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Introduction 

The blood-brain barrier (BBB) is a selectively permeable 
boundary separating the parenchyma of the central nervous 
system (CNS) from systemic circulation (1). The BBB keeps 
the microenvironment of the CNS stable while limiting 

the passage of most small pharmaceutical molecules and 
nearly all large molecules, such as monoclonal antibodies, 
gene-therapy drugs, and recombinant proteins (2). Various 
diagnostic agents and drugs have been developed to treat 
CNS diseases; however, the intact BBB can prevent these 
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agents, whether taken intravenously or orally, from reaching 
the CNS in effective amounts. Therefore, methods to 
permit the passage of desired substances in effective 
amounts through the BBB are needed.

Several methods have been studied to overcome the BBB, 
including lipophilic chemical modification of agents or the 
use of biological transporters. However, these measures 
have low spatial specificity unless intra-arterial infusion or 
direct transcranial administration are used, which are not 
ideal for targeted drug delivery (3). Temporarily opening 
the BBB for drug delivery with low-intensity pulsed 
ultrasound (4-6) combined with microbubbles (MBs) has 
shown promise in preclinical studies in animal models and 
even in human subjects (5,7-14). Ultrasound parameters, 
MB types, and the dose applied are the key determinants of 
BBB opening’s safety and effectiveness (1,9,15,16). Magnetic 
resonance imaging (MRI) is widely adopted for feasibility 
and safety verification in these studies. Hynynen et al. (7) 
and McDannold et al. (8) applied low-intensity focused 
ultrasound in conjunction with intravenously administered 
MBs (Optison, diameter: 2.0–4.5 μm, 0.05 mL/kg) for 
targeted BBB opening in rabbits under the guidance of 
MRI. The acoustic pressures varied from 1 to 4.7 MPa at 
1.63 MHz, and burst length varied from 10 to 100 ms with 
1 Hz repetition in these studies, and the BBB recovered 
within 24–48 hours with no neuronal damage below 1 MPa. 
Brain tissue damage was found above 2.3 MPa, while the 
rabbits did not show any neurological symptoms. Samiotaki 
et al. (9) and Downs et al. (10) conducted quantitative 
studies with MRI on focused ultrasound-induced BBB 
opening in mice (acoustic pressures 0.30–0.60 MPa at  
1.5 MHz, 67 μs burst length, 10 Hz repetition; MBs 
diameter: 1–8 μm, concentration 1 mL/kg) and in the long-
term estimation of safety in non-human primates (acoustic 
pressures 200–400 kPa at 500 kHz, 10 ms burst length,  
2 Hz repetition; MBs diameter: 4–5 μm, concentration  
0.1 mL/kg). The authors found that the BBB remained 
open for 24 hours or sometimes for several days in mice 
due to the possible vascular damage under higher acoustic 
pressures or larger MBs. In the primate study with a 
cognitive task, primates’ task-reaction time increased 
significantly on the day of sonication, without long-term 
negative physiological or neurological effects, and returned 
to baseline within 4–5 days. Chai et al. (17) opened the BBB 
of rats with a 400 kHz ultrasound transducer and measured 
the kinetics of permeability changes with dynamic contrast-
enhanced MRI. The kinetics recovered to baseline within 
24 hours. Recently, BBB opening with MR-guided focused 

ultrasound was investigated in patients being treated for 
neurological diseases (11-13). 

Despite the BBB opening reports with the combination 
of ultrasound and MBs, the potential for side-effects, such 
as neuronal damage, red blood cell extravasation, and 
neuroinflammation, should be assessed before this technique 
is applied clinically (12,13,16,18). Efforts have been made 
to improve these methods' safety by optimizing the acoustic 
and MB parameters to shorten the recovery time of the BBB 
and reduce albumin infiltration into the brain. Sonication 
with short pulses (<1 ms) is reported to be sufficient for 
BBB opening with much less energy deposition. Choi et al.  
disrupted the BBB of mice using a 33 μs burst length at  
1.5 MHz with 10 Hz repetition (19). O'Reilly et al. (20) 
induced BBB disruption in rats with a single 3 μs pulse 
burst (at 1.18 MHz with 1 Hz repetition under 0.54 MPa). 
Samiotaki et al. (21) found that 67 μs pulse length with 10 Hz  
repetition could also cause BBB opening in mice under 
0.45 MPa acoustic pressure, and the permeability change, 
opening volume, and reversal time were comparable to 
those of long pulses (LP) (>1 ms) under lower acoustic 
pressure.

Recently, Morse et al. (22) reported that a rapid short-
pulse (RaSP) ultrasound sequence (5 μs bursts per 0.8 ms, 
continuously repeated 13 times every 2 seconds, acoustic 
power 0.35 MPa) with SonoVue MBs (5 μL/g injections 
in vein) was efficient for drug delivery with minimal BBB 
disruption in mice. Their study showed that the drugs were 
more uniformly delivered into the brain than the traditional 
10 ms LP (LP10). The duration of the permeability 
change was reduced to less than 10 minutes by RaSP. The 
amount of albumin released into the brain was 3.4-fold 
less than LP10, while the dextran delivery dosage was not 
significantly reduced. Although drug delivery efficiency in 
the long-term period of RaSP needs further optimization, 
the features of a uniform delivery profile and shorter BBB 
recovery time of RaSP are attractive to diagnosing and 
treating neurological diseases. 

To the best of our knowledge, RaSP induced-BBB 
opening has only been reported in rodent studies. This 
work aims to verify the feasibility and safety of BBB 
opening with RaSP in a non-human primate model. 
Contrast-enhanced MRI was used to evaluate BBB opening 
quantitatively in both RaSP and LP trials. Traditional T2-
weighted (T2w) and T2*w images were used to detect 
edema and hemorrhage. The results showed that RaSP 
achieved the desired opening of the BBB without adverse 
side effects under current ultrasound and MB parameters in 
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a monkey model. 

Methods

Animal preparation

The Institutional Ethical Committee approved all animal 
procedures of Animal Experimentation of Shenzhen 
Institutes of Advanced Technology, Chinese Academy of 
Sciences. The experiments (Certificate number: original-
SIAT-IRB-170425-YGS-ZHR-A0094-2, amended-SIAT-
IACUC-20200417-ZKYSZXJJSYJY-YB-ZHR-2-04) 
were carried out strictly following governmental and 
international guidelines on animal experimentation. All 
efforts were made to minimize the number of animals used 
and their suffering during experiments, according to the 
request of Biosafety and Animal Ethics. Two male rhesus 
macaques (M21-monkey 21; M22-monkey 22) weighing 
5.8 and 6.9 kg were used. The animals were allowed only 
water 12 h before the experiments. Before the experiments, 
the study animal was intramuscularly injected with atropine 
(0.02–0.04 mg/kg) in their cage. Ten minutes later, telazol 
(5 mg/kg) was administered by intramuscular injection 
for temporary anesthesia. After the monkey was fully 
anesthetized, it was transported to the animal preparation 
room, and its head was shaved. The monkey was fixed by 2 
ear bars in a stereotaxic frame on the MR scanning table and 
intubated for anesthesia during the experiment. The animal 

was covered by a blanket with circulating warm water to 
maintain its body temperature. Vital signs were monitored 
with an MRI-compatible patient monitor (Precess 3160, In-
vivo, Philips) and manually recorded. The interval between 
experiments was approximately 2 weeks for each monkey. 
The experimental setup is shown in Figure 1.

Ultrasound system

A custom-built,  single-element, spherical focused 
ultrasound transducer with a diameter of 50 mm and a 
geometric focal length of 55 mm was used for sonication. 
The central frequency of the transducer was 300 kHz. 
The transducer was implanted in an ultrasound coupler 
filled with degassed water and fixed on the positioning 
system with 5 degrees of freedom (2 rotational motions and  
3 translational motions). The transducer’s acoustic pressure 
was calibrated by hydrophone (Precision Acoustics Ltd., 
Dorchester, UK) in water, as illustrated in Figure S1. The 
transducer was driven by a custom-built power amplifier 
with a fixed gain of 50 dB, as illustrated in Figure S2.

Sonication protocol

The timing diagrams of the schemes of the 2 kinds of RaSP 
sequences and an LP sequence were compared, as presented 
in Figure 2. The pulse repetition frequency (PRF) of the 
ultrasound was 1 Hz, the burst length was 10 ms for the LP 
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Figure 1 Experimental setup. The animal was prone on an MR-compatible stereotaxic frame and fixed by 2 ear bars. The ultrasound 
transducer (300 kHz) was fixed on a positioning system with 5 degrees of freedom (1 and 2 for rotational motions and 3, 4, 5 for translational 
motions) and coupled to the animal with degassed water. A single-element radiofrequency coil was inserted between the transducer and the 
animal’s head to receive MR signals. MRI, magnetic resonance imaging.
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(LP10), and 300 μs (RaSP 30) or 600 μs (RaSP 60) for the 
RaSP sequences. The 10 ms burst length in LP was further 
partitioned into 10 periods, and only 10 or 20 pulses were 
applied (equal to 30 μs or 60 μs pulse length) during each 1 ms 
period, making the total duty cycle 3% or 6% of LP sequences. 
The total duration of the ultrasound was 180 s, and the peak 
negative acoustic pressure was set to 0.56 MPa calibrated in 
water for both sequences. The relative mechanical index (MI) 
was 1.02 in water.

BBB opening procedure

The BBB opening procedure was guided and evaluated 
with a 3.0 T MRI scanner (uMR790, Shanghai United 
Imaging Healthcare, Shanghai, China). Before sonication, 
T1, T2, and T2*w images (imaging protocol is presented 
in Table 1) were obtained for treatment planning and used 
as a baseline. The prepared animal was sonicated with the 
pulsed ultrasound for 3 min after the MBs (SonoVueTM, 
Bracco International, Amsterdam, The Netherlands), with 
mean diameters approximately 2.5 μm and concentration 

1×108 to 5×108 MBs/mL, were injected through the femoral 
vein. At the end of sonication, 1 mL (0.15–0.17 mL/kg  
per monkey) gadopentetate dimeglumine (Gd-DTPA) 
was injected, and a series of T1w fast-spin echo (FSE) 
images with spectral attenuated inversion recovery (SPAIR) 
were acquired continuously to demonstrate the contrast 
enhancement of BBB opening. MBs and Gd-DTPA 
injection were followed by 1 ml saline to flush the agent 
out of the retention needle. Finally, the T2w FSE and 
T2*w gradient echo (GRE) sequences were scanned to 
evaluate edema (23) and micro-bleeding (24) at the end of 
the procedure. T1w fluid-attenuated inversion recovery 
(T1-FLAIR) was also used in some cases to identify the 
distribution of contrast enhancement with cerebral spinal 
fluid suppression. The experiments were classified into  
5 groups (Figure 3) according to the ultrasound protocols: 
G1, RaSP for 300 μs; G2, RaSP for 600 μs; G3, LP for  
10 ms; G4, sequential RaSP for 300 μs and RaSP for 600 μs; 
G5, sequential 300 μs RaSP and 10 ms LP ultrasound. Each 
animal received all 5 experimental protocols. In G4 and 
G5 studies, the sonication and T1w FSE acquisition were 
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Figure 2 Ultrasound sequences. A 10 ms length pulse (LP10) was partitioned into 10 periods of 1 ms each. Each period contained only 
10 (RaSP30) or 20 (RaSP60) pulses of sine waves with 300 kHz. The pulse repetition frequency of sonication was 1 Hz, the peak negative 
acoustic pressure of all sequences was 0.56 MPa calibrated in water, and the corresponding mechanical index (MI) was 1.02 in water. N, the 
number of ultrasound waves.
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repeated once. 

Data processing

A reference region of interest (ROI) was drawn in the 
coupling water area, and the averaged signal intensity over 
the reference ROI was used to normalize the whole image 
to avoid signal fluctuation:

( ) ( )
( )N

S t
S t

N t
=  [1]

where S (t) is the T1w image acquired at time t, N (t) is the 
averaged signal intensity over the reference ROI, and S  N(t) 
is the resultant normalized T1w image at time t.

Signal enhancement maps at each time point were 
defined by the relative signal change against the image 

Table 1 MRI protocols

Variables T1-FSE T1-FLAIR T2-FSE T2*-GRE

TR (ms) 600 2,000 5,000 500

TE (ms) 11 11 75 20

FA (°) 90 90 90 30

FOV (mm) 120 120 120 120

Resolution 320×320 320×320 320×320 320×320

Slices (mm) 2.0 2.0 2.0 2.0

Slices gap 20% 20% 20% 20%

Inversion time (ms) – 870 – –

Echo train length 3 5 16 –

Acquisition time 4 min 23 s 2 min 12 s 3 min 25 s 2 min 40 s

MRI, magnetic resonance imaging; TR, time of repetition; TE, time of echo; FA, flip angle; FOV, field of view; GRE, gradient-echo; FLAIR, 
fluid-attenuated inversion recovery.

G4,G5:

G1,G2,G3:

T1/T2/T2× 
Baseline

T1/T2/T2× 
Baseline

T2/T2× 
Detection

T2/T2× 
Detection

T2/T2× 
Detection

MB+ 
US+Gd

MB+ 
US+Gd

3 Minutes
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3 Minutes

More Than 90 Minutes

More Than 90 Minutes

More Than 90 Minutes
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US+Gd

Repeated 
T1w images

Repeated 
T1w images

Repeated 
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Figure 3 Procedures for the study groups. The ultrasonic protocols in G1, G2, and G3 were RaSP30, RaSP60, and LP10, respectively. In G4, 
RaSP30 was followed by RaSP60. In G5, RaSP30 was followed by LP10. MB, microbubbles; US, ultrasound; Gd, gadopentetate dimeglumine.
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acquired before Gd-DTPA was injected:

( ) ( ) ( )
( )
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N N
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−
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Statistical analysis

Two ROIs were drawn on the T1w images. One was arranged 
around the ultrasound focal area (ROIF), and the other was 
positioned on the opposite hemisphere for comparison (ROIc). 
The temporal course of the relative signal enhancement was 
analyzed. The Student’s t-test was performed on the relative 
signal enhancement between the 2 ROIs at different time 

points in each trial. The statistical analysis was performed to 
determine whether the contrast enhancement appeared in the 
sonicated area to check that the BBB was opened in each trial. 

Results

RaSP-induced BBB opening

The feasibility of BBB opening by RaSP was demonstrated 
by contrast enhancement around the targeted focal 
area after ultrasound sonication in all experiments. The 
relative signal enhancement maps overlapped on the T1w 
images. Figure 4A shows the relative signal enhancement 
maps before and after RaSP60 sonication. The dotted 

Control

RaSP30

M21

M22

RaSP60 LP10

100%

80%

60%

40%

20%

−20%

0%

BBB opened

B

A

Figure 4 Relative signal enhancement maps overlapped with T1w images. (A) Relative signal enhancement maps for control (only Gd 
injection before RaSP60 sonication with MBs) and BBB opened (after RaSP60 sonication with MBs). Enhancement is indicated in a focal 
area (dotted rectangle). (B) Relative signal enhancement maps of M21 and M22 in all 3 protocols. The intersection of 3 red lines (representing 
the beam path) marks the geometric focus. The colorbar of the relative enhancement map is shown on the lower right-hand side for all 
images. BBB, blood brain barrier; M21, monkey numbered 21; M22, monkey numbered 22; RaSP30, rapid short pulse with 30 μs burst 
sonication; RaSP60, rapid short pulse with 60 μs burst sonication; LP10, 10 ms long pulse sonication.
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rectangle in the relative enhancement map after RaSP60 
demonstrated observable signal change due to sonication. 
Figure 4B compares the relative signal enhancement maps 
under RaSP30, RaSP60, and LP10 protocols in both 
monkeys. The contrast agent enhanced the area around the 
ultrasound focus, whereas no relative signal enhancement 
was evident in the opposite area in all protocols. The 
enhancement intensity and volume were larger under LP10.

Temporal course of the relative signal enhancement after 
BBB opening

The representative relative signal enhancement curves in 

ROIF and ROIC of M21 are presented in Figure 5. Signal 
intensities slightly increased to a steady-state in the ROIC, 
closely following Gd-DPTA injection, whereas they 
continuously increased in the ROIF up to 90 min after the 
Gd-DTPA injection in all protocols. For example, in the 
RaSP60 trial, as shown in Figure 5B, the relative signal 
enhancement in ROIC slightly increased to 5–8% during 
the whole observation time window, while the relative signal 
enhancement in ROIF continuously increased from 15% to 
30% within 90 minutes. The student’s t-test was performed 
between pixels of the 2 ROIs at different time points after 
sonication with MBs. The relative signal enhancement was 
significantly different in ROIF and ROIC (P<0.01) at all 
time points after sonication in each monkey, indicating the 
successful opening of the BBB in these trials.

Signal enhancement comparison 

To quantitatively compare the differences in BBB opening 
induced by the various protocols, we evaluated the 
relative signal enhancement in ROIF and ROIC for the  
5 experimental groups. Three time points at which the  
3 largest mean values occurred in ROIF were found for all 
curves. The average of the mean and standard deviation 
of these 3 time points are summarized in Table S1. The 
relative signal enhancement in ROIF after BBB opening was 
significantly higher than that in ROIC for all experimental 
groups (P<0.01). In all the study groups, the differences 
between relative signal enhancement in ROIF and ROIC 
were positively correlated with the burst length of pulses in 
each sonication protocol. The relative signal enhancement 
of the same protocol showed good consistency between 
different experimental groups in each animal, as illustrated 
in Table S1 and Figure 6. For example, in the 3 RaSP30 
trials in G1/G4/G5 on M21, the signal enhancement was 
12.7%±3.0%, 13.2%±3.3%, and 13.3%±3.2%, respectively. 
The relative signal enhancement in RaSP30 and RaSP60 
reached more than 30% or 60% of that with LP10 
sonication in our experiment, respectively. Furthermore, the 
energy deposition in RaSP30 and RaSP60 was only 3% and 
6% of LP10, respectively. The relative signal enhancement 
in ROIF was 2–4 folds higher compared to ROIC in RaSP 
sonications.

Edema and hemorrhage detection 

T2 FSE and T2* GRE images were acquired with the 
same position, resolution, and slices as for the T1 FSE 
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Figure 5 The relative signal enhancement curves after BBB opening 
with RaSP30, RaSP60, and LP10 in M21. The standard deviations 
of the relative signal enhancement inside the ROI are shown as the 
error bars at each time point. The differences between relative signal 
enhancement after sonication were all significant (*, represents 
P<0.01 in Student’s t-test) between pixels of ROIF and ROIC in the 
3 protocols. RaSP30, Rapid short pulse with 30 μs burst sonication; 
RaSP60, Rapid short pulse with 60 μs burst sonication; LP10,  
10 ms long pulse sonication; MB, microbubble; Gd, gadopentetate 
dimeglumine (Gd-DTPA); ROIF, region of interest at focus; ROIC, 
region of interest at the opposite hemisphere for comparison.
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sequence to detect edema and micro-bleeding. There 
were no observable changes in the T2w/T2*w MRI 
images for RaSP30 and RaSP60. However, in the G5 
experiment (RaSP30 followed by LP10 at the same location 
within 2 hours), hemorrhage in the sulcus caused by 
LP10 sonication was present in monkey M21, which was 
indicated by the hypointensity signal on T2*w imaging after 
LP10 (hypointensity signal was not present before LP10 
sonication in Figure 7A and appeared after LP10 as per the 
arrow in Figure 7B). The hypointensity disappeared 2 weeks 
later (arrow in Figure 7C). No enhancement was evident in 
the contrast-enhanced T1w images acquired 2 weeks after 
G5 sonication (Figure 7D).

Discussion 

Studies over the past decades have found that 10 to 100 ms  
LP ultrasound combined with MBs can open the BBB 
without irreversible brain tissue damage in models from 
mice to non-human primates in vivo (5,7,8,10-13). Also, 

BBB opening with negligible disruption has been achieved 
with microsecond-level RaSP ultrasound in mice (22). 
However, the safety of ultrasound for BBB opening remains 
a concern for clinical application. Here, we documented the 
feasibility and safety of BBB opening with RaSP ultrasound 
in monkeys. 

Contrast-enhanced T1w MRI is a commonly used  
(15,25-28) acceptable method for identifying BBB opening in 
large animals, such as monkeys. In these referenced reports, 
10% relative signal enhancement was used to confirm the 
local BBB opening. Our study documented the feasibility 
of opening the BBB in non-human primates with RaSP. 
The relative signal enhancement was approximately 13% 
in RaSP30 and exceeded 23% in RaSP60 in the sonicated 
area. The relative signal enhancement was positively 
correlated with the pulse length, which is consistent with 
previous studies (20). The concordance between the results 
obtained with the same ultrasound protocols across various 
experimental groups (G1 and G4/G5-RaSP30, G2 and G4-
RaSP60, G3 and G5-LP10) indicated high consistency of the 
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21; M22, monkey numbered 22.
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experiments in each monkey. However, there was a difference 
between the 2 monkeys for the same group of ultrasound 
variables, which may be due to differences in the skull 
geometry (27). 

In monkeys, the BBB is restored within 2 to 4 days after 
being opened with LP (29). Shortened BBB recovery time 
is an attractive feature of RaSP compared with traditional 
LP. For example, in mice, permeability returned to control 
levels in less than 10 minutes with RaSP ultrasound (22). In 
our experiments in non-human primates, the duration of 
BBB opening may have been longer than desirable. In one 
experiment, the animal was injected again with Gd-DTPA 
(without ultrasound sonication) 90 minutes after a RaSP60 
sonication. The relative signal enhancement continued to 
increase in the focal area, while it was unchanged in the 
contralateral control area, indicating that the BBB was still 
open (Figure S3). According to Samiotaki et al. (21,30), 

BBB opening’s reversal time is linearly correlated with 
the opening volume caused by a single foci sonication. 
O'Reilly et al. (31) claim that the key factors determining 
BBB recovery time are the acoustic pressure profile and 
MB parameters. We speculate that the shortening of BBB 
recovery time was not achieved due to the relatively higher 
acoustic pressure (0.56 MPa in water under 300 kHz) used 
in our study compared to Morse et al.’s work (0.35 MPa 
under 1 MHz) (22). The acoustic pressure profile of the 
focus was relatively broad in our study (focal area 6.9 mm 
× 6.9 mm × 30 mm according to Figure S1). Moreover, the 
MBs (100 μL, 5 μL/g SonoVue) was injected intravenously 
over 30 seconds in their study, while MBs (1 mL, 0.2 μL/g  
SonoVue) were injected intravenously in a bolus in our 
study, The different MB administration modes may 
also contribute to the differences in the experimental 
results. In future work, acoustic parameters (including 

Before LP10

2Weeks Later 2Weeks Later

T2*GRE

T2*GRE T1 FSE

T2*GRE

After LP10

A B

C D

Figure 7 Hemorrhage detected in T2*w GRE images after LP10 sonication in the G5 protocol in M21. (A) T2*w GRE image acquired 
after RaSP30 and before LP10. (B) T2*w GRE image acquired after LP10. Hypointensity in the sulcus (white arrow) indicates the presence 
of hemorrhage. (C) T2*w GRE image acquired 2 weeks later, showing that the hypointensity disappeared. (D) Contrast-enhanced T1w 
image after Gd-DTPA injection (without ultrasound), with no local enhancement present, indicating that the BBB recovered to baseline. 
LP10, 10 ms long pulse sonication; FSE, fast-spin echo; GRE, gradient echo.
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transducer geometry, acoustic pressure, PRF, burst period/
length, etc.) and MB parameters (bubble size, dosage, and 
administration) need further optimization to achieve shorter 
recovery time, especially in large animal models.

We were unable to more thoroughly study the exact 
recovery time of BBB opening because of institutional 
review board regulations on animal care (the minimal 
interval allowed for the MR scan on one monkey was  
14 days) .  However,  we conducted the Gd-DTPA 
enhancement scans (without ultrasound) 2 weeks after 
opening to ensure that the BBB had recovered from the 
sonication, and no relative signal enhancement was present 
(Figure 7D). In the future, we will aim to shorten the 
interval for MRI scanning in 1 or 2 monkeys to obtain a 
more precise measure of the recovery time.

The 300 kHz transducer was chosen after considering the 
skull penetration efficiency of the acoustic power in monkeys. 
One of the adverse effects of using low-frequency ultrasound 
is that the cavitation threshold is also lowered. Measuring 
passive acoustic emissions is a widely used method of 
monitoring MB-induced cavitation (12,13,32-34). Although 
we did not monitor passive cavitation in our experiments, 
the acoustic parameters (300 kHz, 0.56 MPa, and 1.02 MI 
in water) and MBs (0.20 mL/kg; SonoVue) were carefully 
selected following a study of BBB disruption in non-human 
primates with feedback control of MB cavitation (14). In 
this previous study, mild BBB opening was achieved under 
acoustic pressure 697 kPa (500 kHz; MI =0.99 calibrated 
in free water). Harmonic components in the relative 
spectrum were observed, while broadband and sub-harmonic 
components were not significant in the passive cavitation 
detector (PCD), indicating that the MBs underwent stable 
cavitation. T2w images with no hemorrhage evidence also 
confirmed that the BBB opened safely under this acoustic 
pressure in their study. Our MI (1.02 in free water) was very 
close to this previously reported MI for mild BBB opening 
(697 kPa, MI =0.99 calibrated in free water), and our MB 
dose (0.20 mL/kg; SonoVue) was slightly lower (0.30 mL/kg;  
SonoVue). We also confirmed that no hemorrhage occurred 
on the T2w images after RaSP. Combining all these results 
and comparisons, it is more likely that the MBs mainly 
presented stable cavitation in our RaSP experiments. 
However, considering the lower frequency used in our study, 
we believe that the acoustic pressure and MB parameters can 
be further optimized in future explorations when sufficient 
animal models are available. 

The monkeys’ blood oxygen levels, respiration rates, 
and heart rates were stable in all experiments. With MRI 

detection, hemorrhage was occasionally present after 
LP10. Under the same acoustic pressure, the LP10 has a 
higher risk of adverse effects such as hemorrhage or edema. 
Interestingly, hemorrhage was only found in the G5 group 
(LP10 after RaSP30) but not in the G3 group (LP10 only), 
suggesting that repeated ultrasound sonication at the same 
location to induce BBB opening in a short time interval has 
a higher risk. Adverse effect accumulation may explain the 
hemorrhage. The exact reason for this finding is unknown 
and will be explored in future studies.

We acknowledge that our study has limitations. First, the 
number of trials and experimental animals were relatively 
limited. Only 10 trials on 2 monkeys were performed in 
this study. However, based on the observations from the 
2 monkeys, these results are comparable and consistent 
between the trials with the same ultrasound protocol for 
each monkey. Second, the focal area of our transducer 
was relatively large for targeted BBB opening. Using a 
transducer with a higher frequency, electronic steering for 
skull correction using a phased array will be considered in 
future studies to avoid the focal point distortion. Third, 
only the ultrasound burst length varied, while other 
ultrasound and MB parameters were kept the same. Studies 
are needed with varying acoustic power, burst lengths, 
and MB parameters, including size and dose, to find the 
optimized parameters for shorter BBB recovery time. 
Fourth, the duration of BBB opening after RaSP and drug 
delivery efficiency in primates, need further quantitative 
studies. 

Conclusions 

This work demonstrated the feasibility and safety of RaSP 
ultrasound to open the BBB in a non-human primate 
model. The relative signal enhancement in RaSP30 and 
RaSP60 reached more than 30% or 60% of that with LP 
sonication in our experiments, respectively. Furthermore, 
the energy deposition in RaSP30 and RaSP60 was only 
3% and 6% of LP, respectively. The results suggest that 
opening the BBB using RaSP is preferable to opening with 
traditional LPs. Measures to shorten the duration of BBB 
opening after RaSP ultrasound should be investigated in 
future experiments. 
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Supplementary

Figure S1 The acoustic field characterization of the custom-built transducer in water. (A) 2D acoustic power distribution in the focal XY 
plane. (B,C) The acoustic power distribution along the X axis and Y axis when the amplifier was driven by 300 mVpp input. (D) Negative 
acoustic pressure measured by a hydrophone at different input voltages of the amplifier. (E) 3 dB contour line of acoustic power intensity in 
the focal XZ plane, the length on the Z axis is 32 mm.

Figure S2 The gain of the custom-built power amplifier was measured as ~50 dB operating at 300 kHz.

(E)
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Figure S3 To verify whether the BBB was closed 100 minutes after RSP60 sonication, Gd was injected again 100 minutes after RSP60. The 
signal intensity in ROIF continued to increase after the second contrast injection even without ultrasound, while the intensity in ROIC was 
almost the same. This observation indicates that the BBB was not closed 100 minutes after RSP60.

Table S1 The relative signal enhancement (%) in the experimental groups

Group G1 G2 G3 G4 G5

Protocol RaSP30 RaSP60 LP10 RaSP30 RaSP60 RaSP30 LP10

M21 ROIF 12.7±3.0 29.6±3.0 45.7±4.0 13.2±3.3 32.5±2.9 13.3±3.2 47.2±2.5

ROIC 6.4±3.7 8.9±4.0 10.0±2.6 4.6±3.2 8.1±3.3 5.9±4.3 8.6±3.5

Diff 6.3 21.6 35.7 8.6 24.4 7.4 38.6

M22 ROIF 13.8±3.8 23.7±6.7 33±6.6 13.1±3.7 25.1±4.4 12.6±3.3 37.6±3.8

ROIC 4.5±3.8 5.5±6.7 6.9±4.5 3.0±3.5 7.6±3.5 7.5±6.2 8.7±5.8

Diff 9.3 18.2 26.1 10.1 18.5 5.1 28.9

ROIF: region of interest at focus. ROIC: region of interest at the opposite hemisphere for comparison. Diff: the difference between relative 
signal enhancement of ROIF and ROIC.


