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Abstract

Background: Focused ultrasound (FUS) is a non-invasive neuromodulation technology that is 

being investigated for potential treatment of neurological and psychiatric disorders. FUS combined 

with microbubbles can temporarily open the intact blood-brain barrier (BBB) of animals and 

humans, and facilitate drug delivery. FUS exposure, either with or without microbubbles, has 

been demonstrated to alter the behavior of non-human primates (NHP), and previous studies 

have demonstrated the transient and long-term effects of FUS neuromodulation on functional 

connectivity using resting state functional MRI. The behavioral effects of FUS vary depending on 

whether or not it is applied in conjunction with microbubbles to open the BBB, but it is unknown 

whether opening the BBB affects functional connectivity differently than FUS alone.

Objective: To compare the effects of applying FUS alone (FUS neuromodulation) and FUS with 

microbubbles (FUS-BBB opening) on changes of resting state functional connectivity in NHP.
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Methods: We applied 2 min FUS exposure without (neuromodulation) and with microbubbles 

(BBB opening) in the dorsal striatum of lightly anesthetized non-human primates, and acquired 

resting state functional MRI 40 min respectively after FUS exposure. The functional connectivity 

(FC) in the cortex and major brain networks between the two approaches were measured and 

compared.

Results: When applying FUS exposure to the caudate nucleus of NHP, we found that both FUS 

neuromodulation can activate FC between caudate and insular cortex, while inhibiting the FC 

between caudate and motor cortex. FUS-BBB opening can activate FC between the caudate and 

medial prefrontal cortex, and within the frontotemporal network (FTN). We also found both FUS 

and FUS-BBB opening can significantly activate FC within the default mode network (DMN).

Conclusion: The results suggest applying FUS to a deep brain structure can alter functional 

connectivity in the DMN and FTN, and that FUS neuromodulation and FUS-mediated BBB 

opening can have different effects on patterns of functional connectivity.
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1. Introduction

Focused ultrasound (FUS) is a non-invasive brain stimulation technology that is in 

early stages of translation to clinical applications in psychiatry and neurology. While 

high intensity focused ultrasound is capable of producing lesions [1,2], low intensity 

pulsed FUS can deliver repeated ultrasound bursts non-invasively into specific deep brain 

regions without trauma [3–6]. These properties make it an attractive alternative to other 

neuromodulation technologies, such as transcranial direct current stimulation (tDCS) [7] 

and transcranial magnetic stimulation (TMS) [8], both of which primarily target superficial 

brain regions. Animal studies have shown that FUS could be used for non-invasive cortical 

and subcortical brain stimulation with sub-millimeter focus [9], by inducing excitatory or 

inhibitory effects in the central or peripheral nervous system, depending on the pulsing 

regime [6]. FUS can also alter behavior in non-human primates (NHPs) [10–13].

The mechanism by which FUS can affect the functional connectivity of brain regions and 

networks has been studied using blood oxygenation level-dependent (BOLD) functional 

MRI (fMRI). Sanguinetti et al. found application of FUS to the prefrontal cortex can alter 

the functional connectivity and improve mood in humans [14]. In NHPs, recent studies 

used resting state fMRI to evaluate long-lasting or “offline” effects of FUS exposure on 

subcortical or deep cortical regions, including amygdala, anterior cingulate cortex [15], 

medial frontal cortex [16], and supplemental motor cortex [17]. Munoz et al. found that 2 

min of FUS applied to the dorsal striatum can alter patterns of functional connectivity in the 

NHP brain that can last for hours and may be correlated with improvement in a cognitive 

task [12].

FUS combined with microbubbles has been used to reversibly per-meabilize the blood-brain 

barrier (BBB) and facilitate drug delivery both in animal and human studies [18,19], and 
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recent work has demonstrated that FUS exposure with microbubbles in the striatum can 

improve response speed and accuracy during visual-motor tasks in NHPs [20,21]. Using 

resting state fMRI, Todd et al. found that FUS-induced BBB opening can disrupt the 

functional connectivity between inter-hemispheric regions in rats [22]. Meng et al. found 

transient functional connectivity reductions with FUS BBB opening in the frontal lobe of 

patients with Parkinson’s disease [23].

Although both FUS and FUS with microbubbles (BBB opening) have been shown 

to modulate neural activity, the impact of FUS-induced BBB opening on functional 

connectivity is not well understood. Changing the permeability of the BBB may alter 

blood perfusion, nutrient absorption, or tissue oxygenation near the BBB opening and 

may affect neural function differently than direct neuromodulation [24]. No prior studies 

have investigated the effects of FUS-mediated BBB opening on functional connectivity in 

non-human primates. Investigating how BBB opening differs from direct neuromodulation 

is needed to understand how BBB opening affects cognitive performance and to establish 

a baseline for evaluating the outcomes of FUS-mediated drug delivery in the treatment 

of neurological and psychiatric disorders. The objective of this study was to compare the 

effects of applying FUS (neuromodulation) and FUS combined with microbubbles (BBB 

opening) to the NHP dorsal striatum in order to determine how changes in resting state 

functional connectivity of major brain networks differs between the two approaches.

2. Results

2.1. Numerical simulation and post-FUS exposure confirmation

For precise targeting and energy deposition of FUS during the experiments, acoustic and 

biothermal simulations of a single element transducer (ROC = 64 mm) were conducted 

using Matlab k-Wave toolbox [25] and NHP skull CT (computer tomography) model. For 

burst mode ultrasound protocol described in Fig. 1A (500 kHz central frequency, 10 m s 

burst duration, 2 Hz pulse repetition frequency, 2% duty cycle and 2 min total sonication), 

both the peak negative pressure (PNP) and temperature distribution are shown in Fig. 1B. 

The PNP of the target at the right Caudate can reach above 800 kPa, while maximum 

temperature in the target is within 37.5 °C. More ultrasound energy was deposited in 

the skull due to its high absorption coefficients compared to soft brain tissue, and the 

temperature elevation reached 3–4 °C above baseline body temperature. Supplementary Fig. 

S1 demonstrates that the maximum temperature of the skull, muscle, and brain were 41.2 

°C, 39.7 °C and 38.2 °C respectively, within the safety limits of the current guideline [26].

The planning and targeting of FUS exposure with and without microbubbles was achieved 

using the combined FUS and Brainsight neuro-navigation system. As shown in Fig. 2A, 

the FUS energy was delivered to target the region located in the caudate nucleus in 

the right hemisphere. To illustrate BBB opening sites due to FUS exposure, gadolinium 

enhanced structural scans were acquired in both baseline without FUS exposure and FUS 

with microbubbles (FUS-induced BBB opening). The subtraction image between the two 

gadolinium enhanced structural scans indicates the actual sites of FUS-BBB opening, as 

shown in the colored highlighted region of Fig. 2B. The BBB of the NHP brain was 
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successfully opened in the area of right caudate (Fig. 2B), with slight focus shifting 

compared with the planned target (green crossed point Fig. 2A).

2.2. Effects on the striatum and cortical regions

To quantify the functional connectivity due to FUS neuromodulation and BBB opening, 

a region of interest (ROI) with 3.5 × 3.5 × 3.5 mm3 voxel at the right caudate was first 

chosen as a seed. The seed correlation maps of baseline, FUS, and FUS with microbubbles, 

as well as the difference maps are shown in Fig. 3, overlaid on the standard D99 NHP 

template [27]. With FUS exposure in the right caudate, the functional connectivity is 

found to be increased between caudate and insular cortex (IC: regions of Ial, Iapl and 

Id in both hemispheres shown in Fig. 4A), and between caudate and temporal cortex 

(areas RT, RTp and TGdd in both hemispheres shown in Fig. 4A) while the functional 

connectivity is reduced between caudate and motor cortex (MC: areas F1, F2, F3 and F4 

in both hemispheres shown in Fig. 4A), and between caudate and so-matosensory cortex 

(SSC: areas 1, 2, 3a and 3b in both hemispheres shown in Fig. 4A). In contrast, when 

applying FUS with microbubbles, the alteration of functional connectivity does not show 

the similar pattern as above. Instead, a stronger activation of functional connectivity is 

found between caudate and medial prefrontal cortex (mPFC: areas 8Bm, 9m, 9d and 10mr 

in both hemispheres shown in Fig. 4A). Statistical analysis on representative regions (area 

9m of mPFC; area Ial of IC and area F1 of MC) were performed, with results of both 

Kruskal-Wallis test and post-hoc permutation test are shown in Fig. 4B. With FUS exposure 

in the right caudate, the activation of insular cortex (p < 0.001 in right hemisphere and 

p < 0.01 in left hemisphere, compared to baseline and FUS-BBB opening) and inhibition 

of the motor cortex (p < 0.001 in both hemispheres, compared to other two conditions) 

is statistically significant, while with FUS-mediated BBB opening, significant changes of 

functional connectivity is only found within mPFC (p < 0.01 compared to baseline).

2.3. Effects on the default mode network

To quantify the effect of FUS on the default mode network, an ROI of 3.5 × 3.5 × 3.5 

mm3 voxel was placed in the area 8Ad of dlPFC within the default mode network (DMN), 

with the central coordinates of the ROI listing in Supplementary Table S1. The average 

correlation maps of baseline, FUS and FUS BBB opening, as well as the difference maps 

were calculated with the results shown in Fig. 5B. Both FUS and FUS with microbubbles 

demonstrate an activation of the default mode network (DMN) (Fig. 5A and B), a network 

connecting dorsolateral prefrontal cortex (dlPFC), posterior cingulate cortex (PCC) and 

posterior parietal cortex (PPC) of NHPs. The average correlations with FUS BBB opening 

within the DMN nodes is greater than the correlations with FUS only (Fig. 5C). Statistical 

analysis on representative nodes (area 8Ad in dlPFC, areas 31 and 23b in PCC and areas 

LIPd in PPC, area TPO in temporal lobe (TEMP)) was performed, with the results of 

Kruskal-Wallis test for comparison among the three conditions, and post-hoc permutation 

test for comparison between each two conditions, as shown in Fig. 6A. With either FUS or 

FUS combined with microbubbles, significant functional connectivity changes were found 

between dlPFC and the areas of PPC, PPC and TEMP. When placing the seed at area 23b of 

PCC, the connectivity between PCC and dlPFC was also found to be significantly enhanced 

(Fig. 6C) at these two conditions. However, the functional connectivity due to FUS and 
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FUS with microbubbles was not significantly different (post-hoc permutation test: p > 0.05, 

shown in Fig. 6A).

2.4. Effects on the frontotemporal network and other networks

The effects of FUS neuromodulation and BBB opening on the frontotemporal network 

of the NHP, which connects the areas of mPFC and the temporal lobe, were evaluated. 

When selecting area 9m as a seed ROI in mPFC, only FUS combined with microbubbles 

demonstrates significant activation of functional connectivity between mPFC and regions 

of TEMP and PCC, as shown in, Supplementary Fig. S2 and Fig. 6B while FUS (without 

microbubbles) failed to alter the functional connectivity significantly between mPFC and 

TEMP, compared to the baseline (FUS vs Baseline via post-hoc permutation test: p > 0.05, 

shown in Fig. 6B).

While significant alteration of functional connectivity within DMN and FTN is found, the 

effect of FUS on other brain networks is not conclusive. For example, with the seed ROI 

of Ial, the average correlation between insular cortex and anterior cingulate cortex (ACC) 

with FUS-induced BBB opening is slightly higher than the correlations with the other two 

conditions, however, no statistically significant difference is found between FUS and FUS 

with microbubbles (Permutation test, p > 0.05, shown in Fig. 6D). With the seed ROI 

chosen as primary visual cortex, no clear alteration of the functional connectivity is found 

between visual cortex and the other brain regions (Supplementary Fig. S3), and no statistical 

difference is found among baseline, FUS and FUS with microbubbles (Kruskal-Wallis test, p 

> 0.05, shown in Fig. 6E).

3. Discussion

By comparing the “offline” resting state functional connectivity after applying 2 min FUS 

exposure with and without microbubbles in dorsal striatum of nonhuman primates, we found 

that FUS neuromodulation and FUS BBB opening affect patterns of functional connectivity 

differently. FUS neuromodulation can increase functional connectivity between caudate 

and insular cortex and decrease functional connectivity between caudate and motor cortex, 

while FUS-mediated BBB opening can increase functional connectivity between caudate 

and medial prefrontal cortex and the nodes within the frontotemporal network (Fig. 7B). The 

findings provide further evidence that FUS can be used as a neuromodulation technology 

to selectively modulate cortical and subcortical brain regions, which are commensurate 

with other studies [11,15,28]. Specifically, alteration of functional connectivity between the 

caudate and cortical regions is comparable in magnitude with the previous studies, and we 

used relatively lower average ultrasound intensity and slightly longer sonication compared to 

the other neuromodulation studies [11,15,28]. It is likely that different parameters including 

pressure, burst duration, duty cycle, pulse repetition frequency may have varying effects on 

functional connectivity of NHPs and further FUS neuromodulation investigations involving 

these parameters should be performed in the future studies.

In this study, we measured the functional connectivity after FUS exposure combined with 

microbubbles. The current FUS protocol (400 kPa derated PNP, 2% duty cycle, 2 Hz 

PRF and 2 min sonication) combined with circulating microbubbles for BBB opening has 
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a mechanical index of 0.56, within the FDA limit of 0.8 for using circulating Definity 

microbubbles in imaging applications. While higher PNP may be explored to increase BBB 

opening volume, unstable microbubble cavitation may be generated if the mechanical index 

exceeds the FDA limit [29]. The safety of the current FUS-induced BBB opening protocol 

with 400 kPa derated PNP has been validated through multiple previous works on NHPs, 

with no report of hemorrhage or edema [29,30]. Even though microbubbles were proved 

to enhance the HIFU thermal therapy, one previous study found very slight temperature 

elevation (<0.1 °C) when applying extremely low duty cycle (2%) FUS combined with 

microbubbles [30].

Similar to recent findings in rodents [22] and humans [23], the current study found that 

FUS-mediated BBB opening can alter functional connectivity in NHP. The substantial 

difference of the resting state fMRI results between FUS and FUS-induced BBB opening 

with the same derated PNP (400 kPa) implied that FUS combined with microbubbles 

might be the driving force for changes of functional connectivity (Supplementary Fig. S4). 

Currently, FUS-mediated BBB opening for drug delivery has demonstrated promising results 

in clinical trials, our study suggests that an accompanying neuromodulation effect may 

occur during the procedure of FUS-mediated BBB opening. Different patterns of functional 

connectivity suggest that direct FUS and FUS BBB opening have different neuromodulation 

effects. This finding also reflects the results in visual-motor tasks in NHPs after applying 

FUS exposure with and without microbubbles: NHP improved accuracy along with a shorter 

response time after applying FUS exposure combined with microbubbles [21,29], suggesting 

increased decision efficiency, while NHP showed more accuracy but with a longer response 

time after applying FUS exposure only, consistent with a speed-accuracy trade-off [12]. 

One possible explanation of the difference between FUS neuromodulation and FUS-induced 

BBB opening is that when BBB is opened by FUS combined with microbubbles in the 

target region, the blood oxygenation and water perfusion in that region may change as well 

[24]. This may underlie changes in BOLD activation for resting state functional MRI. Future 

studies plan to address quantitative measurement of the blood oxygenation of FUS and FUS 

BBB opening using advanced MRI.

The study also demonstrated that applying FUS exposure in the caudate nucleus could 

activate the default mode network on lightly anesthetized NHP (Fig. 7A). Similar trends 

were found between FUS and FUS BBB opening, however we could not significantly 

differentiate the magnitude of functional connectivity of the two due to limited NHP 

experiments in this study. Findings from both FUS neuromodulation and FUS-mediated 

BBB opening may improve our understanding of the role of striatum in regulating cortical 

circuits, as well as the functional connection between striatum and default mode network. 

While the mechanism for external FUS stimulation in modulating the DMN via striatum 

is still unknown, one possible explanation may suggest striatum may “communicate” with 

cortical regions within DMN in a similar way with thalamus, which can both drive and 

modulate cortical regions [31]. A recent study in humans found that a reward task can 

enhance the connection between existing DMN and ventral striatum [32], which also 

supports the idea that the striatum may play a role in regulating the DMN.
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This study has several limitations. Firstly, awake and anesthetized NHP may have different 

patterns of functional connectivity [33], and isoflurane may affect the results of functional 

connectivity [34], although in this study we used a well-established NHP anesthesia protocol 

[35] with similar concentration (~1.0%) isoflurane as the other NHP rsfMRI studies. 

Functional connectivity was also reported to be related with age [36], and in this study, 

one NHP involved in the FUS neuromodulation study is much older (~27 years old) than 

the other NHPs. We could not rule out the effect of age on the results due to limited NHP 

resources. Another aspect that may affect variation of functional connectivity is the seed 

ROI we selected in this study [37]. For example, when evaluating the effect of FUS on 

DMN, we selected some representative ROI’s in DMN following recent work evaluating 

DMN among primates [38]. Since the organization of DMN varies among non-human 

primates and humans [39], we tested different seeds (i.e. areas 8Ad, 46d, 8Bs in dlPFC, 

shown in Supplementary Fig. S5) in this study to make sure the results are valid and robust.

In conclusion, this study compared the resting state functional connectivity on NHP after 

FUS neuromodulation and FUS-mediated BBB opening and found different alteration 

patterns in various cortical regions. Applying FUS to deep brain structures can alter 

functional connectivity in major brain networks such as the default mode network and 

frontotemporal network.

4. Materials and methods

4.1. Animal preparation

A total of six adult male NHPs (N, P, O, Q, M and T, 6.9–12.3 kg, 10–27 years old) 

were used in the experiments. Two NHPs (P and O) were selected to apply FUS exposure 

only and two NHPs (M and T) were selected to apply FUS exposure with microbubbles. 

All the six NHPs were scanned to acquire structural and functional MRI images. Prior 

to the ultrasound and MRI experiments, all the NHPs were firstly sedated with ketamine 

(10 mg/kg) and dexmedetomidine (0.02 mg/kg) and then were anesthetized with 0.8–1.5% 

isoflurane. The head skin of each NHP was shaved and the conductive gel was applied to 

achieve optimal ultrasound sonication. During the MRI experiments, the Iradimed 3880 MRI 

compatible monitoring system (Winter Springs, FL, USA) was used to wirelessly monitor 

the vital signs of NHPs including body temperature, electrocardiogram, oxygen saturation 

and respiratory CO2. All the NHP procedures were approved by the Institutional Animal 

Care and Use Committee (IACUC) of Columbia University.

4.2. FUS neuromodulation and BBB opening

A single element FUS transducer (H-107, 500 kHz frequency, 63.2 mm radius of curvature 

(ROC), 64 mm outer diameter (OD), Sonic Concepts, Bothell, WA) was driven by a 

functional generator (Aglient 33220 A, Agilent Technologies, Santa Clara, CA) connecting 

to a 57 dB radiofrequency power amplifier (500S06, E&I, Rochester, NY). The FUS 

transducer was calibrated at a tank filled with degassed water. The free field pressure, 

the acoustic focus and acoustic intensities (including Isppa: spatial-peak pulse average, 

and Ispta: spatial-peak temporal average) were measured using a capsule hydrophone 

(HGL-0200, Onda Corp. Sunnyvale, CA). To better estimate the actual acoustic pressure 
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at the focus region, we measured the attenuation of the acoustic pressure through two 

ex-vivo NHP skulls. At the calibrated free field pressure range (200 kPa–1600 kPa), the 

average attenuation of the pressure was measured as 47.3 ± 3.3%. The transcranial PNP that 

considered pressure loss due to the skull attenuation, was referred to as derated PNP in the 

result section.

On the same day of MRI session, the transducer cone was filled with degassed water using 

a water degassing system WDS105+ (Sonic Concepts, Bothell, WA), and was inflated to 

attach the scalp for efficiently delivering ultrasound energy to the target. A FUS protocol 

described in previous studies [12,40] was adopted in order to achieve safe and efficient 

neuromodulation and BBB opening on NHPs, with detailed sonication parameters shown in 

Fig. 1A. For the group with FUS neuromodulation, FUS generated by the single element 

FUS transducer was applied on NHPs O and P for 2 min with derated PNP of 800 kPa, 

2 Hz pulse repetition frequency (PRF), 10 m s pulse duration (PD) and 2% duty cycle. 

For the group with FUS-BBB opening, same FUS parameters but with derated PNP of 

400 kPa were applied on NHPs M and T, and in-house manufactured microbubbles (MB) 

(4–5 μm diameter, 2.5 ×108 bubbles/kg) was injected intravenously through the saphenous 

vein of NHPs 10s after starting of the ultrasound sonication. The spatial peak temporal 

average intensities (Ispta) of the FUS neuromodulation and FUS-BBB opening are 156.9 

mW/cm2 and 39.2 mW/cm2 respectively. In this way, a lower ultrasound intensity was used 

to eliminate the effects of neuromodulation but efficiently and safely enough to open the 

intact BBB of NHP, as reported in the previous literature [29].

4.3. Targeting and numerical simulation

To achieve precise targeting of each NHP, a real time neuro-navigation system (BrainSight 

Vet System, Rogue Research Inc. Canada) in conjunction with the ultrasound system 

described in previous works was used [41]. After calibrating the FUS transducer in water at 

room temperature, we set up a numerical model incorporating a FUS transducer (ROC 

= 64 mm) adopted in this study and an NHP CT model, and both 3D acoustic and 

biothermal simulations were performed in Matlab k-wave toolbox [25]. For all the tissues 

including skull, brain and muscle, speed of sound and the density were set up following a 

linear relation with CT Hounsfield units [42], frequency dependent attenuation coefficients 

were adopted based on previous measurement [43,44]. The detailed acoustic and thermal 

parameters for numerical simulation were listed in Supplementary Table S2 [45]. The initial 

temperature of the tissue was set as 37 °C. To prevent the skull from heating, the cone 

water temperature was set as 22 °C to provide further protection to the surface of the skull 

including before and immediately after FUS procedures. To simulate the actual scenario, 1-

min pre-cooling and 2 min post cooling was incorporated in the k-wave thermal simulation. 

Temporal temperature evaluation of the brain, skull, and the other tissue were calculated 

based on Pennes Bioheat Equation [46]. Both acoustic pressure and temperature distribution 

on the 3D numerical model were finally acquired to evaluate the targeting accuracy and 

thermal safety.
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4.4. MRI imaging

All the NHPs were placed on an MRI compatible stereotaxic device for MRI imaging at 3 

T Siemens scanner, and an 8-channel surface receiver array coil was used to acquire both 

structural and functional MRI images. Under 0.8–1.1% light anesthesia, the resting state 

functional MRI scans were performed on NHPs (M, N, O, P, Q, T) using a T2* weighted 

EPI sequence (TR = 2000 m s; TE = 28.2 m s; FA = 70°; 1.65 mm isotropic resolution, 

FOV = 106 × 106 × 53 mm3, 64 × 64 × 32 matrix voxels, 456 vol per run). The baseline 

scans were performed including 2–4 runs (~15 min per run, shown in Fig. 1A) per session 

for a total of 6 NHPs and 18 runs, but without FUS sonication. For the groups of NHPs 

undergoing FUS neuromodulation (NHPs O and P) and FUS BBB opening (NHPs M and 

T), a continuous 4 runs of resting state fMRI were acquired in one MRI session starting at 

approximately 45 min after 2 min FUS exposure described in the previous section. A total 

of 8 runs of resting state fMRI were acquired in the groups of FUS neuromodulation and 

FUS-induced BBB opening. In the same session of the functional scans, the T1 weighted 

structural scans were also acquired (TR = 2580 m s; TE = 2.81 m s; FA = 9°, isotropic 0.5 

mm resolution; FOV 128 × 128 × 60 mm).

To evaluate the safety and efficiency of BBB opening, additional T1 weighted structural 

scans (same protocol with the regular T1, named post T1 in Fig. 1A) without (baseline + 

Gadolinium) and with FUS combined with microbubbles (FUS + Gadolinium + MB) were 

acquired 30 min after IV administration of Gadolinium contrast agent (0.2 ml/kg). In normal 

condition, the Gadolinium contrast cannot cross the intact BBB due to its relatively large 

molecular size, however with FUS-mediated BBB opening, the contrast agent was utilized as 

an efficient means to visualize the site of BBB opening due to its increasing effects on BBB 

permeability [40].

4.5. Data processing and analysis

All the fMRI data were processed using a pipeline combining FSL (FSL 6.0.3) and Matlab 

(Matlab 2019b, The MathWorks, Inc., Natick, MA, United States). First, preprocessing steps 

including motion correction, slice-timer correlation and B0 field map distortion correction 

were applied using FSL 6.0.3 [47]. Both temporal and spatial filtering were applied: a 

high pass temporal filter with 100 s cutoff was applied to remove the low-frequency noise; 

and a spatial filter with 3 mm FWHM Gaussian kernel was applied to smooth the fMRI 

data. In addition, global signal regression was applied on each dataset to remove the global 

artifacts due to motion and respiration [48,49]. Finally, linear registration was achieved 

from functional to structural images, and then from structural images to the standard D99 

template of NHP brain [27], using the FAST tools of FSL [47].

In order to calculate the functional connectivity of the NHPs, we calculated seed-based 

correlation between the chosen ROI of 3.5 × 3.5 × 3.5 mm3 and the other nodes or areas 

within the relevant brain networks including default mode network (DMN), frontotemporal 

network (FTN), salience network (SN) and visual networks (VN). For quantification of 

functional connectivity in cortical regions, we selected ROI located at right Caudate; for 

quantification of different brain networks, we selected ROI located at dorsolateral prefrontal 

cortex (DMN)), medial prefrontal cortex (FTN), insular cortex (SN) and primary visual 
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cortex (VN). The central coordinates of the ROI adopted in this study are listed in Table 

S1. The procedures above are performed for every run of resting state fMRI of NHPs 

including 18 baseline runs (6 sessions and 6 NHPs), 8 runs of FUS neuromodulation (2 

sessions and 2 NHPs) and 8 runs of FUS-mediated BBB opening (2 sessions and 2 NHPs). 

In each run of the rsfMRI acquisition, the correlation coefficients between the seed ROI 

and the other brain area were calculated and the results were presented using Fisher’Z 

transformation. The resulting average correlations of all the rsfMRI runs in each group were 

then fed into Kruskal-Wallis test [50] to compare the BOLD activity between baseline, FUS 

neuromodulation and FUS-mediated BBB opening. The statistical threshold was set as 0.05, 

and when there is a statistical significant difference between the three groups, a post-hoc 

non parametric permutation test [51] with 5000 resamples were performed to compare the 

correlations between every two groups, with p < 0.05 representing a significance difference.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
MRI and FUS experimental setup and numerical simulation A. MRI and FUS scheme of 

single session including baseline (n = 6 NHPs), FUS (FUS only, n = 2 NHPs) and FUS with 

microbubbles (FUS + MB, n = 2 NHPs); B. FUS Acoustic (derated PNP ~800 kPa in the 

target, used for FUS neuromodulation) and biothermal simulation (~0.5 °C elevation in the 

target).
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Fig. 2. 
FUS target planning (A) and confirmation (B) using Gadolinium enhanced MRI images in 

sagittal, coronal and axial planes. The green-crossed point indicates the pre-treatment target 

of FUS exposure using Brainsight Navigation System (A). The hyper-intense voxels (yellow 

arrow) denote the region of BBB opening (B). Subtraction between Gadolinium enhanced 

T1 images collected at post FUS + MB and baseline was performed, and the difference in 

target area was shown with an overlay on post Gadolinium T1 images after FUS-induced 

BBB opening.
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Fig. 3. 
Effects of FUS and FUS-BBB opening on the functional connectivity between the caudate 

and the cortex. Seed-based connectivity and difference maps of resting state fMRI without 

FUS (baseline), post-FUS (FUS only) and post-FUS with microbubbles (FUS + MB). 

Connectivity changes were found in the after FUS and FUS-BBB opening compared to the 

baseline. The red-yellow and blue-light blue color maps indicate Fisher z-score maps with 

seeds in the right caudate (FUS target, shown in green cross point). L: left, R: right, A: 

anterior, P: posterior, S: superior, I: inferior.
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Fig. 4. 
Effects of FUS and FUS-BBB opening on the functional connectivity between the caudate 

and the cortex: radar charts (A) and statistical box plots (B) of resting state fMRI without 

FUS (baseline), post-FUS (FUS only) and post-FUS with microbubbles (FUS + MB). The 

box plots showed the correlations of 25% percentile, 50% percentile, and 75% percentile, 

and outlining or extremely values. Statistical analysis was firstly performed using Kruskal-

wallis test, with a purple p < 0.05 representing a significant difference. Post-hoc permutation 

test (5000 resamples) was performed to compare correlation values between each pair of 

three conditions. When there is a significant difference among the three conditions, and × 

denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001 and ns denotes p > 0.05.
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Fig. 5. 
Effects of FUS and FUS-BBB opening on default mode network. A. Seed-based 

connectivity maps, B. difference maps in coronal planes and C. radar charts of resting state 

fMRI without FUS (baseline) and post-FUS (FUS only) and post-FUS with microbubbles 

(FUS + MB). With the seed selected in 8Ad of dlPFC (green crossed point in A), Default 

mode network nodes were found significantly activated after FUS and FUS-BBB opening 

compared to the baseline. The red-yellow and blue-light blue color maps indicate Fisher 

z-score maps with seeds in right 46d. L: left, R: right, A: anterior, P: posterior, S: superior, I: 

inferior.
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Fig. 6. 
Seed-based correlation box plots with the seed ROI selected as right 8Ad (A), 9m (B), 

23b(C), right Ial (D) and left V1 (E). The results indicated the changes in functional 

connectivity among dlPFC, PCC, PPC, TEMP, IC and ACC with the conditions of baseline, 

FUS and FUS with microbubbles (FUS + MB). The box plots showed the correlations of 

25% percentile, 50% percentile, and 75% percentile, and outlining or extremely values. 

Statistical analysis was firstly performed using Kruskal-wallis test, with a purple p < 

0.05 representing a significant difference. Post-hoc permutation test (5000 resamples) was 

performed when there was a significant difference among the three conditions, and × 

denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001 and ns denotes p > 0.05.
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Fig. 7. 
Summary of changes of functional connectivity on major brain networks among baseline, 

FUS neuromodulation and FUS-BBB opening. A. an activation of default mode network 

by both FUS neuromodulation and FUS-BBB opening; B. an activation of frontotemporal 

network by FUS-BBB opening. The width of arrow illustrates the average functional 

connectivity of the three conditions, with larger width indicating higher correlations. 

Colored arrow demonstrates the trend of changes on functional connectivity, with yellow, 

orange and red representing no change, modest and greatest magnitude changes compared to 

baseline respectively. + indicates a change (activation) with significant statistical difference 

compared to baseline.
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