
 
 

Supplementary Methods 

Calibration of the focused ultrasound system 

We measured the peak negative pressure amplitude at the focus in water as a function of the acoustic power 

using a 4 mm diameter calibrated omni-directional needle hydrophone (model TC4038, Reson). To estimate 

the effects of a monkey’s skull on the pressure amplitude, we obtained a desiccated rhesus macaque skull and 

degassed it in water for several days. The insertion loss due to this skull was measured with this hydrophone 

and a single-element transducer (diameter/radius of curvature: 10/8 cm) operating at 257 kHz. The drop in 

pressure amplitude due to the monkey skull was approximately 25%. Based on these measurements, an 

acoustic power level of 1 W was estimated to produce a peak negative pressure amplitude of 223 kPa in the 

brain. Higher pressure amplitudes were estimated by extrapolation assuming linear propagation. Note that this 

pressure amplitude estimate did not include effects related to the individual thickness of the skull bone for 

different animals or effects related to how the skull was oriented within the transducer system for different 

targets. These effects were expected to add some uncertainty to our analysis. Given the above uncertainties, 

we estimate the accuracy in the reported pressure amplitudes to be ±10 kPa at best. Attenuation from brain 

tissue and skin were not considered, as their impact would be minor (less than 5%) at this ultrasound 

frequency.  

The phased array is used for electronic beam steering of the focal point (i.e., the transducer was not moved), 

and for aberration correction that can compensate for human the skull. This correction, which is based on 

acoustic modeling and CT-derived skull geometry and density information (1), was not utilized here as animal 

CT scans were not available at the time of these experiments. However, given the relatively thin primate skull 

and the low frequency used in this TcMRgFUS system, only minor beam aberration was anticipated for most 

targets (2). 

 



USCA infusion protocol 

Tests at 82 locations with volumetric sonication used an infusion pump (Spectra Solaris EP, Medrad) to deliver 

microbubbles throughout the exposures. To keep the microbubbles, which float, mixed throughout the infusion, 

a length of plastic tubing (inner diameter: 1 mm) was prepared with a volume of 5 ml. The tubing was coiled, 

attached to a horizontal plate, and slowly filled with a solution of USCA diluted in 5 ml PBS. At the start of the 

sonication, the infusion pump pushed physiological saline through the tubing, thereby mixing the microbubbles, 

which were distributed evenly throughout the length of the tubing, throughout the infusion. The initial 15 

locations sonicated using infusions evaluated a range of infusion rates, pulse repetition frequencies, sonication 

durations, and USCA concentrations. The last 67 locations used the following settings: 20 µl/kg of Definity 

diluted in 5 ml of PBS; infusion rate: 0.1 ml/s for 10s, then 0.02 ml/s for 200 s; PRF at each location: 0.56s; 

sonication duration: 150s. The infusion rate was set initially at a high rate and then reduced so that the 

microbubble concentration in the bloodstream could quickly reach steady-state. Here, three 50s sonications 

were delivered in sequence with a delay between sonications of ~25s. This delay was imposed by the 

TcMRgFUS system software, which limited the sonication duration to 50s for such volumetric sonications. 

MRI sequences 

The target locations were planned in images acquired with either a 3D fast spoiled gradient echo sequence 

with inversion recovery preparation (TR/TE/TI: 5.3/2.0/600 ms, FA: 10°, FOV: 12 cm, matrix: 128×128, slice 

thickness: 2 mm) or a multi-slice T2-weighted Fast Spin Echo (FSE) sequence (TR/TE: 4500/86 ms, ETL: 8, 

FOV: 12 mm, matrix: 256×256, slice thickness: 3 mm). After sonication, images were acquired using the T2-

weighted FSE sequence, a multi-slice T1-weighted FSE sequence (TR/TE: 500/13 ms, ETL: 4, FOV: 12 mm, 

matrix: 256×256, slice thickness: 3 mm), and 3D T2*-weighted spoiled gradient echo sequence (TR/TE: 33/19 

ms, FA: 15°, FOV: 12 cm, matrix: 256×256, slice thickness: 1 mm). The 2D imaging sequences were acquired 

in at least two different orientations (axial plus sagittal and/or coronal). The axial T1-weighted FSE images 

were acquired before and after an injection of Gd-DTPA (Magnevist, Berlex Laboratories) at a concentration of 

0.1 mmol/kg. In two sessions, 0.03 mmol/kg of gadofosveset trisodium (Ablavar, Lantheus Medical Imaging), 



an MRI contrast agent that binds to albumin in the blood and has a circulation half-life of 48 min, was 

administered before sonication to evaluate whether larger agents can cross the disrupted BBB.  
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