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Increasing numbers of clinical studies have demonstrated 
the feasibility and safety of focused ultrasound combined 

with microbubble-mediated blood-brain barrier (BBB) 
opening in patients with various brain diseases, including 
Alzheimer disease, glioblastoma, amyotrophic lateral sclero-
sis, and Parkinson disease (1–7). Most of the reported clini-
cal studies used an MR-guided focused ultrasound system 
(1–6). MRI is needed for treatment planning, focused ul-
trasound targeting validation, BBB permeability assessment, 
and posttreatment safety evaluation (8–10). Clinical studies 
using neuronavigation-guided focused ultrasound systems 
(7) or implantable ultrasound devices (11) to perform BBB 
opening outside an MRI scanner also are ongoing. Safe and 
effective focused ultrasound BBB opening relies on under-
standing the impact of all critical parameters on the treat-
ment outcome. Extensive preclinical studies have been per-
formed to assess the dependency of the treatment outcome 
on various focused ultrasound parameters (12–15), micro-
bubble parameters (16–18), and other treatment protocols 
(19); however, no study has been performed to evaluate the 
impact of the magnetic field generated by an MRI scanner.

Microbubble cavitation (ie, the expansion, contraction, 
and collapse of bubbles in an acoustic field) driven by ultra-
sound is the fundamental physical mechanism underlying 
focused ultrasound BBB opening. Since the 1990s, the mag-
netic field effect has been investigated to understand how 
cavitation-mediated sonoluminescence was affected by the 
magnetic field (20). It was reported that bubble dynamics 
were affected by the magnetic field because moving water 
molecules around a cavitating bubble interact with the mag-
netic field by the Lorentz force acting on their electrical-di-
pole moment, which results in the transformation of kinetic 
energy into heat (20,21). The magnetic field can be viewed 
as if the ambient pressure is increased. A theoretical model 
was developed by modifying the Rayleigh-Plesset equation 
to incorporate the effect of the magnetic field on bubble 
oscillation (21). The modified Rayleigh-Plesset equation 
supports the idea that the magnetic field dampens bub-
ble growth, oscillation, and collapse, and this damping 
effect increases as the magnetic field strength increases 
(21,22). Despite advances in experimental and numerical 
studies of bubble physics, there is a lack of understanding of 
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an MRI-compatible focused ultrasound transducer (Imason-
ics) made of a seven-element annular array with a center fre-
quency of 1.5 MHz, an aperture of 25 mm, and a radius of 
curvature of 20 mm. The annular array design of the focused 
ultrasound transducer allowed it to electronically steer the 
focus in the axial direction (z-axis). The transducer was con-
nected to an MRI-compatible piezoelectric motor, allowing 
the position of the transducer to be mechanically adjusted 
in the lateral directions (along the x- and y-axes). The out-
put of the focused ultrasound transducer was calibrated using 
a piezoelectric hydrophone (HGL-0200; Onda) outside the 
MRI scanner. The axial and lateral full width at half maxi-
mums of the focused ultrasound transducer were 5.5 mm and 
1.2 mm, respectively. The acoustic pressure reported in this 
study was corrected for 18% mouse skull attenuation (23). 
The passive cavitation detection (PCD) sensor at the center of 
the focused ultrasound transducer had a center frequency of 
1.6 MHz and a −6-dB bandwidth of 754 kHz. The signals de-
tected with the PCD sensor were acquired via the PicoScope 
(5000 series; Pico Technology). The transducer set (focused 
ultrasound and PCD) was connected to a water balloon filled 
with deionized and degassed water and coupled to the mouse 
head with degassed ultrasound gel. To avoid the interference 
of the fringe field, the radiofrequency generator, Picoscope, 
and personal computer were positioned well outside the 
fringe magnetic field of the MRI scanner (approximately 0 
T) (Fig 1A).

Focused Ultrasound Treatment
Mice were randomly assigned to four groups. Each group 
was treated at different distances from the isocenter of an un-
shielded 4.7-T MRI scanner (Fig 1A). The static magnetic 
field at each location was 4.7, 3.0, 1.5, and approximately 0 
T (outside of the 0.0005-T line, which is approximately 3.0 
m along the magnetic axis) using a gaussmeter (RoHS; FW 
Bell). All four groups of mice were treated by following the 
same experimental procedure using the same microbubble and 
focused ultrasound parameters, with the only difference be-
ing the static magnetic fields. Focused ultrasound treatment 
was performed by two authors (C.P.P. and D.Y., with 3 and 5 
years of experience, respectively). The focused ultrasound plan-
ning was performed with the guidance of a 4.7-T small-animal 
MRI scanner (Agilent/Varian DirectDriveTM console; Agilent 
Technologies) using the MR-guided focused ultrasound soft-
ware (ThermoGuide; Image Guided Therapy) to target the fo-
cused ultrasound transducer at the left side of the cerebellum 
and brainstem (24). A gadolinium-based MR contrast agent, 
gadoterate meglumine (Dotarem; 0.05 mmol/mL, 50 µl per 
mouse) was co-injected with microbubbles (200 µL per kilo-
gram of body weight; Definity; Lantheus Medical Imaging) 
through the tail vein catheter followed by focused ultrasound 
sonication (center frequency, 1.5 MHz; peak negative pressure, 
0.6 MPa; duty cycle, 3.33%; burst length, 6.66 msec; pulse 
repetition frequency, 5 Hz; and sonication duration, 1 minute).

To ensure that the acoustic output of the focused ultrasound 
system was not affected by the static magnetic field, the acous-
tic pressure at the focus of the focused ultrasound transducer in 

the effect of the static magnetic field generated by an MRI scanner 
on microbubble cavitation and the consequent focused ultrasound 
BBB opening outcome.

We hypothesized that the static magnetic field of an MRI scan-
ner dampens the microbubble cavitation in the focused ultrasound 
field and reduces focused ultrasound BBB opening. The purpose 
of this study was to evaluate the impact of the static magnetic field 
on microbubble cavitation and the associated focused ultrasound 
BBB opening outcomes.

Materials and Methods

Animal Preparation
All animal studies were reviewed and approved by the in-
stitutional animal care and use committee of Washington 
University in St Louis in accordance with the National In-
stitutes of Health Guidelines for Animal Research (animal 
protocol number: 20180185). Thirty-two female BALB/c 
mice aged 8–10 weeks (Charles River Laboratory) were used 
in this study. Mice were anesthetized with vaporized isoflu-
rane (approximately 1.5%) mixed with oxygen throughout 
the experiment, and the isoflurane level was kept consis-
tent for all mice. Their body temperature was monitored 
and maintained at approximately 37°C by blowing warm 
air. The respiration rate was monitored by using a respira-
tory pillow sensor and maintained between 50–80 breaths 
per minute. The fur on each mouse head was removed with 
a depilatory cream (Nair; Church & Dwight). A catheter 
was placed in the mouse tail vein for intravenous injection. 
Two mice were excluded from the study because of failed 
tail vein injection.

Experimental Setup
An MR-guided focused ultrasound system (Image Guided 
Therapy) was used. A schematic diagram of the experimen-
tal system is shown in Figure 1A. The system consisted of 

Abbreviations
BBB = blood-brain barrier, PCD = passive cavitation detection, ROI 
= region of interest

Summary
The static magnetic field of an MRI scanner was found to dampen 
microbubble cavitation activity and decrease the focused ultra-
sound combined with microbubble-mediated blood-brain barrier 
opening.

Key Results
	N In a murine model study of MRI-guided focused ultrasound 

combined with microbubble-induced blood-brain barrier (BBB) 
opening at MRI field strengths ranging from approximately 0 
T (outside the magnetic field) to 4.7 T, the static magnetic field 
dampened the detected microbubble cavitation signal by 2.1 dB at 
1.5 T (P = .05), 2.9 dB at 3.0 T (P = .01), and 3.0 dB at 4.7 T (P 
= .01) compared with that outside the magnetic field.

	N The static magnetic field decreased the trans-BBB delivery by 
focused ultrasound BBB opening by 1.4-fold at 1.5 T (P = .009), 
1.6-fold at 3.0 T (P , .001), and 1.9-fold at 4.7 T (P , .001) 
compared with that outside the magnetic field.
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different magnetic fields was examined with an MRI-compati-
ble fiber-optic hydrophone (HFO-690; Onda) using a method 
similar to that used in our previous publications (25–27). The 
fiber-optic hydrophone was placed in a container that was 
positioned in front of the focused ultrasound transducer. The 
tip of the optical fiber was located at the focus of the focused 
ultrasound transducer. Measurements of transducer output 
were performed by placing the transducer at different distances 
from the isocenter of the 4.7-T MRI scanner. The distances 
were kept the same as in the animal experiment (Fig 1A). The 
fiber-optic hydrophone had low sensitivity; therefore, more 
than 1000 repeatedly acquired signals were averaged for each 
measurement to increase the signal-to-noise ratio. The mean 
peak negative pressure and peak positive pressure measured 
in each magnetic field strength were calculated from three re-
peated measurements. There was no significant difference in 
the measured peak negative and positive pressures for different 
magnetic fields (Fig 1C–1E), which enabled us to confirm that 
the acoustic output of the focused ultrasound transducer was 
not influenced by the static magnetic field.

Microbubble Cavitation Activity Detection and 
Quantification
Before microbubble injection, PCD signals were recorded for 
60 seconds and were used to define the baselines for cavitation 
quantification. To ensure that the recorded PCD signals were 
not affected by the static magnetic field, the PCD baseline sig-
nals acquired in different static magnetic fields (approximately 
0, 1.5, 3.0, and 4.7 T) were compared. The mean and stan-
dard deviation of the peak positive and peak negative voltages 
of the PCD baseline signals were calculated for mice sonicated 
in each magnetic field. The peak positive and negative voltages 
of the PCD baseline signals were not significantly different for 
various magnetic fields (Fig 1F–1H), indicating that the PCD 
signal acquisition system was not influenced by the static mag-
netic field.

PCD was used to detect the acoustic emissions from micro-
bubbles during focused ultrasound sonication. The acquired 
PCD signals were processed using an established method to 
quantify the stable and inertial cavitation doses, which were 
used to assess the amount of energy associated with these two 
types of cavitation activity (28). A fast-Fourier transform was 
performed for each signal acquired during the sonication of each 
focused ultrasound pulse. The stable cavitation level was calcu-
lated as the root mean squared amplitude of the subharmonic 
(1/2f0; f0: center frequency of the focused ultrasound transducer) 
and second (2f0) and third (3f0) harmonic signals within 3-kHz 
bandwidths. The inertial cavitation level was calculated by the 
root mean squared amplitude of the frequency spectrum after 
excluding 300-kHz bandwidths around all the harmonics (nf0, 
where n = 1, 2, 3) and ultraharmonics (mf0/2, where m = 1, 3, 
5, 7) signals. The stable and inertial cavitation levels calculated 
based on signals acquired during focused ultrasound sonica-
tion after microbubble injection were normalized by the cor-
responding levels and calculated using signals acquired before 
microbubble injection. The stable cavitation dose was quantified 
by the cumulative sum of the stable cavitation levels calculated 

for the whole focused ultrasound sonication duration and then 
normalized to the corresponding cavitation dose of the baseline. 
The stable cavitation dose was then converted to decibel format. 
Inertial cavitation dose was calculated in the same way based on 
the inertial cavitation level.

Quantification of BBB Opening with Contrast-enhanced MRI
Approximately 5 minutes after the completion of focused ul-
trasound sonication (Fig 1B), all mice were imaged using a 
T1-weighted gradient-echo sequence (repetition time msec/
echo time msec, 108/4; section thickness, 0.5 mm; in-plane 
resolution, 0.25 3 0.25 mm; matrix size, 128 3 128; num-
ber of signal averages, 16; flip angle, 60°). As the intrave-
nously injected gadoterate meglumine was too large to cross 
an intact BBB, the BBB opening outcome was quantified 
based on hyperenhancement on the T1-weighted images, 
which indicated the leakage of gadoterate meglumine. The 
BBB opening volume was quantified by two authors (Y. Yang, 
with 7 years of experience in MATLAB programming; C.P.P., 
with 4 years of experience) using a customized MATLAB 
program (Mathworks). First, two circular regions of interest 
(ROIs) (2.4 mm in diameter, double the full width at half 
maximum of the focused ultrasound focal size in the horizon-
tal plane) were drawn in the focused ultrasound–treated site 
and the contralateral untreated site, respectively. Second, a 
voxel within the focused ultrasound–treated ROI was consid-
ered to represent the BBB opening if the voxel intensity was 
more than three standard deviations above the mean intensity 
of the nontreated ROI. Third, the total volume of the voxels 
representing the BBB opening was calculated by the summa-
tion of those voxels identified in all brain sections along the 
focused ultrasound beam path. The percentage of normalized 
signal intensity change was calculated by the mean signal in-
tensity increase in the focused ultrasound–treated ROI com-
pared with the untreated ROI and normalized to the mean 
signal intensity in the untreated ROI.

Quantification of Evans Blue Extravasation
Evans blue (4%, 60 µL) was injected intravenously into the 
mice about 20 minutes after sonication (Fig 1B). Evans blue 
was used as a model drug to evaluate whether the magnetic 
field affects trans-BBB drug delivery efficiency. Two hours after 
injection of Evans blue, all mice underwent transcardial per-
fusion using phosphate-buffered saline (0.01 mol/L, 30 mL) 
followed by paraformaldehyde (4%, 30 mL) under anesthesia. 
The mouse brains were extracted after perfusion. The brains 
were imaged with the Pearl small animal imaging system (LI-
COR Biosciences) using the 700-nm channel with the same 
exposure settings for all mice. The fluorescence intensity of the 
brains was then quantified using Image Studio Lite software 
(LI-COR Biosciences) by one author (Y. Yang, with 1 year of 
experience). ROIs (2.4 mm in diameter) centered at the loca-
tion with the maximum fluorescence signal were drawn using 
the software. The total optical density within the ROIs was 
calculated and normalized to that calculated based on ROIs 
selected in the untreated site (12,29). After fluorescence im-
aging, the mouse brains were fixed in 4% paraformaldehyde 
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Figure 1:  (A) Illustration of the experimental setup. Focused ultrasound (FUS) sonication was performed in different static magnetic fields 
(approximately 0, 1.5, 3.0, and 4.7 T) by positioning the mice at different distances from the isocenter of the MRI scanner. (B) Experimental 
timeline. (C) Acoustic pressure waveforms at the focus of the focused ultrasound transducer measured with an MRI-compatible fiber-optic hy-
drophone in different magnetic fields. Each solid line and shadow represents the mean 6 standard deviation, respectively, of three repeated 
measurements in each magnetic field. Comparisons of (D) the peak negative pressure and (E) peak positive pressure in different magnetic 
fields. (F) Passive cavitation detection (PCD) baseline signals received when focused ultrasound was on but without microbubbles in different 
magnetic fields. The phase delays of the PCD baseline signals acquired from different mice in each magnetic field were calculated by means 
of cross correlation and compensated for calculating the mean (solid line) and standard deviation (shadow) of these signals. Comparisons 
of (G), the peak negative voltage and (H) peak positive voltage of the PCD baseline signals in different magnetic fields. Error bars indicate 
standard deviation. Gd-DOTA = gadoterate meglumine, RF = radiofrequency.
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for 24 hours. The mouse brains were then cryoprotected by 
sucrose and cut into 15-µm-thick slices along the horizontal 
plane to be stained with hematoxylin-eosin to evaluate the 
safety of the treatment (Y. Yue, with 10 years of experience).

Statistical Analysis
Statistical analysis was performed by using GraphPad Prism (ver-
sion 8.3; GraphPad) software by one author (Y. Yang, with 6 
years of experience). A two-tailed unpaired t test was used for 
comparison of the groups treated in different static magnetic 
fields (1.5 T, 3.0 T, and 4.7 T) with the group treated outside the 
static magnetic field (approximately 0 T).

Results

Magnetic Fields Dampened Microbubble Cavitation Activity
The hallmarks of stable cavitation, including subharmonic (1/2f0; 
f0: center frequency of the focused ultrasound transducer) and 
second (2f0), and third (3f0) harmonic signals, showed a trend 
of decreasing amplitude as the magnetic field strength increased 
(Fig 2A). The amplitude of the stable cavitation level over the 
whole course of focused ultrasound treatment (60 seconds) de-
creased when comparing mice treated outside the MRI scanner 
magnetic field (approximately 0 T) with those treated inside the 
MRI scanner magnetic field at 1.5 T, 3.0 T, and 4.7 T (Fig 2B). 
The mean stable cavitation dose, as the cumulated stable cavita-
tion level over sonication duration, was 4.4 dB 6 0.8 (standard 
error of the mean) for the group treated outside the magnetic 
field of the MRI scanner (approximately 0 T). In contrast, it sig-
nificantly and monotonically decreased to a mean of 2.3 dB 6 
0.6 at 1.5 T, 1.5 dB 6 0.4 at 3.0 T, and 1.4 dB 6 0.5 at 4.7 T, 
corresponding to decreases by an average of 2.1 dB at 1.5 T (P 
= .05), 2.9 dB at 3.0 T (P = .01), and 3.0 dB at 4.7 T (P = .01) 
compared with that outside the magnetic field (approximately  
0 T) (Fig 2C). Because the acoustic pressure used in this study 
was low, inertial cavitation was not detected (Fig 2B, 2C).

Static Magnetic Fields Decreased BBB Opening
Focused ultrasound treatment performed in different magnetic 
fields showed localized BBB opening, as indicated by the bright 
spots on contrast-enhanced MRI scans (Fig 3A). The region with 
hyperenhancement was confined to the focused ultrasound–tar-
geted brain location and was not observed in the contralateral un-
treated area, demonstrating the capability of focused ultrasound 
to achieve a spatially localized BBB opening. However, mice 
treated inside the magnetic field with a different magnetic field 
(1.5 T, 3.0 T, or 4.7 T) had lower contrast enhancement within 
a smaller region than those treated outside the magnetic field 
(approximately 0 T). The mean BBB opening volume obtained 
outside the magnetic field (approximately 0 T) was 5.8 mm3 6 
0.6 and significantly and monotonically decreased to 1.8 mm3 6 
0.3 at 1.5 T, 1.3 mm3 6 0.3 at 3.0 T, and 0.5 mm3 6 0.1 at 4.7 
T, corresponding to decreases by 3.2-fold at 1.5 T (P , .001), 
4.5-fold at 3.0 T (P , .001), and 11.6-fold at 4.7 T (P , .001)  
compared with the volume at approximately 0 T (Fig 3B). The 
focused ultrasound–BBB opening induced 84.1% signal inten-
sity change at the target location when the mice were treated 

outside the magnetic field (approximately 0 T), while this value 
decreased to 49.1% at 1.5 T, 35.7% at 3.0 T, and 7.1% at 4.7 
T (Fig 3C). The signal intensity change was decreased 1.7-fold 
at 1.5 T (P = .05), 2.4-fold at 3.0 T (P = .007), and 11.8-fold at 
4.7 T (P , .001) compared with that outside the magnetic field 
(approximately 0 T).

Static Magnetic Fields Reduced Evans Blue Delivery
The fluorescence images of the ex vivo mouse brains showed 
that the fluorescence intensity of the Evans blue was significantly 
lower in mice sonicated at 1.5 T, 3.0 T, or 4.7 T compared with 
mice treated outside the magnetic field (approximately 0 T) (Fig 
4A). The Evans blue fluorescence intensity was 217.9 6 8.3 at 
approximately 0 T, 161.0 6 16.6 at 1.5 T, 135.8 6 15.5 at 3.0 
T, and 117.6 6 18.1 at 4.7 T (Fig 4B). The Evans blue trans-
BBB delivery was decreased by 1.4-fold at 1.5 T (P = .009), 1.6-
fold at 3.0 T (P , .001), and 1.9-fold at 4.7 T (P , .001) when 
compared with that at approximately 0 T.

Safety of Focused Ultrasound Treatment
No evident hemorrhage or tissue damage was observed in mice 
treated outside or inside the MRI scanner. As shown by the 
representative images of the hematoxylin-eosin–stained brain 
slice (Fig 5), neither red blood cell extravasation nor cellular 
nuclei loss was observed at the focused ultrasound–targeted 
brain location (Fig 5).

Discussion
Recent success in multiple early-phase clinical trials has demon-
strated the great promise of focused ultrasound combined with 
microbubble-induced blood-brain barrier (BBB) opening in the 
treatment of various brain diseases, and MRI is often used for 
real-time guidance of the procedure (1–6). Extensive preclinical 
studies have been reported in the past 2 decades to evaluate the 
dependency of the treatment outcome on various parameters; 
however, the impact of the static magnetic field generated by 
an MRI scanner on the BBB opening outcome has been over-
looked. The present study revealed that the static magnetic field 
dampened the cavitation activity generated by focused ultra-
sound–activated microbubbles and decreased the BBB opening 
volume and model drug delivery efficiency.

The magnetic field is known to dampen bubble oscillation in 
an ultrasound field based on numeric modeling and in vitro sono-
luminescence examination (20–22). The current study confirmed 
that this dampening effect also exists in MR-guided focused 
ultrasound combined with microbubble-mediated BBB open-
ing in vivo in clinically relevant magnetic field strengths. When 
compared with focused ultrasound treatment outside the MRI 
scanner, the magnetic field dampened the microbubble cavita-
tion activity, and the dampening effect enhanced with increasing 
magnetic field in a monotonic manner. This finding agreed with 
findings of previous theoretical and experimental studies report-
ing that the magnetic field acts against bubble oscillation, and 
the dampening effect is positively correlated to the magnetic field 
strength (21,22). The dampening effect of the magnetic field on 
free bubbles (without shells) is considered to be caused by the loss 
of bubble kinetic energy due to the Lorentz force acting on the 
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Figure 2:  Cavitation activities in vivo during focused ultrasound sonication in different static magnetic fields. (A) Representative spectrums of 
passive cavitation detection (PCD) signals acquired during focused ultrasound sonication in approximately 0, 1.5, 3.0, and 4.7 T. f0 = fundamental 
frequency of focused ultrasound. (B) Representative plots of normalized stable cavitation level (left) and inertial cavitation level (right) as a function 
of time for mice treated in different magnetic fields. (C) Stable cavitation doses (left) and inertial cavitation doses (right) of mice sonicated in different 
magnetic fields. Each dot represents a measurement from one mouse. Error bars indicate standard error of the mean.



Yang and Pacia et al

Radiology: Volume 300: Number 3—September 2021  n  radiology.rsna.org	 687

moving dipolar water molecules (21). The lipid shell of Definity 
microbubbles carries negative charges (30). It is likely that moving 
charged lipid molecules on the microbubble shell during cavita-
tion may generate additional Lorentz force that also contributes 
to the observed dampening effect of the magnetic field on mi-
crobubble cavitation. The dampened microbubble oscillation is 
expected to generate lower mechanical forces on the vessel wall, 

leading to decreased BBB opening volume and lower drug deliv-
ery efficiency. Indeed, findings from the current study showed a 
clear trend that increasing magnetic field led to decreases in the 
BBB opening volume and trans-BBB delivery efficiency.

There are a growing number of clinical trials on evaluat-
ing  focused ultrasound combined with microbubble-induced 
BBB opening in patients with various diseases. Most clinical 

Figure 3:  Contrast-enhanced MRI of mice treated with focused ultrasound–induced blood-brain barrier (BBB) opening in different magnetic 
fields. (A) Representative contrast-enhanced T1-weighted horizontal MRI scans show BBB opening in mice sonicated in different magnetic fields 
(approximately 0, 1.5, 3.0, and 4.7 T; top panel). BBB opening area is superimposed on the T1-weighted MRI scan, with the color indicating the 
normalized signal intensity (SI) change (bottom panel). (B) Quantification of the BBB opening volume of mice treated in different magnetic fields. (C) 
Quantification of normalized signal intensity change at the focused ultrasound–targeted location, comparing mice treated in different magnetic fields. 
Error bars indicate standard error of the mean.
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trials use clinical 3.0-T MRI scanners coupled with the In-
Sightec focused ultrasound system (InSightec). However, there 
also are clinical trials that use implantable ultrasound devices 
and neuronavigational-guided focused ultrasound. Our pres-
ent study found that the 3.0-T magnetic field dampened the 
cavitation dose by approximately 2.9 dB, decreased the BBB 
opening volume by 4.5-fold, and reduced Evans blue delivery 
efficiency by 1.6-fold compared with values obtained outside 
the magnetic field (approximately 0 T). These findings suggest 

that it is crucial to consider the impact of the magnetic field 
when designing a study or comparing results obtained with 
different ultrasound systems. In addition to brain drug deliv-
ery, cavitation is also the fundamental physical mechanism for 
several other therapeutic techniques, such as histotripsy and 
sonothrombolysis (31,32). The dampening effect induced by 
the magnetic field on cavitation is expected to affect the treat-
ment outcomes of other cavitation-mediated techniques when 
MR-guided focused ultrasound systems are used.

This study had several limitations. First, the magnetic field 
at 1.5 T and 3.0 T was produced by positioning mice at spe-
cific distances along the main axis of a 4.7-T MRI scanner. 
While the magnetic field homogeneity is imperfect outside 
of the magnet isocenter, the variations are small over the scale 
of the mouse head. By positioning the animal different dis-
tances away from the isocenter, we were able to perform all 
experiments using the same focused ultrasound system in the 
same MRI scanner to ensure all other experimental conditions 
were kept consistent. Future study is warranted to verify the 
observed effects by comparing studies performed using dif-
ferent MRI scanners. Second, the present study used the MR 
contrast agent and the Evans blue as model agents to assess 
focused ultrasound with microbubble-induced BBB open-
ing outcomes. The impact of the magnetic field on the de-
livery outcomes of therapeutic agents needs to be examined 
in the future. Third, we only performed focused ultrasound 
treatment using one set of focused ultrasound and micro-
bubble parameters. Future studies are needed to investigate 
the impact of the magnetic field under different focused ul-
trasound and microbubble parameters to fully characterize  
the effects of the magnetic field on microbubble cavitation and 
the consequent BBB opening outcomes. Lastly, PCD measures 
the acoustic emissions from microbubble cavitation, which 
provides an indirect measurement of microbubble dynamics. 
Direct proof of the effect of the static magnetic field on mi-
crobubble cavitation can be obtained in the future by using 

Figure 4:  Evans blue delivery via focused ultrasound combined with microbubble-induced blood-brain barrier opening in different magnetic 
fields. (A) Representative photographs (top row) and corresponding fluorescence images (bottom row) of mouse brains treated in magnetic fields 
of approximately 0 T, 1.5 T, 3.0 T, and 4.7 T. (B) Fluorescence intensity quantification of mice treated in magnetic fields of approximately 0 T, 1.5 T, 
3.0 T, and 4.7 T. Error bars indicate standard error of the mean.

Figure 5:  Hemotoxylin-eosin–stained horizontal whole-brain slice (top 
panel) with higher-magnification images (bottom panels) obtained from the 
focused ultrasound–treated brain region (FUS+) and contralateral untreated 
control region (FUS−). No gross tissue damage was observed on the 
whole-brain slice. Higher-magnification images showed that erythrocyte ex-
travasation and neuronal damage were not observed in either the focused 
ultrasound–treated brain region or the untreated control brain region.
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high-speed photomicrography (33) to directly record the mi-
crobubble dynamics in the presence of static magnetic fields.

This study revealed, for the first time, the dampening effect 
of the magnetic field on focused ultrasound–activated micro-
bubble cavitation activity and cavitation-induced blood-brain 
barrier opening. Findings from this study suggest that the im-
pact of the magnetic field needs to be considered in the clinical 
applications of MR-guided focused ultrasound in drug delivery 
to the brain. Future study is needed to further investigate the 
impact of the magnetic field on MR-guided focused ultrasound 
combined with microbubble-mediated therapies.
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