivity

Seed based correlation maps of rsfMRI (4 NHP: N,O,P,Q) and post FUS sonication rsfMRI 

(3 NHP: O,P,Q), as well as the difference maps are shown in Fig.9 A–C overlaid on the 

standard template (D99 Atlas, Reveley et al, 2018) of NHPs in sagittal, horizontal and 

coronal planes respectively.

With FUS exposure in the right caudate, an increased mean correlation between the right 

caudate seed ROI and the dorsomedial prefrontal, superior temporal, and insular cortex was 

observed. A decreased correlation between right caudate and the dorsal premotor cortex, 

dorsolateral prefrontal cortex, and ventrolateral prefrontal cortex were found. We selected 

these specific brain regions and performed permutation tests between the baseline resting 

state fMRI (16 acquisitions/runs) and post-FUS resting state fMRI (8 acquisitions/runs).

The mean correlation coefficients are expressed in terms of Fisher’s z-transform at selected 

regions in prefrontal cortex, and temporal and insular cortex, and are shown in Fig. 9D, and 
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Fig. 9G respectively. The corresponding results of permutation tests with 5000 permutations 

are shown in Fig. 9 E–F and H–I, respectively.

The increased correlations between right caudate and the selected regions in the superior 

temporal cortex and insular cortex due to FUS exposure showed statistically significant 

differences between baseline and post-FUS results (non-parametric permutation test, 

p<0.001). However, the results do not show strong statistical significance in the PFC, with 

p-values greater than 0.01. The selected brain regions in the PFC showed no significant 

correlation (non-parametric permutation test, p>0.05 for regions 8Bm,10mr 8Bs and 8Bd) or 

weak significance (non-parametric permutation test, 0.01<p<0.05 for 9m).

Discussion

The potential of low-intensity focused ultrasound for neuromodulation, first recognized 

in the 1950’s (Fry 1959), has recently garnered strong renewed interest. Along with this 

increasing enthusiasm, a number of concerns have arisen, not least among these being the 

long-term safety of repeated applications of ultrasound in the brain. To address this, we 

performed an extended study in which two rhesus macaques received FUS exposure in 

the dorsal striatum once or twice a week over the course of two years, resulting in 129 

and 147 sonications, respectively. These numbers represent 5–10 times more sonications 

than previously published studies. To compare with the current literature, Table 6 provides 

sonication parameters, number of subjects, brain targets, and average number of sonications 

per subject in all of the studies of which we are aware that were performed with awake, 

behaving NHP. In the current study, we assessed the effects of FUS exposure behaviorally 

and with structural MRI. There was no detectable motor or cognitive impairment, nor 

damage visible on MRI, consistent with past studies (Bystrysky et al, 2011).

The choice of brain regions and cognitive task were motivated by prior work that established 

a role for the dorsal striatum in reward-motivated behavior and decision-making (Hikosaka 

et al., 2014; Ding & Gold, 2013). The goal of the current study was not to test hypotheses 

about the function of the dorsal striatum, nor to compare sonication of dorsal striatum 

to sonication of other structures, but to determine if long period (2 years) and large 

duration of stimulation by focused ultrasound (2 minutes) with only 2 % duty cycle 

in the dorsal striatum would impair or facilitate performance of a task suited to that 

structure. This would help determine the potential of focused ultrasound for therapeutic 

applications. FUS exposure resulted in increased motivation and small improvements in 

decision accuracy, compared to sham controls. The effects on motivation, measured by the 

speed and probability of initiating a trial, were modest but statistically significant despite 

the small Isppa (0.5–7.841 W/cm2) and Ispta (10.1–156.7 mW/cm2) relative to previous 

studies which used 3 times higher pressures (Table 6). The effects on decision-making 

performance were also mild. However, it is clear that long-term sonication did not impair 

decision-making.

Previous work has demonstrated that FUS applied to the frontal eye field (FEF, Deffieux et 

al., 2013) can impact saccadic movements and also modulate activity in a connected cortical 

area (Wattiez et al., 2017). Kubanek et al. (2020) found that FUS can bias decisions when 
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applied to the FEF but not to primary motor cortex. Other studies found temporary changes 

in cortical activity and connectivity after FUS application in rhesus macaques (Verhagen 

et al., 2018; Folloni et al., 2019). However, only a few studies have shown effects on 

motivation or cognition (Bongioanni et al., 2021.)

The current study is the first to show that FUS alone (without microbubbles) applied to 

the caudate and putamen of rhesus macaques affects motivational and cognitive aspects 

of behavioral performance in a motivated decision-making task. Motivation was assessed 

by the effect of reward size on the willingness and speed to self-initiated the task. FUS 

appeared to enhance the differences between small and large reward trials (Fig. 4). FUS also 

improved accuracy, but at the cost of slower response times (Fig. 5). The improvement in 

accuracy was most consistent for trials with fast response times (Fig. 6). For fast response 

times, improvements were FUS dose dependent, raising the possibility of larger effects with 

higher pressures, higher duty cycles, or lower center frequencies than were tested here. This 

claim is in agreement with previous reports that showed that electrical stimulation of caudate 

or putamen in NHPs (Santacruz et al. 2017) and humans (Bick et al., 2019) improved 

performance in cognitive tasks, suggesting that FUS has potential as an effective alternative 

to electrical deep brain stimulation.

A previous study by our group (Downs et al. 2017) demonstrated improved performance 

on a motion discrimination task several hours after the administration of FUS with 

microbubbles, which resulted in blood-brain barrier (BBB) opening. In Downs et al. (2017), 

NHP showed improved accuracy along with shortened response times, a pattern that points 

to improved decision efficiency. In the current study, NHP were more accurate but slower 

to respond, a pattern that is more consistent with a speed-accuracy trade-off. Hence, 

FUS neuromodulation of the dorsal striatum without BBB opening may have qualitatively 

different effects that FUS-mediated BBB opening. This is in contrast to the results of a 

recent study in senescent mice (Blackmore et al., 2021) in which FUS was directed to 

the dentate gyrus of the hippocampus with and without BBB opening. In that study, BBB 

opening after FUS with microbubbles led to recovery of long-term potentiation (LTP). 

FUS alone, with no BBB opening also restored LTP, but was even more effective than 

FUS-mediated BBB opening.

While these results and other studies point to the ability of FUS to alter neural activity 

and behavior, one main limitation of FUS research is that the exact mechanism of action is 

unknown. There is evidence that FUS does not act through the same mechanism as electrical 

stimulation. A recent study determined that while the cortex became refractory to further 

stimulation for several seconds after FUS, the same effect was not seen after electrical 

stimulation, suggesting two distinct modes of action on the brain (Gulick et al., 2017). One 

past study found that FUS application to slices of rat hippocampus (dentate gyrus) reduced 

the amplitude of fiber volley and cell population potentials, while increasing dendritic 

field potentials (Rinaldi et al., 1991; Bachtold et al., 1998). Additionally, a 2008 study 

by Tyler et al. found FUS application triggers calcium and sodium transients in slices of 

mouse hippocampus. Recently, it was discovered that FUS modulated the activity of specific 

mechanosensitive potassium and sodium channels in Zenopus oocyte cells, but it is yet to 

be determined if these results translate to neurons (Kubanek et al., 2016). Additionally, it is 
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unclear how long the changes brought on by FUS last, with some studies reporting effects 

lasting milliseconds and others reporting up to 40 minutes (Hameroff et al., 2013; Deffieux 

et al., 2015).

In addition to altering neuronal function at the cellular level, FUS may act at the circuit-

level. This may be revealed by changes in functional connectivity even when FUS is applied 

outside the MRI scanner (Verhagen et al, 2019). Here, we found that FUS directed to the 

caudate nucleus significantly increased correlated fMRI-BOLD activity in multiple cortical 

areas, including dorsomedial prefrontal cortex, anterior insula, and superior temporal cortex. 

Resting state connectivity between the striatum and dorsomedial prefrontal cortex has 

been described anesthetized macaques (Yacoub et al., 2020). Anterior insula has been 

implicated in decision-making under uncertainty in humans (Grinband et al., 2006) and NHP 

(Wittmann et al., 2020), as has superior temporal cortex (Paulus et al. 2001.) While these 

changes in functional connectivity are plausibly related to activation of known decision-

making networks, it should be noted that the current results do not establish a causal link 

between changes in functional connectivity and behavior.

FUS has the advantage of being non-invasive and able to reach deeper brain structures. For 

these reasons, FUS shows promise as a potential treatment for neurological and psychiatric 

disorders. A few studies have been published showing focused ultrasound to be effective 

in treating Parkinson’s and Alzheimer’s, but in these cases ultrasound was either used with 

microbubbles or as a neurosurgical technique (Lipsman et al., 2006; Martinez-Fernandez 

et al., 2018; Magara et al., 2014). Beisteiner et al (2019) did not use microbubbles but 

still measured a memory improvement in AD patients. Overall, low-intensity FUS can be a 

relatively low-risk and effective method of deep brain stimulation.

Acknowledgments

We thank the following lab members who helped with data collection: Saani Borge, Grant Spencer, David 
Freshwater, and Krystian Loetscher. Ray Lee supervised fMRI data acquisition. Jack Grinband provided advice 
on fMRI data analysis. Greg Jensen provided comments on a draft of the manuscript. Linus Sun provided his 
medical expertise in interpretation on MRI. This work was generously supported by NIH grant R01-MH112142 to 
VPF and EK, R01-EB009041 and R01-AG038961 to EK, and a NARSAD Young Investigator Award to FM.

References

1. Andersson JL, Skare S, Ashburner J. How to correct susceptibility distortions in spin-echo 
echo-planar images: application to diffusion tensor imaging. Neuroimage. 2003;20(2):870–888. 
doi:10.1016/S1053-8119(03)00336-7. [PubMed: 14568458] 

2. Bachtold MR, Rinaldi PC, Jones JP, Reines F, Price LR. Focused ultrasound modifications of neural 
circuit activity in a mammalian brain. Ultrasound Med Biol. 1998;24(4):557–565. doi:10.1016/
s0301-5629(98)00014-3 [PubMed: 9651965] 

3. Beisteiner R, Matt E, Fan C, et al. Transcranial Pulse Stimulation with Ultrasound in Alzheimer’s 
Disease-A New Navigated Focal Brain Therapy. Adv Sci (Weinh). 2019;7(3):1902583. doi:10.1002/
advs.201902583 [PubMed: 32042569] 

4. Benabid AL, Pollak P, Louveau A, Henry S, de Rougemont J. Combined (thalamotomy and 
stimulation) stereotactic surgery of the VIM thalamic nucleus for bilateral Parkinson disease. Appl 
Neurophysiol. 1987;50(1–6):344–346. doi:10.1159/000100803 [PubMed: 3329873] 

Munoz et al. Page 16

Brain Stimul. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Bewernick BH, Hurlemann R, Matusch A, et al. Nucleus accumbens deep brain stimulation 
decreases ratings of depression and anxiety in treatment-resistant depression. Biol Psychiatry. 
2010;67(2):110–116. doi:10.1016/j.biopsych.2009.09.013 [PubMed: 19914605] 

6. Bick SK, Patel SR, Katnani HA, et al. Caudate stimulation enhances learning [published correction 
appears in Brain. 2019 Dec 1;142(12):e74]. Brain. 2019;142(10):2930–2937. doi:10.1093/brain/
awz254 [PubMed: 31504220] 

7. Boggio PS, Valasek CA, Campanhã C, et al. Non-invasive brain stimulation to assess and 
modulate neuroplasticity in Alzheimer’s disease. Neuropsychol Rehabil. 2011;21(5):703–716. 
doi:10.1080/09602011.2011.617943 [PubMed: 21942868] 

8. Bongioanni A, Folloni D, Verhagen L, Sallet J, Klein-Flügge MC, Rushworth MFS. Activation and 
disruption of a neural mechanism for novel choice in monkeys. Nature. 2021;591(7849):270–274. 
doi:10.1038/s41586-020-03115-5 [PubMed: 33408410] 

9. Blackmore DG, Turpin F, Palliyaguru T, et al. Low-intensity ultrasound restores long-term 
potentiation and memory in senescent mice through pleiotropic mechanisms including NMDAR 
signaling. Mol Psychiatry. 2021;10.1038/s41380–021-01129–7. doi:10.1038/s41380-021-01129-7

10. Braun V, Blackmore J, Cleveland RO, Butler CR. Transcranial ultrasound stimulation in 
humans is associated with an auditory confound that can be effectively masked. Brain Stimul. 
2020;13(6):1527–1534. doi:10.1016/j.brs.2020.08.014 [PubMed: 32891872] 

11. Bystritsky A, Korb AS, Douglas PK, et al. A review of low-intensity focused ultrasound pulsation. 
Brain Stimul. 2011;4(3):125–136. doi:10.1016/j.brs.2011.03.007 [PubMed: 21777872] 

12. Deffieux T, Younan Y, Wattiez N, Tanter M, Pouget P, Aubry JF. Low-intensity focused ultrasound 
modulates monkey visuomotor behavior. Curr Biol. 2013;23(23):2430–2433. doi:10.1016/
j.cub.2013.10.029 [PubMed: 24239121] 

13. Ding L, Gold JI. The basal ganglia’s contributions to perceptual decision making. Neuron. 
2013;79(4):640–649. doi:10.1016/j.neuron.2013.07.042 [PubMed: 23972593] 

14. Downs ME, Teichert T, Buch A, et al. Toward a Cognitive Neural Prosthesis Using Focused 
Ultrasound. Front Neurosci. 2017;11:607. doi:10.3389/fnins.2017.00607 [PubMed: 29187808] 

15. Fan Y, Gold JI, Ding L. Frontal eye field and caudate neurons make different contributions 
to reward-biased perceptual decisions. Elife. 2020;9:e60535. doi:10.7554/eLife.60535 [PubMed: 
33245044] 

16. Folloni D, Verhagen L, Mars RB, et al. Manipulation of Subcortical and Deep Cortical 
Activity in the Primate Brain Using Transcranial Focused Ultrasound Stimulation. Neuron. 
2019;101(6):1109–1116.e5. doi:10.1016/j.neuron.2019.01.019 [PubMed: 30765166] 

17. Fouragnan EF, Chau BKH, Folloni D, et al. The macaque anterior cingulate cortex translates 
counterfactual choice value into actual behavioral change. Nat Neurosci. 2019;22(5):797–808. 
doi:10.1038/s41593-019-0375-6 [PubMed: 30988525] 

18. Fry WJ. Intense ultrasound in investigations of the central nervous system. Adv Biol Med Phys. 
1958;6:281–348. doi:10.1016/b978-1-4832-3112-9.50012-8 [PubMed: 13825475] 

19. Greenberg BD, Gabriels LA, Malone DA Jr, et al. Deep brain stimulation of the ventral internal 
capsule/ventral striatum for obsessive-compulsive disorder: worldwide experience. Mol Psychiatry. 
2010;15(1):64–79. doi:10.1038/mp.2008.55 [PubMed: 18490925] 

20. Goodman WK, Foote KD, Greenberg BD, et al. Deep brain stimulation for intractable obsessive 
compulsive disorder: pilot study using a blinded, staggered-onset design. Biol Psychiatry. 
2010;67(6):535–542. doi:10.1016/j.biopsych.2009.11.028 [PubMed: 20116047] 

21. Gulick DW, Li T, Kleim JA, Towe BC. Comparison of Electrical and Ultrasound 
Neurostimulation in Rat Motor Cortex. Ultrasound Med Biol. 2017;43(12):2824–2833. 
doi:10.1016/j.ultrasmedbio.2017.08.937 [PubMed: 28964613] 

22. Hallett M Transcranial magnetic stimulation: a primer. Neuron. 2007;55(2):187–199. doi:10.1016/
j.neuron.2007.06.026 [PubMed: 17640522] 

23. Hameroff S, Trakas M, Duffield C, et al. Transcranial ultrasound (TUS) effects on mental states: a 
pilot study. Brain Stimul. 2013;6(3):409–415. doi:10.1016/j.brs.2012.05.002 [PubMed: 22664271] 

24. Harvey EN. The effect of high frequency sound waves on heart muscle and other irritable tissues. 
American Journal of Physiology. 1929;91:284–290.

Munoz et al. Page 17

Brain Stimul. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



25. Hikosaka O, Kim HF, Yasuda M, Yamamoto S. Basal ganglia circuits for reward value-guided 
behavior. Annu Rev Neurosci. 2014;37:289–306. doi:10.1146/annurev-neuro-071013-013924 
[PubMed: 25032497] 

26. Jenkinson M, Beckmann CF, Behrens TE, Woolrich MW, Smith SM. FSL. Neuroimage. 
2012;62(2):782–790. doi:10.1016/j.neuroimage.2011.09.015 [PubMed: 21979382] 

27. Kennedy SH, Giacobbe P, Rizvi SJ, et al. Deep brain stimulation for treatment-resistant 
depression: follow-up after 3 to 6 years. Am J Psychiatry. 2011;168(5):502–510. doi:10.1176/
appi.ajp.2010.10081187 [PubMed: 21285143] 

28. Khalighinejad N, Bongioanni A, Verhagen L, et al. A Basal Forebrain-Cingulate Circuit 
in Macaques Decides It Is Time to Act. Neuron. 2020;105(2):370–384.e8. doi:10.1016/
j.neuron.2019.10.030 [PubMed: 31813653] 

29. Kubanek J, Shi J, Marsh J, Chen D, Deng C, Cui J. Ultrasound modulates ion channel currents. Sci 
Rep. 2016;6:24170. doi:10.1038/srep24170 [PubMed: 27112990] 

30. Kubanek J, Shukla P, Das A, Baccus SA, Goodman MB. Ultrasound Elicits Behavioral Responses 
through Mechanical Effects on Neurons and Ion Channels in a Simple Nervous System. J 
Neurosci. 2018;38(12):3081–3091. doi:10.1523/JNEUROSCI.1458-17.2018 [PubMed: 29463641] 

31. Kubanek J, Brown J, Ye P, Pauly KB, Moore T, Newsome W. Remote, brain region–specific 
control of choice behavior with ultrasonic waves. Sci Adv. 2020;6(21):eaaz4193. doi:10.1126/
sciadv.aaz4193 [PubMed: 32671207] 

32. Lee W, Chung YA, Jung Y, Song IU, Yoo SS. Simultaneous acoustic stimulation of human primary 
and secondary somatosensory cortices using transcranial focused ultrasound. BMC Neurosci. 
2016;17(1):68. doi:10.1186/s12868-016-0303-6 [PubMed: 27784293] 

33. Legon W, Sato TF, Opitz A, et al. Transcranial focused ultrasound modulates the activity 
of primary somatosensory cortex in humans. Nat Neurosci. 2014;17(2):322–329. doi:10.1038/
nn.3620 [PubMed: 24413698] 

34. Lipsman N, Meng Y, Bethune AJ, Huang Y, Lam B, Masellis M, Black SE. (2006). 
Blood-Brain Barrier Opening In Patients With Mild-To-Moderate Alzheimers Disease Using 
Mr-Guided Focused Ultrasound. Alzheimers & Dementia. 2006; 14(7S Part 26). doi: 10.1016/
j.jalz.2018.06.2899

35. Lowe KA, Zinke W, Phipps MA, et al. Visuomotor Transformations Are Modulated by Focused 
Ultrasound over Frontal Eye Field. Ultrasound Med Biol. 2021;47(3):679–692. doi:10.1016/
j.ultrasmedbio.2020.11.022 [PubMed: 33341303] 

36. Lucas CG, Griffiths TL, Williams JJ, Kalish ML. A rational model of function learning. Psychon 
Bull Rev. 2015;22(5):1193–1215. doi:10.3758/s13423-015-0808-5 [PubMed: 25732094] 

37. Magara A, Bühler R, Moser D, Kowalski M, Pourtehrani P, Jeanmonod D. First experience 
with MR-guided focused ultrasound in the treatment of Parkinson’s disease. J Ther Ultrasound. 
2014;2:11. doi:10.1186/2050-5736-2-11 [PubMed: 25512869] 

38. Martínez-Fernández R, Rodríguez-Rojas R, Del Álamo M, et al. .Focused ultrasound 
subthalamotomy in patients with asymmetric Parkinson’s disease: a pilot study. Lancet Neurol. 
2018;17(1):54–63. doi:10.1016/S1474-4422(17)30403-9 [PubMed: 29203153] 

39. Mayberg HS, Lozano AM, Voon V, et al. Deep brain stimulation for treatment-resistant depression. 
Neuron. 2005;45(5):651–660. doi:10.1016/j.neuron.2005.02.014 [PubMed: 15748841] 

40. Munoz F, Aurup C, Konofagou EE, Ferrera VP. Modulation of Brain Function and 
Behavior by Focused Ultrasound. Curr Behav Neurosci Rep. 2018;5(2):153–164. doi:10.1007/
s40473-018-0156-7 [PubMed: 30393592] 

41. Nichols TE, Holmes AP. Nonparametric permutation tests for functional neuroimaging: a primer 
with examples. Hum Brain Mapp. 2002;15(1):1–25. doi:10.1002/hbm.1058 [PubMed: 11747097] 

42. Okun MS, Gallo BV, Mandybur G, et al. Subthalamic deep brain stimulation with a constant-
current device in Parkinson’s disease: an open-label randomised controlled trial [published 
correction appears in Lancet Neurol. 2012 Mar;11(3):208]. Lancet Neurol. 2012;11(2):140–149. 
doi:10.1016/S1474-4422(11)70308-8 [PubMed: 22239915] 

43. Parent A, Hazrati LN. Functional anatomy of the basal ganglia. I. The cortico-
basal ganglia-thalamo-cortical loop. Brain Res Brain Res Rev. 1995;20(1):91–127. 
doi:10.1016/0165-0173(94)00007-c [PubMed: 7711769] 

Munoz et al. Page 18

Brain Stimul. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



44. Parsons TD, et al. Cognitive sequelae of subthalamic nucleus deep brain stimulation in Parkinson’s 
disease. Lancet Neurol. 2006;5(7):578–588. [PubMed: 16781988] 

45. Paulus MP, Hozack N, Zauscher B, et al. Prefrontal, parietal, and temporal cortex networks 
underlie decision-making in the presence of uncertainty. Neuroimage. 2001;13(1):91–100. 
doi:10.1006/nimg.2000.0667 [PubMed: 11133312] 

46. Pouget P, Frey S, Ahnine H, et al. Neuronavigated Repetitive Transcranial Ultrasound Stimulation 
Induces Long-Lasting and Reversible Effects on Oculomotor Performance in Non-human 
Primates. Front Physiol. 2020;11:1042. doi:10.3389/fphys.2020.01042 [PubMed: 32973560] 

47. Pouliopoulos AN, Kwon N, Jensen G, et al. Safety evaluation of a clinical focused ultrasound 
system for neuronavigation guided blood-brain barrier opening in non-human primates. Sci Rep. 
2021;11(1):15043. doi:10.1038/s41598-021-94188-3 [PubMed: 34294761] 

48. Pouliopoulos AN, Wu SY, Burgess MT, Karakatsani ME, Kamimura HAS, Konofagou EE. 
A Clinical System for Non-invasive Blood-Brain Barrier Opening Using a Neuronavigation-
Guided Single-Element Focused Ultrasound Transducer. Ultrasound Med Biol. 2020;46(1):73–89. 
doi:10.1016/j.ultrasmedbio.2019.09.010 [PubMed: 31668690] 

49. Rasmussen CE, Williams CKI. Gaussian processes for machine learning. 2006. Cambridge, MA: 
MIT Press.

50. Ratcliff R, McKoon G. The diffusion decision model: theory and data for two-choice 
decision tasks. Neural Comput. 2008;20(4):873–922. doi:10.1162/neco.2008.12-06-420 [PubMed: 
18085991] 

51. Reveley C, Gruslys A, Ye FQ, et al. Three-Dimensional Digital Template Atlas of the Macaque 
Brain. Cereb Cortex. 2017;27(9):4463–4477. doi:10.1093/cercor/bhw248 [PubMed: 27566980] 

52. Rinaldi PC, Jones JP, Reines F, Price LR. Modification by focused ultrasound pulses of electrically 
evoked responses from an in vitro hippocampal preparation. Brain Res. 1991;558(1):36–42. 
doi:10.1016/0006-8993(91)90711-4 [PubMed: 1933382] 

53. Sanguinetti JL, Hameroff S, Smith EE, et al. Transcranial Focused Ultrasound to the Right 
Prefrontal Cortex Improves Mood and Alters Functional Connectivity in Humans. Front Hum 
Neurosci. 2020;14:52. doi:10.3389/fnhum.2020.00052 [PubMed: 32184714] 

54. Santacruz SR, Rich EL, Wallis JD, Carmena JM. Caudate Microstimulation Increases Value of 
Specific Choices. Curr Biol. 2017;27(21):3375–3383.e3. doi:10.1016/j.cub.2017.09.051 [PubMed: 
29107551] 

55. Schimek N, Burke-Conte Z, Abernethy J, et al. Repeated Application of Transcranial Diagnostic 
Ultrasound Towards the Visual Cortex Induced Illusory Visual Percepts in Healthy Participants. 
Front Hum Neurosci. 2020;14:66. doi:10.3389/fnhum.2020.00066 [PubMed: 32194387] 

56. Schulz R, Gerloff C, Hummel FC. Non-invasive brain stimulation in neurological diseases. 
Neuropharmacology. 2013;64:579–587. doi:10.1016/j.neuropharm.2012.05.016 [PubMed: 
22687520] 

57. Tolvanen V, Jylänki P, Vehtari A. Expectation propagation for nonstationary heteroscedastic 
Gaussian process regression. 2014 IEEE International Workshop on Machine Learning for Signal 
Processing (MLSP), 2014, pp. 1–6, doi: 10.1109/MLSP.2014.6958906.

58. Toure-Tillery M, Fishbach Y. How to measure motivation: a guide for the experimental social 
psychologist. SSocial and Personality Psychology Compass 8/7. 2014: 328–341. doi: 10.1111/
spc3.12110

59. Tufail Y, Matyushov A, Baldwin N, et al. Transcranial pulsed ultrasound stimulates intact brain 
circuits. Neuron. 2010;66(5):681–694. doi:10.1016/j.neuron.2010.05.008 [PubMed: 20547127] 

60. Tyler WJ, Tufail Y, Finsterwald M, Tauchmann ML, Olson EJ, Majestic C. Remote excitation 
of neuronal circuits using low-intensity, low-frequency ultrasound. PLoS One. 2008;3(10):e3511. 
doi:10.1371/journal.pone.0003511 [PubMed: 18958151] 

61. Vanhatalo J, Riihimäki J, Hartikainen J, Jylänki P, Tolvanen V, Vehtari A. GPstuff: Bayesian 
modeling with Gaussian processes. Journal of Machine Learning Research. 2013;14, 1175–1179.

62. Verhagen L, Gallea C, Folloni D, et al. Offline impact of transcranial focused ultrasound 
on cortical activation in primates. Elife. 2019;8:e40541. doi:10.7554/eLife.40541 [PubMed: 
30747105] 

Munoz et al. Page 19

Brain Stimul. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



63. Wattiez N, Constans C, Deffieux T, Daye PM, Tanter M, Aubry JF, Pouget P. (2017) Transcranial 
ultrasonic stimulation modulates single-neuron discharge in macaques performing an antisaccade 
task. Brain Stimul. 2017 Nov-Dec;10(6):1024–1031. doi: 10.1016/j.brs.2017.07.007. [PubMed: 
28789857] 

64. Wittmann MK, Fouragnan E, Folloni D, et al. Global reward state affects learning and activity in 
raphe nucleus and anterior insula in monkeys. Nat Commun. 2020;11(1):3771. Published 2020 Jul 
28. doi:10.1038/s41467-020-17343-w [PubMed: 32724052] 

65. Yang PF, Phipps MA, Jonathan S, et al. Bidirectional and state-dependent modulation of brain 
activity by transcranial focused ultrasound in non-human primates. Brain Stimul. 2021;14(2):261–
272. doi:10.1016/j.brs.2021.01.006 [PubMed: 33460838] 

66. Yacoub E, Grier MD, Auerbach EJ, et al. Ultra-high field (10.5 T) resting state fMRI in 
the macaque. Neuroimage. 2020;223:117349. doi:10.1016/j.neuroimage.2020.117349 [PubMed: 
32898683] 

Munoz et al. Page 20

Brain Stimul. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• Applying FUS to the dorsal striatum can positively impact the motivational 

and cognitive aspects of decision making.

• Sonication also resulted in significant changes in resting state functional 

connectivity between the caudate and multiple cortical regions.

• Long-term (2 years) FUS application produced no behavioral impairment or 

neurological trauma evident on T1-weighted, T2-weighted, or susceptibility-

weighted MRI scans
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Figure 1. Behavioral setup, task, and session structure.
A, Behavioral setup with NHP, touchscreen, and transducer. The NHP sat in the chair so 

it could reach the touchscreen. The transducer was aligned to preplanned targets using a 

stereotaxic positioner and the Brainsight neuronavigation system. A water degasser was 

connected to a bladder coupling system that filled the space between the transducer and the 

scalp. A function generator created the sonication waveform, which was amplified and input 

to the transducer. B, Three example trials of the task as viewed by the NHP. During the 

CUE period, a yellow bar prompted the NHP to initiate the trial. The orientation of the bar 

indicated the amount of reward given for correct performance (vertical = 1 drop; horizontal 

= 5 drops.) Two motion patches then appeared (CHOICE) and the correct response was to 

touch the patch in which the dots were moving coherently.
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Figure 2. Structural MRI and Neuronavigation.
A,B, Targeting of right caudate nucleus in NHP P. C,D, Targeting of right putamen in NHP 

P. E, Sonication timeline. After 200 trials, the targeted brain region was sonicated for 120 

seconds. The sonication frequency was 500 kHz delivered in 10 ms bursts at the rate of 2 

pulses per second. The NHP continued to perform the task during and after sonication.
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Figure 3. Effects of FUS on touch precision.
A, X and Y initial touch coordinates for three sessions (one each of sham, putamen 

sonication and caudate sonication) for NHP P. The dotted circles indicate the approximate 

size and locations of the motion stimuli. B, X-axis dispersion (standard deviation of initial 

touch coordinates) as a function of FUS pressure (0 = sham). Open symbols are NHP 

P, closed are NHP Q. Data point are slightly shifted horizontally for clarity. C, Y-axis 

dispersion of touch coordinates (same conventions as B).
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Figure 4. Effects of FUS on motivation.
Post-FUS trials are grouped into 100-trial bins. Data points are slightly offset horizontally 

for clarity. Error bars are standard deviations. A Effect of sonication on normalized failure 

rate for low reward trials. B, Effect of sonication on failure rate for high reward trials. Note 

that the y-axis scale is different for A and B. C, Effect of sonication on normalized response 

time for low reward trials. D, Effect of sonication during high reward trials.
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Figure 5. Effects of FUS on decision-making performance.
Effects of sonication on decision accuracy (A,B), and response time (C,D) for NHP P. 

Reward size is indicated in the titles above each column. Colors indicate condition: sham 

(black), putamen sonication (red), or caudate sonication (blue). Open circles are overall 

averages across sessions. Solid curves in top row are fits of psychometric functions to mean 

accuracy data. E, Effect size (odds ratio) of reward (Rew), sonication pressure (Press) and 

sonicated hemisphere (Hemi) on performance accuracy for both NHP and both sonication 

targets (ptn = putamen, cn = caudate nucleus). Error bars are ± 1 standard deviation. 

F, Effect sizes (GLM beta) of reward, sonication pressure, and sonicated hemisphere on 

response time for both NHP and targets. Same legend as E.
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Figure 6. Performance (overall percent correct) divided into response time quartiles, as a 
function of sonicated region and pressure.
A,D, Psychometric functions using nonparametric estimation (gaussian process regression) 

applied to the performance accuracy in the first quartiles in the distribution of response 

time in the case of FUS stimulation in caudate and putamen at pressure ranging from 

0 (sham) to 800 kPa in monkey Q. B,C, the accuracy estimation with 90% confidence 

intervals in accuracy estimation for each response time quartile for monkeys P and Q when 

FUS stimulation was applied to caudate, the line correspond to the linear relation with the 

pressure by applied GLM, the gray region is the 95% confidence interval of the regression 

estimation. E,F, the same procedure as in B,C, but applied to putamen stimulation.ns 

p>0.05, * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001.
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Figure 7. Audio recordings and performance during sonication.
A, Frequency spectrum of recordings from microphone place ipsilateral (red) or contralateral 

(blue) to transducer, or during sham sonication (black). B, Overall percent correct for trials 

during sonication. Error bars are standard deviation of a beta distribution of the proportion of 

correct and incorrect responses.
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Figure 8. Structural MRIs at the start and end of the experiment for NHP P and Q.
A, Frequency spectrum of recordings from microphone place ipsilateral (red) or contralateral 

(blue) to transducer, or during sham textbfLeft, “Pre-FUS” T1-weighted MRI before the 

NHP had experienced any sonications. Middle “Post-FUS” T1-weighted MRI after all 

sonications had been completed. Right “Post-FUS” susceptibility-weighted MRI

Munoz et al. Page 29

Brain Stimul. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. Average seed-based correlation maps.
A, Baseline rsfMRI (16 runs). B, Post-FUS rsfMRI (8 runs), C, The difference (B-A) in 

sagittal, horizontal and coronal planes (S: Superior; I: Inferior; A: Anterior; P: Posterior; 

L: Left; R: Right). The seed ROI was chosen as the FUS sonication target-right caudate, 

shown in the green cross in A,B, and C. All the correlation data were transformed to Fisher’s 

z-scores. Mean Correlations between the selected regions from Dorsomedial Prefrontal 

Cortex (dmPFC), Dorsolateral Prefrontal Cortex (dlPFC), Superior temporal cortex (STC) 

and Insular Cortex (IC) and the seed ROI at baseline (dotted) and post-FUS (solid) were 

shown in the spider-plots (D: dlPFC and dmPFC and G: STC and IC), and statistical 

analysis in the right hemisphere (E: dmPFC; F: dlPFC; H: STC; I: IC) between Non-FUS 

and FUS were performed using the permutation test with 5000 resamples, with ns denoting 

p>0.05, * p<0.05 and *** p<0.001. Abbreviations: 8Bm - Area 8B medial, 9M - Area 9 

medial, 10mr - Area 10 medio-rostral, 8Bd - Area 8 dorsal, 8Bs - Area 8B arcuate sulcus, 
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RT - rostrotemporal cortex, RTM - medial rostrotemporal, RPp - rostrotemporal polar, Id - 

dysgranular insula, Ial - lateral agranular insula.

Munoz et al. Page 31

Brain Stimul. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Munoz et al. Page 32

Table 1.

ANOVA for effect of FUS pressure on touch precision.

X dispersion Y dispersion

NHP Region EV p-value df effect size p-value df effect size

P putamen pressure 0.27 4, 118 4.3% 0.62 4, 118 2.2%

P putamen pressure 0.87 2, 73 0.4% 0.85 2, 73 0.5%

Q caudate pressure <0.01 4, 136 10.0% 0.20 4, 136 4.3%

Q caudate pressure 0.64 2, 73 1.2% 0.05 2, 73 8.1%
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Table 2.

ANOVA for effect of reward size and FUS treatment on failure rate.

NHP Region EV ANOVA F ANOVA P N Effect size

P putamen FUS 29.7 <0.0001 472 0.20

P putamen reward size 99.1 <0.0001 472 0.46

P putamen session 0.860 0.7930 472 0.46

P caudate FUS 59.7 <0.0001 168 0.59

P caudate reward size 66.7 <0.0001 168 0.62

P caudate session 0.70 0.88 472 0.41

Q putamen FUS 16.5 <0.001 556 0.12

Q putamen reward size 105.8 <0.0001 556 0.43

Q putamen session 0.55 0.99 556 0.4

Q caudate FUS 125 <0.0001 164 0.76

Q caudate reward size 118 <0.0001 164 0.75

Q putamen session 1.17 0.31 556 0.54
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Table 3.

ANOVA for effect of sonicated region, FUS, and reward size on initial response time.

NHP EV ANOVA F ANOVA P N (trials)

P region 6.9 0.001 86053

P FUS 61.9 <0.0001 86053

P reward size 11542.7 <0.0001 86053

Q region 607.0 <0.01 93142

Q FUS 123.4 <0.0001 93142

Q reward size 10397.3 <0.0001 93142
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Table 4.

ANOVA for effect of FUS and reward size on overall decision accuracy. “FUS” is treated as present or absent 

(sham). N is number of sessions x reward size

NHP Region EV ANOVA F ANOVA P N Effect size

P putamen FUS 6.7 <0.0001 256 0.098

P putamen reward size 27.8 <0.0001 256 0.53

P caudate FUS 5.3 <0.01 150 0.07

P caudate reward size 191.1 <0.05 150 0.57

Q putamen FUS 2.7 <0.0001 296 0.04

Q putamen reward size 73.2 <0.0001 296 0.21

Q caudate FUS 0.5 0.6 148 0.01

Q caudate reward size 26.2 <0.0001 148 0.16
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Table 5.

GLM for effect of FUS pressure on performance accuracy in response time quartile.

NHP Region RT Quartile % Accuracy beta (x 10−5) p-value

P caudate 0–25 7.9 ns

P caudate 25–50 6.4 ns

P caudate 50–75 13.6 <0.05

P caudate 75–100 4.5 ns

P putamen 0–25 17.1 <0.01

P putamen 25–50 1.5 ns

P putamen 50–75 16.0 <0.05

P putamen 75–100 −3.6 ns

Q caudate 0–25 70.3 <0.0001

Q caudate 25–50 19.8 <0.05

Q caudate 50–75 −23.9 <0.001

Q caudate 75–100 −15.0 ns

Q putamen 0–25 110 <0.0001

Q putamen 25–50 42.4 <0.0001

Q putamen 50–75 −16.2 <0.05

Q putamen 75–100 −25.6 <0.0001
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Table 6.

FUS neuromodulation studies in awake, behaving NHP. Abbreviations: FEF – Frontal Eye Field, SEF – 

Supplemental Eye Field, ACC – Anterior Cingulate, BF – Basal Forerain, M1 – motor cortex, MFC – Mediat 

Frontal Cortex, NR – not reported, Na – number of animals, Ns – avg. number of sonications.

Study Freq 
(kHz)

Pressure 
(MPa)

Duty 
Cycle 
(%)

Duration 
(sec)

Isppa 
(W/cm2)

Ispta 
(mW/cm2)

BBB 
open

Effect 
Post 
FUS

Targets
N 
a 

N s 

Deffieux 2013 320 0.35 100 0.1/ea 4±1.1 13.5±3.8 No No FEF 2 18.5

Wattiez 2017 320 0.24–0.41 100 0.1/ea 5.6±0.2 1900±200 No No FEF, SEF 2 NR

Kubanek 2020 270 0.6 50 0.3/ea 581 720 No No FEF, M1 2 23

Fouragnan 
2019 250 0.76–0.85 30 40 24.1 720 No Yes ACC 4 9

Khalighinejad 
2020 250 0.76–0.85 30 40 24.1 720 No Yes ACC, BF 4 20

Pouget 2020 320 0.44 30 20 21.2 640 No Yes FEF, SEF, 
M1, V1 3 20

Lowe 2021 500 0.25–0.45 50 0.3/ea NR NR No No FEF 3 16

Bongioanni 
2021 250 0.76–0.85 30 40 24.1 720 No Yes MFC 3 8

Downs 2017 500 0.4 2 120 1.9 39.1 Yes Yes Putamen 2 16

Current study 500 0.2–0.8 2 120 0.5 – 7.8 10.1–156.7 No Yes Caudate, 
Putamen 2 138
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