
Journal of Controlled Release 329 (2021) 696–705

Available online 3 October 2020
0168-3659/© 2020 Elsevier B.V. All rights reserved.

Comparing rapid short-pulse to tone burst sonication sequences for focused 
ultrasound and microbubble-mediated blood-brain barrier 
permeability enhancement 

Dallan McMahon a,b,*, Lulu Deng a, Kullervo Hynynen a,b,c 

a Physical Sciences Platform, Sunnybrook Research Institute, Toronto, Canada 
b Department of Medical Biophysics, University of Toronto, Toronto, Canada 
c Institute of Biomaterials and Biomedical Engineering, University of Toronto, Toronto, Canada   

A R T I C L E  I N F O   

Keywords: 
Focused ultrasound 
Microbubbles 
Blood-brain barrier 
Rapid short-pulse 
Tone burst 
Drug delivery 
T1 mapping 

A B S T R A C T   

Objective: Transcranial focused ultrasound and microbubble (FUS + MB) exposure enables targeted, noninvasive 
drug delivery to the brain. Given the protective nature of the blood-brain barrier (BBB), the development of 
sonication strategies that maximize therapeutic efficacy while minimizing the risk of tissue damage are essential. 
This work aimed to compare the safety of 10 ms tone bursts, widely used in the field, to a recently described 
rapid short-pulse (RaSP) sequence, while accounting for drug delivery potential. 
Materials and methods: Forty-one male wild-type mice received FUS + MB exposure (1.78 MHz driving frequency; 
0.5 Hz burst repetition frequency; 250 s duration; 40 μl/kg Definity) at a range of fixed pressure amplitudes. A 
RaSP sequence (13 five-cycle pulses/10 ms burst) was compared to 10 ms tone bursts (B10). For animals in 
cohort #1 (n = 26), T1 mapping was used to quantify gadobutrol extravasation. Three targets, temporarily 
separated by 10 min, were sonicated in each brain to compare the time dependence of BBB permeability 
enhancement between sequences. Red blood cell (RBC) extravasation was quantified to assess vascular damage. 
For animals in cohort #2 (n = 18), a single target was sonicated per brain. BBB permeability enhancement was 
compared between sequences by T1 mapping and the extravasation of a 3 kDa fluorescent dextran. 
Results: At a peak negative pressure of 400 kPa, the B10 sequence produced an order of magnitude greater 
gadobutrol and dextran extravasation compared to RaSP (p < 0.01). When accounting for BBB permeability 
enhancement magnitude, as measure by T1 mapping, no differences were observed between sequences in the 
pattern of dextran or albumin extravasation in tissue sections; however, the frequency of RBC extravasation was 
found to be 5 times greater with the RaSP sequence (p = 0.02). At pressure amplitudes resulting in similar levels 
of gadobutrol extravasation, no significant differences were observed in the time dependence of BBB perme-
ability enhancement between sequences. 
Conclusion: When accounting for the magnitude of BBB permeability enhancement, and thus the potential for 
drug delivery, the RaSP sequence tested here did not produce measurable improvements over the B10 sequence 
and may present an increased risk of vascular damage.   

1. Introduction 

Focused ultrasound and microbubble (FUS + MB)-mediated blood- 
brain barrier (BBB) permeability enhancement provides a flexible, 

noninvasive tool to facilitate the delivery of therapeutic agents to tar-
geted brain areas [1]. This technique involves the intravenous admin-
istration of preformed microbubbles, traditionally used as ultrasound 
contrast agents, which expand and contract in response to bursts of 
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FUS, focused ultrasound; MB, microbubble; MI, mechanical index; MRI, magnetic resonance imaging; NBF, neutral buffered formalin; NGC, normalized gadobutrol 
concentration; PNP, peak negative pressure; RaSP, rapid short-pulse; RBC, red blood cell; RFU, relative fluorescence units; ROI, region of interest; SWI, susceptibility 
weighted imaging; T2w, T2-weighted. 
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ultrasound, stimulating cerebrovascular leakage in the focal volume [1]. 
Preclinical [1–3] and clinical [4–6] development of techniques to pre-
dictably generate vascular leakage while minimizing tissue damage has 
largely centered on the use of tone bursts (i.e. burst length = 100–102 

ms). Although targeted drug delivery with minimal overt tissue damage 
has been demonstrated using this approach [7–9], the FUS parameter 
space remains under-explored for more efficient and/or safer sequences 
to achieve these outcomes. 

The peak negative pressure (PNP) achieved in the focal volume in-
fluences the radial expansion of microbubbles and their regimes of ac-
tivity [10]. While the magnitude of stresses exerted on vascular wall by 
oscillating microbubbles strongly influence resulting biological re-
sponses (i.e. BBB permeability enhancement [2,11], red blood cell 
extravasation [12], inflammation [13]), the interval between bursts also 
carries importance [14]. For ms-long tone bursts, this delay should allow 
microbubble replenishment of vasculature within focal volumes, while 
accounting for their decay in circulation [15]. 

Another approach has explored subdividing bursts into on and off 
periods to allow for intra-burst microbubble transit [16,17]. If micro-
bubbles are able to move within vasculature during these off periods, 
this may result in a more homogeneous distribution of cerebrovascular 
effects within the focal volume. Recently, Morse et al. have reported 
drug delivery with negligible vascular disruption, more uniform dextran 
extravasation, and BBB permeability enhancement lasting less than 10 
min, when employing a rapid short-pulse (RaSP) sequence, while 
delivering two orders of magnitude less acoustic energy than 10 ms tone 
bursts [18]. Conversely, when exploring single-cycle pulses at various 
repetition frequencies per 10 ms burst, O’Reilly et al. reported no added 
benefits in treatment outcomes or safety when lengthening the delay 
between cycles [16]. The current study compared the efficacy and safety 
of RaSP to 10 ms tone bursts [1,19–22] over a range of PNPs. 

2. Materials and methods 

2.1. Animals 

Male C57bl/6 mice (n = 44, 20–26 g) were used in this study (Charles 
River Laboratories, Wilmington, MA, USA). Animals were housed in the 
Sunnybrook Research Institute (SRI) animal facility (Toronto, ON, Can-
ada) with access to food and water ad libitum. Animals were divided into 
two cohorts. Animals in cohort #1 (n = 26) were used to examine the 
time-dependence of increased BBB permeability, RBC extravasation, and 
albumin extravasation. Animals in cohort #2 (n = 18) were used to 
assess gadobutrol and dextran extravasation. All animal procedures 
were approved by SRI’s Animal Care Committee and are in accordance 
with the Canadian Council on Animal Care. 

2.2. Animal preparation 

Induction of anesthesia was facilitated by 5% isoflurane and oxygen 
(1 L/min), then maintained at 1.5–2% isoflurane. Medical air was used 
as a carrier gas during sonication and imaging due to the impact of 
oxygen on microbubble circulation half-life [23,24]. Hair overlaying the 
skull was removed with depilatory cream and a 27-gauge angiocath was 
placed in the tail vein. Animals were positioned supine on a magnetic 
resonance imaging (MR)I-compatible sled with the dorsal surface of the 
skull coupled to a degassed, deionized water-filled polyimide window 
with ultrasound gel. Body temperature was maintained with heated 
saline bags. 

2.3. Focused ultrasound and microbubble exposure 

Ultrasound was delivered using an in-house manufactured, MRI- 
guided, pre-clinical FUS system (prototype for LP100, FUS Instruments 
Inc., Toronto, ON, Canada), equipped with a spherically focused trans-
ducer (focal number = 0.8, external diameter = 75 mm, transmit 

frequency = 1.78 MHz). Transducer movement and MRI-based targeting 
were as previously described [25]. Microbubbles (Definity, Lantheus 
Medical Imaging, North Billerica, MA, USA) were administered intra-
venously (40 μl/kg) immediately prior to the start of each sonication. 

Two sonication sequences were compared, both with 0.5 Hz burst 
repetition frequency and 250 s duration (Fig. 1A). The B10 sequence 
consisted of 10 ms tone bursts. Mechanical indexes (MI = PNP/√f) of 
0.25, 0.30, and 0.70 were employed (non-derated PNP). The RaSP 
sequence, similar to that described by Morse et al. [18], consisted of five- 
cycle pulses repeated at a rate of 1.25 kHz during each 10 ms burst (i.e. 
13 five-cycle pulses/10 ms burst). MIs of 0.30, 0.70, and 1.40 were 
employed. Given that cavitation index (CI = PNP/f) [26] may provide 
insight into the probability of stable cavitation (relevant to BBB 
permeability enhancement applications [27]), CI for each group is 
included in Table 1. The relationship between driving voltage and PNP 
(Supplementary Fig. 1) was determined independently for each 
sequence using a planar fiber optic hydrophone (active tip diameter =
10 μm; Precision Acoustics Ltd., Dorset, UK). 

A breakdown of sonication sequence/MI groups is shown in Table 1. 
To produce a similar level of BBB permeability enhancement as is ach-
ieved with acoustic feedback control based on ultraharmonic emissions 
[28], MIs of 0.25 and 0.30 for the B10 sequence and 0.70 for the RaSP 
sequence were employed. For direct comparisons between sequences, 
MIs of 0.70 for B10 and 0.30 for RaSP were investigated. RaSP-1.40 MI 
was explored for comparison with B10-0.70 MI. 

2.4. Cohort #1 

Animals in cohort #1 (n = 26) were used to compare sonication 
sequences on the following metrics: (1) time-dependence of BBB 
permeability enhancement post-sonication, (2) frequency and size of 
RBC extravasation, and (3) pattern of albumin extravasation. An 
experiment timeline is depicted in Fig. 1B. Each animal was sonicated at 
3 targets using a single set of parameters (i.e. the same MI and sonication 
sequence for all 3 targets) with 10 min intervals between each FUS + MB 
exposure. This delay was sufficient to allow for the vast majority of 
microbubbles to be cleared from circulation between sonications [29]. 
Animals were randomly assigned to each sonication sequence/MI group. 
A gadolinium-based contrast agent, gadobutrol (0.2 ml/kg; Gadovist 
1.0, Bayer Inc., Toronto, ON), was administered intravenously imme-
diately following the third sonication in order to assess the time- 
dependence of BBB permeability enhancement while excluding intra- 
sonication leakage. BBB permeability enhancement at each target was 
quantified by calculating normalized gadobutrol concentration (i.e. 
ratio of gadobutrol concentration at targeted tissue to muscle; NGC) 
from pre- and post-sonication T1 maps (described in MRI Analysis) 
[11,30]. Hemorrhage was assessed by comparing pre- to post-sonication 
MR images acquired using a susceptibility weighted imaging (SWI) 
sequence [20,30,31]. Animals were sacrificed 4 h following the second 
sonication by transcardial perfusion with ice-cold saline then 10% 
neutral buffered formalin (NBF). Brains were post-fixed in 10% NBF 
overnight at 4 ◦C, paraffin embedded, horizontally sectioned (5 μm 
thick), and processed for H&E staining and immunohistochemistry 
(described in Histological Analyses). 

2.5. Cohort #2 

Animals in cohort #2 (n = 18) were used to compare the impact of 
sonication sequence on: (1) extravasation fluorescent dextran (3 kDa) 
and (2) the relationship between gadobutrol and dextran extravasation. 
Each animal, randomly assigned to a sonication sequence/MI group, was 
sonicated at a single target in the right striatum/frontal cortex region. 
Prior to sonication, gadobutrol and 3 kDa fluorescent dextran (60 μg/g 
of body mass; #D3328, ThermoFisher Scientific, Waltham, MA, USA) 
were administered intravenously in order to account for all leakage 
generated by FUS + MB exposure (i.e. opposed to cohort #1, where 
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intra-sonication leakage was not captured). T1 mapping was used to 
assess NGC. Animals were sacrificed 20 min following sonication by 
transcardial perfusion with ice-cold saline then 10% NBF. Brains were 
post-fixed in 10% NBF overnight at 4 ◦C, stored in 30% sucrose/0.1 M 
phosphate buffer at 4 ◦C until saturated, frozen on dry-ice, and stored at 
-80 ◦C until processing. Brains were horizontally cryosectioned (40 μm 
thick) and freeze-mounted onto charged slides (X-tra, Leica Biosystems, 
Wetzlar, Germany). Dextran fluorescence was assessed in these tissue 
sections (described in Histological Analyses). 

2.6. Magnetic resonance imaging 

MRI was performed on a 7 T horizontal bore Avance BioSpec 70/30 
scanner (Bruker BioSpin, Ettlingen, Germany) with a 20 cm inner 
diameter gradient insert coil with maximum gradient amplitude of 668 
mT/m (Bruker BioSpin, Ettlingen, Germany). An 8 cm inner diameter 
volume coil was used for transmit and a quadrature rat brain coil for 
receive (Bruker BioSpin, Ettlingen, Germany). All sequences were ac-
quired with 1.0 mm slice thickness, 100 × 100 matrix size, and 24 × 24 
mm field of view. Structural T2w images (7 slices; 1.0 mm interslice 
distance), collected prior to FUS + MB exposure and used for target 
selection, were acquired using a RARE sequence with 14 ms TE, 4000 ms 
TR, and 3 averages. 

T1 mapping was performed prior to, and following, sonication in 
order to quantify the concentration of gadobutrol in the targeted loca-
tions. A single horizontal slice at the level of the dorsal hippocampus was 
imaged using an inversion recovery RARE sequence with 5 ms TE, 5000 
ms TR, rare factor of 16, 1 average, and 5 inversion times: 50, 150, 500, 
1500, and 4500 ms. Contrast-enhanced T1w (CE-T1w) horizontal im-
ages (7 slices; 1.0 mm interslice distance) were also collected following 
FUS + MB exposure using a RARE sequence with 10 ms TE, 500 ms TR, 
and 6 averages. To assess hemorrhage, animals in cohort #1 were 
imaged prior to, and following, sonication using a SWI sequence with 18 
ms TE, 350 TR, 7 slices, and 8 averages. The order of MRI scans is 
depicted in Fig. 1B. 

Fig. 1. Sonication sequences and experiment timelines. (A) Sonications in each mouse were performed using either the RaSP or B10 sequence. For RaSP, 13 five- 
cycle pulses were delivered during each 10 ms burst, while B10 consisted of 10 ms tone bursts. Both sequences employed 0.5 Hz burst repetition frequency and 250 s 
sonication duration. (B) For cohort #1, pre-sonication MRI utilized T2-weighted (for targeting), SWI (baseline, for hemorrhage), and T1 mapping (baseline, for 
gadobutrol concentration) sequences. Each animal was sonicated at three locations (see Fig. 2C for targeting) at 10 min intervals, with gadobutrol administered 
immediately following the last sonication. This allowed for the time-dependence of BBB permeability enhancement to be compared between sequences. Post- 
sonication MR images were collected using SWI, T1 mapping, and contrast enhanced-T1w sequences. Animals were sacrificed 4 h following the second sonicat-
ion. For cohort #2, pre-sonication MRI utilized T2-weighted and T1 mapping sequences. A single location in the right striatum/frontal cortex area was targeted in 
each animal, with gadobutrol and a 3 kDa dextran administered immediately prior to sonication. Post-sonication MRI utilized T1 mapping and contrast enhanced- 
T1w sequences. Animals were sacrificed 20 min following the start of sonication. B10 = 10 ms tone burst sequence; CE-T1w = contrast enhanced-T1-weighted; Gd =
gadobutrol; IV = intravenous; RaSP = rapid short-pulse sequence; T2w = T2-weighted; SWI = susceptibility weighted imaging. 

Table 1 
Sonication sequence/mechanical index groups for each animal cohort.  

Cohort Sonication sequence MI CI Number of animals 

1 B10 0.70 0.52 2 
1 B10 0.30 0.22 6 
1 B10 0.25 0.19 7 
1 RaSP 1.40 1.05 2 
1 RaSP 0.70 0.52 7 
1 RaSP 0.30 0.22 2 
2 B10 0.70 0.52 3 
2 B10 0.30 0.22 3 
2 B10 0.25 0.19 3 
2 RaSP 0.70 0.52 3 
2 RaSP 0.30 0.22 3 
2 Control 0.00 0.00 3 

Note: Control animals received microbubbles, gadobutrol, dextran, and were 
under isoflurane, but did not undergo magnetic resonance imaging. B10 = 10 ms 
tone burst sequence; MI = mechanical index; CI = cavitation index; RaSP =
rapid short-pulse sequence. 
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2.7. MRI analysis 

T1 mapping from inversion recovery images collected prior to, and 
following, sonication were used to quantify gadobutrol extravasation, as 
previously described [11]. Briefly, the relationship between gadobutrol 
concentration and the change in relaxation rate can be expressed as: 

[Gd] =
1/T1 − 1/T10

r1
(1)  

where [Gd] is gadobutrol concentration and r1 is the longitudinal 
relaxivity of gadobutrol (4.2 s− 1 mM− 1 in whole blood at 37 ◦C in a 7 T 
field [32]). T10 and T1 are the longitudinal relaxation times of tissue 
prior to, and following, gadobutrol administration, respectively. 

T1 within each circular ROI (8 voxels in diameter) and on a voxel-by- 
voxel basis were calculated by fitting inversion recovery data to the 
following equation using Matlab (Mathworks Inc., Natick, MA, USA): 

S(TI) = M0

(

1 −
(

1+ cos(α))e− TI
T1 + cos(α)e− TR

T1

)

(2)  

with the initial magnetization (M0), the error in flip angle (α), and T1 as 
free parameters. Gadobutrol concentration was calculated in ROIs 
centered on each targeted location, a non-sonicated control region, and 
bilaterally in the craniocervical muscles. NGC was calculated as the ratio 
of gadobutrol concentration at ROIs in the brain to muscle in order to 
account for small variations in the amount of gadobutrol administered to 
each animal. NGC at a non-sonicated control region in each brain was 
subtracted from NGC at each target. The threshold for BBB permeability 
enhancement was defined as 2 standard deviations above NGC of the 
non-sonicated control regions. 

2.8. Histological analyses 

Horizontal sections (5 μm) from animals in cohort #1 were stained 
with hematoxylin-eosin (H&E) for histological assessment. Three sec-
tions per animal, spaced 250 μm apart through the targeted volume, 
were imaged with a 20× objective lens. Regions of RBC extravasation 
were manually segmented and areas were summed across sections for 
each targeted location. 

Adjacent sections were immunostained for mouse serum albumin. 
Sections were deparaffinized, washed in 0.1 M phosphate buffer, 
blocked (0.1 M phosphate buffer, 0.1% triton-X, 0.1% tween-20, 5% 
normal goat serum) for 30 min at room temperature, and incubated in 
rabbit anti-mouse serum albumin primary antibody (1:500; ab19196, 
Abcam Inc., Cambridge, MA, USA) for 2 h at room temperature. Washed 
sections were incubated in goat anti-rabbit AlexaFluor647 secondary 
antibody (1:1000; ab150079, Abcam Inc., Cambridge, MA, USA) for 1 h 
at room temperature and coverslipped with aqueous mounting media 
(Fluoroshield™ with DAPI, Sigma-Aldrich, St. Louis, MO, USA). 
Immunostained sections were imaged with an epifluorescence micro-
scope (same settings for all sections), Cy5 filter, and 20× objective lens. 
Images were assessed qualitatively for immunoreactive distribution. 

Horizontal cryosections (40 μm) from animals in cohort #2 were 
freeze-mounted, coverslipped, and imaged to assess dextran extravasa-
tion. Tiled image stacks (10 μm intervals) were collected through the 
entire thickness of each section with an epifluorescence microscope 
(same settings for all sections), DsRed filter, ApoTome.2 (ZEISS, Ober-
kochen, Germany), and 20× objective lens. Dextran fluorescence was 
quantified in maximum intensity projection images within circular ROIs 
centered on the targeted locations and in the contralateral hemisphere. 
Median pixel intensity, expressed as relative fluorescence units (RFU), 
within ROIs at each target were averaged across 3 sections per animal 
(120 μm between sections). Median pixel intensity within a ROI in the 
non-sonicated contralateral hemisphere was subtracted from the tar-
geted area in each section. The threshold for BBB permeability 
enhancement was defined as 2 standard deviations above median pixel 

intensity of the non-sonicated control regions. Coefficient of variation 
(COV) was calculated as the standard deviation of pixel intensity divided 
by the mean pixel intensity in each ROI. Dextran distribution was also 
qualitatively evaluated in each section. 

2.9. Statistics 

Analysis of variance with post-hoc Tukey’s test was used to compare 
NGC at each time point between groups (cohort #1). Fisher’s exact tests 
were used for pairwise comparisons of proportion targets displaying 
regions of RBC extravasation between groups (Bonferroni correction). 
NGC and coefficient of variation (COV) of dextran fluorescence intensity 
(cohort #2) were compared across groups by one-way analysis of vari-
ance with post-hoc Tukey’s test. Analysis of covariance was used to 
assess the effect of sonication sequence on the relationship between NGC 
and median dextran fluorescence. A p-value of 0.05 was used as the 
threshold for statistical significance. Variance is expressed as standard 
deviation of the mean. 

3. Results 

3.1. BBB permeability enhancement 

For all groups in cohort #1, except for RaSP-0.30 MI, each target 
displayed NGC above threshold levels (Fig. 2B). When timepoints of 
gadobutrol administration were pooled (Table 2), B10-0.25 MI, B10- 
0.30 MI, and RaSP-0.70 MI all produced significantly greater mean 
NGC than RaSP-0.30 MI (p < 0.01 for all pairwise comparisons); B10- 
0.30 MI generated significantly greater mean NGC than B10-0.25 MI 
(p = 0.02). When comparing targets sonicated with B10-0.25 MI, B10- 
0.30 MI, and RaSP-0.70 MI, no significant differences were detected in 
mean NGC at any single time point (Fig. 2B). At equivalent MIs, B10 
produced significantly greater mean NGC than RaSP at all timepoints 
(0.70 MI: p < 0.01 for all timepoints; 0.3 MI: p < 0.03 for all timepoints). 

When comparing NGC at targets sonicated with B10-0.25 MI, B10- 
0.30 MI, and RaSP-0.70 MI, no significant interaction was detected be-
tween sonication sequence/MI group and timepoint of gadobutrol 
administration (Fig. 2B). For targets sonicated with B10-0.70 MI, RaSP- 
0.30 MI, and RaSP-1.40 MI, no indications of BBB permeability decay 
were observed (Fig. 2A). 

3.2. MRI indications of hemorrhage 

MR images collected with a SWI sequence were used to assess the 
frequency of hemorrhage for each group (Fig. 2A). Hypointensities, 
indicative of hemorrhage, were observed in at least one imaging slice for 
all targets sonicated with RaSP-1.40 MI (6/6) and B10-0.70 MI (6/6). No 
targets displayed hypointensities for any other group. 

3.3. RBC extravasation 

For animals in cohort #1 and targets sonicated with B10-0.25 MI, 
B10-0.30 MI, or RaSP-0.70 MI, RBC extravasation was assessed in H&E 
stained sections as an indication of vascular damage (Fig. 3). Although 
mean NGC was not significantly different between these groups at any 
single time point (Table 1), RaSP-0.70 MI produced a significantly 
greater proportion of targets with regions of RBC extravasations (12/21) 
than B10-0.25 MI (0/21; p < 0.01) or B10-0.30 MI (2/18; p = 0.02). The 
mean area of RBC extravasations across targets with non-zero values was 
significantly greater for RaSP-0.70 MI (35,000 μm2 ± 32,000 μm2) than 
B10-0.30 MI (8100 μm2 ± 600 μm2; p = 0.01). Qualitatively, regions of 
RBC extravasation were largely observed in very close proximity to 
vasculature (Fig. 3B and C) or in sulci that separate brain structures (i.e. 
hippocampal sulcus). 
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3.4. Albumin extravasation 

Tissue sections adjacent to those evaluated for RBC extravasation 
were immunostained for mouse serum albumin (Fig. 4). Diffuse paren-
chymal albumin immunoreactivity was observed in targeted brain areas, 
corresponding to, and extending beyond, regions of gadobutrol extrav-
asation (Fig. 4). Similar distributions of albumin immunoreactivity 
within the targeted volume were observed for all targets that exhibited 
evidence of gadobutrol leakage; however, the spread of immunoreac-
tivity away from the centre of sonicated areas appeared greater for 
targets that displayed the greatest NGC. Targets sonicated with RaSP- 
0.30 MI displayed minimal levels of immunoreactivity in close prox-
imity to the lateral ventricles (Fig. 4D). Throughout non-sonicated re-
gions of brains that displayed gadobutrol leakage, immunoreactivity 
surrounding blood vessels was often observed (Fig. 4C′′). This was 
particularly evident in cortical penetrating vessels. 

3.5. Gadobutrol and dextran extravasation 

Animals in cohort #2 were administered both gadobutrol and 3 kDa 
fluorescent dextran immediately prior to sonication in order to capture 
BBB leakage that occurred during FUS + MB exposure. Mean NGC did 
not differ significantly between targets sonicated with B10-0.25 MI, 

B10-0.30 MI, and RaSP-0.70 MI (Table 3). All targets sonicated with 
RaSP-0.30 MI displayed NGC below threshold levels. At equivalent MIs, 
B10 produced significantly greater mean NGC than RaSP (0.70 MI: p <
0.001; 0.30 MI: p = 0.03) (Fig. 5E). 

The relationship between NGC and median dextran fluorescence was 
compared between sequences (cohort #2). No significant effect of son-
ication sequence was detected. When pooled, targets sonicated with 
B10-0.25 MI, B10-0.30 MI, RaSP-0.30 MI, and RaSP-0.70 MI displayed a 
strong linear correlation (r2 = 0.78) between NGC and median dextran 
fluorescence intensity (Fig. 5F). No significant difference in median 
pixel intensity was detected between targets sonicated with RaSP-0.30 
MI and non-sonicated controls. Pixel intensity COV did not differ 
significantly between B10-0.25 MI, B10-0.30 MI, B10-0.70 MI, or RaSP- 
0.70 MI (Fig. 5G); COV for both B10-0.30 MI (p = 0.02) and RaSP-0.70 
MI (p = 0.01) were significantly greater than RaSP-0.30 MI. 

3.6. Dextran extravasation 

Parenchymal dextran fluorescence was observed in targeted brain 
areas, corresponding to regions of gadobutrol leakage. At targets soni-
cated with B10-0.25 MI, B10-0.30 MI, and RaSP-0.70 MI, similar pat-
terns of cellular uptake were observed; dextran fluorescence resembling 
the morphology of microglia and neurons were found within, and in 

Fig. 2. Gadobutrol extravasation and hemorrhage. (A) Each animal in cohort #1 was sonicated at three locations (10 min between each sonication), with gadobutrol 
administered immediately following the last sonication. MR images were collected pre- and post-FUS + MB exposure using T1 mapping and SWI sequences, to assess 
gadobutrol extravasation and hemorrhage, respectively. Representative images are displayed for each sonication sequence/MI group. Colorbar indicates T1 relax-
ation times in ms. Red arrows highlight hypointensities indicative of hemorrhage. (B) Mean NGCs are depicted as a function of post-sonication gadobutrol 
administration time. Targets sonicated with RaSP-0.30 MI displayed NGC below threshold levels (dashed line; 2 standard deviations above non-sonicated control 
regions). By maintaining a 10 min interval between sonications and administering gadobutrol following the last sonication in each animal, the time-dependence of 
BBB permeability enhancement could be compared between sonication schemes. When comparing NGC at targets sonicated with B10-0.25 MI, B10-0.30 MI, and 
RaSP-0.70 MI, no significant interaction was detected between sonication sequence/MI group and the time of gadobutrol administration following sonication. Error 
bars indicate standard error of the mean. (C) Three locations were sonicated in each animal. In order to account for regional variation, within each sonication 
sequence/MI group, target locations were balanced among the configurations depicted. Temporal order of sonications are indicated numerically. B10 = 10 ms tone 
burst sequence; RaSP = rapid short-pulse sequence. Scale bar = 4 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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close proximity to, the targeted regions (Fig. 5). Increased relative 
fluorescence intensity surrounding vasculature was observed within 
targeted regions, as well as in non-sonicated surrounding areas and 
distant cortical penetrating vessels (Fig. 5). Increased fluorescence in-
tensity was also observed in the sagittal sulcus and choroid plexus 
(Fig. 5) in all animals that displayed gadobutrol extravasation. 

4. Discussion 

The work presented here compared the efficacy and safety of two 
sonication sequences (RaSP and B10) designed to produce transient BBB 
permeability enhancement in the murine brain. Several key findings 
provide insight into factors that influence vascular leakage and damage 
induced by FUS + MB exposures. Ultimately, this study suggests that 
when accounting for the magnitude of BBB permeability enhancement, 
and thus the potential for drug delivery, the RaSP sequence tested here 
did not produce measurable improvements over the B10 sequence and 
may present an increased risk of vascular damage. 

To achieve similar levels of cerebrovascular leakage, more than 
twice the PNP was required for the RaSP sequence compared to B10. 
This was true for the extravasation of contrast agents administered 
intravenously prior to, or following, FUS + MB exposure. When 
administering both dextran and gadobutrol, NGC was also found to ac-
count for much of the variance in dextran extravasation, regardless of 
sonication sequence. Given differences in the time between sonication 
and extravasation quantification for these contrast agents, results sug-
gest that intra-sonication BBB leakage was not substantially influenced 
by sonication sequence. When employing the same MI, targets sonicated 
with RaSP displayed significantly less cerebrovascular leakage than B10- 
sonicated targets. Given the substantial difference in duty cycles be-
tween sequences (274× greater for B10), the requirement to apply 
higher PNPs to generate equivalent levels of contrast agent extravasa-
tion is consistent with previous reports [16,33]; however, employing 
higher PNPs may increase the probability of inertial cavitation activity 
[34] which would incur added risk of vascular damage. This may drive 
the observed disparity in RBC extravasations between sequences. 

While NGC at targets sonicated with B10-0.30 MI was not signifi-
cantly different from RaSP-0.70 MI, the proportion of targets displaying 
RBC extravasation was significantly greater for the RaSP sequence (2/18 
vs. 12/21); targets sonicated with B10-0.25 MI displayed no evidence of 
RBC extravasation. These results suggest that the risk of inducing 

Table 2 
Normalized gadobutrol concentration at sonicated targets with varied admin-
istration times (cohort #1).  

Sonication 
sequence 

MI Number of 
targets 
(Animals) 

Normalized gadobutrol concentration 

0 min 10 
min 

20 
min 

Pooled 
time 
points 

B10 0.70 6 (2) 1.85 
±

0.88 

2.01 
±

0.26 

1.53 
±

0.74 

1.80 ±
0.57 

B10 0.30 18 (6) 0.85 
±

0.15 

0.63 
±

0.22 

0.46 
±

0.24 

0.65 ±
0.26 

B10 0.25 21 (7) 0.61 
±

0.23 

0.36 
±

0.18 

0.35 
±

0.20 

0.44 ±
0.23 

RaSP 1.40 6 (2) 0.87 
±

0.44 

1.41 
±

0.29 

0.87 
±

0.40 

1.05 ±
0.49 

RaSP 0.70 21 (7) 0.77 
±

0.13 

0.48 
±

0.15 

0.52 
±

0.23 

0.59 ±
0.21 

RaSP 0.30 6 (2) 0.03 
±

0.08 

0.02 
±

0.07 

0.03 
±

0.09 

0.03 ±
0.06 

Note: Time points indicate the delay between the end of FUS + MB exposure and 
gadobutrol administration. B10 = 10 ms tone burst sequence; MI = mechanical 
index; RaSP = rapid short-pulse sequence. 

Fig. 3. Red blood cell extravasation. (A-D) Hematoxylin and eosin stained sections (main images: 20× objective; inset images: 63× objective) from animals in cohort 
#1 are shown, highlighting regions of RBC extravasation from targets sonicated with RaSP-0.70 MI (A,B) and B10-0.30 MI (C,D). Black arrows indicate RBCs in main 
images. RBCs were largely observed in very close proximity to blood vessels (B,C) or in sulci that separate brain structures (A). (E) Among sonication schemes 
producing similar levels of gadobutrol extravasation, RaSP-0.70 MI generated a significantly greater mean size and frequency of RBC extravasation compared to B10- 
0.25 MI or B10-0.30 MI. * indicate p < 0.05 for both the frequency of targets displaying RBC extravasation and mean size of RBC extravasation. B10 = 10 ms tone 
burst sequence; RaSP = rapid short-pulse sequence. Black scale bars = 50 μm. White scale bars = 10 μm. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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vascular damage is greater for RaSP than B10 when accounting for drug 
delivery potential; microbubble collapse during peak rarefaction may 
drive this effect. 

Along with the differences in duty cycle that may drive the 
requirement to employ greater PNPs to generate equivalent levels of 
contrast agent extravasation with the RaSP sequence, it is also important 
to consider standing waves and their contribution to in situ pressure 
amplitudes. With the use of ms-long tone bursts, reflections from the 

base of the skull will create constructive interference in the focal volume 
and increase in situ PNP. This effect can be diminished or eliminated 
with the use of short pulses on the order of a few cycles (depending on 
the geometry of the skull cavity, driving frequency, transducer geome-
try, etc.) [35]. This emphasizes the importance of considering factors 
like drug delivery potential when comparing sonication sequences, as in 
situ pressure amplitudes can be difficult to estimate and can vary sub-
stantially between brain locations and animals. 

Fig. 4. Albumin immunoreactivity. Four hours following sonication, animals in cohort #1 were sacrificed. Representative immunoreactivity for mouse serum al-
bumin is displayed for animals sonicated with B10-0.70 MI (A), B10-0.30 MI (B), RaSP-0.70 MI (C), and RaSP-0.30 MI (D). For orientation and comparisons to 
gadobutrol extravasation, T1 maps are displayed (A′-D′). Colored boxes and matching panel borders indicate corresponding ROIs. (A) Targets displaying high levels 
of gadobutrol extravasation exhibited greater diffusion of albumin immunoreactivity away from the targeted locations. Distributions of albumin immunoreactivity 
within the targeted volume were similar for targets exhibiting evidence of gadobutrol extravasation (A-C). (D) Targets sonicated with RaSP-0.30 MI displayed 
minimal immunoreactivity surrounding the lateral ventricle. In non-sonicated regions of brains displaying gadobutrol extravasation, regions of immunoreactivity 
surrounding blood vessels were often observed (C′′′). White scale bars = 2 mm. Black scale bars = 200 μm. Colorbar for T1 maps match Fig. 2A. 
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In addition to quantity, spatial distribution of drug delivery also has 
relevance for therapeutic applications. For parameters that produced 
similar magnitudes of NGC, COVs of dextran fluorescence were not 
significantly different, suggesting that sonication sequence did not in-
fluence dextran distribution in tissue. Patterns of dextran cellular uptake 
and albumin immunoreactivity were also similar across targets dis-
playing comparable levels of NGC. It is worth noting that both dextran 
fluorescence and albumin immunoreactivity were observed surrounding 
blood vessels, in what appeared to be perivascular spaces. This was 
particularly evident in the cortical penetrating vessels of regions distant 
from targets displaying BBB permeability enhancement, potentially 
indicative of glymphatic clearance. To the best of the authors’ knowl-
edge, this is the first histological observation describing this effect 
following FUS + MB exposure and is consistent with previous MRI-based 
observations [36]. 

The decay of BBB permeability enhancement following sonication 
also has relevance to drug delivery potential and safety. Previous work 
from Marty et al. demonstrated that the magnitude of BBB permeability 
enhancement decays exponentially following FUS + MB exposure and 
that the size of molecules extravasating impact this decay rate [37]. In 
the current study, when comparing NGC at targets sonicated with 
B10–0.25 MI, B10–0.30 MI, and RaSP - 0.70 MI, no significant interac-
tion was detected between sonication sequence/MI group and the time 
of gadobutrol administration following FUS + MB exposure. This sug-
gests that when accounting for the initial magnitude of BBB permeability 
enhancement, the sonication sequences tested here did not significantly 
impact the decay of vascular leakage. 

O’Reilly et al. have previously demonstrated the ability to generate 
BBB permeability enhancement using single-cycle pulses (pulse repeti-
tion frequency = 1 Hz) and showed that as the number of evenly spaced 
single-cycle pulses per 10 ms burst was increased, resulting gadolinium 
leakage increased concomitantly. Incidence of edema, an indicator of 
risk, could be accounted for largely by the magnitude of BBB perme-
ability enhancement and was not necessarily found to be related to the 
duration between single-cycle pulses. This study also stressed the 
importance of accurately establishing the relationship between driving 
voltage and PNP, while accounting for ring-up/ring-down time [16]. In 
the current study, separate driving voltage-PNP calibrations were per-
formed for each sonication sequence to account for the time required to 
reach full transducer output (i.e. > 5 cycles). The slope of the B10 
calibration curve was more than 3.5 times that of RaSP, highlighting the 
importance of this step. 

The PNP used by Morse et al. for 10 ms tone bursts resulted in 
broadband and sustained ultraharmonic emissions [18], both of which 
are associated with vascular damage [2,38]; indeed, RBC extravasation 
was observed at one of three targets examined [18]. Applying the same 
driving voltage for the RaSP sequence would result in an overestimation 
of PNP, lower probability of inertial cavitation, less BBB permeability 
enhancement, more rapid return of BBB integrity, and less albumin 
extravasation, due to differences in the time required to reach full 
transducer output for each sequence. Morse et al. also noted that 
acoustic emissions generated during sonication correlated strongly with 
dextran extravasation when employing the RaSP sequence (r2 = 0.94, n 
= 5), but were not predictive for 10 ms tone bursts (r2 = 0.04, n = 5) 
[18]. This runs contrary to previous studies which have observed strong 
correlations between harmonic emissions and BBB permeability 
enhancement when using tone bursts (r2 = 0.56, n = 34 [2]; r2 = 0.74, n 
= 13 [39]; r2 = 0.69, n = 32 [11]). For short duration pulses, the trade- 
off between frequency resolution and signal-to-noise ratio of acoustic 
emissions also complicates acoustic control strategies, an important 
consideration for clinical implementation, where real-time monitoring is 
essential for risk management [4,6]. 

Observations by Morse et al. of the return of BBB integrity before 10 
min when employing the RaSP sequence [18] were not replicated here; 
differences between studies in the initial magnitude of BBB permeability 
enhancement at RaSP-sonicated targets may account for this [37]. Given 
that BBB permeability enhancement has been found to decay exponen-
tially following sonication, and that this decay is influenced by the size 
of the molecule extravasating [37], it may be possible to generate short- 
lived increases in vascular leakage lasting on the order of minutes; 
however, the drug delivery potential of this approach requires 
consideration. 

4.1. Limitations 

There are several limitations of this work to acknowledge. First, 
direct comparisons to recent RaSP research [18] are hindered by dif-
ferences in microbubble type (Definity vs. SonoVue); however, earlier 
studies with short pulses have employed Definity [14,17] and reported 
similar observations. Second, differences between the current study and 
Morse et al. [18], including sonication location and driving frequency, 
cannot be ruled out as factors contributing to the disparities in obser-
vations. Third, only two sonication sequences and a limited number of 
PNPs were explored, while keeping all other parameters fixed. Although 
chosen for relevance to previous [4,6] and ongoing clinical trials, the 
results presented here should not be considered an endorsement of ms- 
long tone bursts as the optimum strategy for FUS + MB-mediated BBB 
permeability enhancement. Variations (e.g. long duration sonications at 
low PNP) on the RaSP sequence tested here may prove valuable for drug 
delivery applications in the brain or may be further modified for other 
non-thermal brain therapies [40,41]. 

5. Conclusion 

When accounting for drug delivery potential, the specific RaSP 
sequence tested here did not produce measurable improvements in ef-
ficacy over 10 ms tone bursts and may present an increased risk of 
vascular damage. Detailed exploration of FUS parameter space, along 
with pharmacology-based approaches [11], should remain a focus in the 
field to further improve drug delivery and reduce risk, while empha-
sizing clinical feasibility. As this brain-drug delivery technique advances 
to further phases of clinical testing, cost-benefit analyses will become 
increasingly important. This will necessitate careful consideration of the 
clinical context for which specific sonication sequences are designed, 
increasing or decreasing the relative importance of safety measures 
compared to drug delivery potential. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jconrel.2020.10.004. 

Table 3 
Normalized gadobutrol concentration and dextran fluorescence at sonicated 
targets (cohort #2).  

Sonication 
sequence 

MI Number 
of 
animals 

Normalized 
gadobutrol 
concentration 

Median 
pixel 
intensity 
(RFU) 

COV pixel 
intensity 

B10 0.70 3 2.32 ± 0.58 100.5 ±
12.1 

0.44 ±
0.01 

B10 0.30 3 0.99 ± 0.34 13.1 ± 0.8 0.59 ±
0.18 

B10 0.25 3 0.43 ± 0.27 2.7 ± 0.8 0.47 ±
0.07 

RaSP 0.70 3 0.70 ± 0.16 8.3 ± 1.3 0.64 ±
0.18 

RaSP 0.30 3 0.06 ± 0.04 0.3 ± 0.6 0.22 ±
0.05 

Control 0.00 3 – 0.0 ± 0.3 0.19 ±
0.03 

Note: Control animals received microbubbles, gadobutrol, dextran, and were 
under isoflurane, but did not undergo magnetic resonance imaging. Median 
pixel intensity and COV of pixel intensity refer to analysis of dextran fluores-
cence. B10 = 10 ms tone burst sequence; COV = coefficient of variation; MI =
mechanical index; RaSP = rapid short-pulse sequence; RFU = relative fluores-
cence units. 
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