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Abstract—The therapeutic efficacy of neurological agents is
severely limited, because large compounds do not cross the blood—
brain barrier (BBB). Focused ultrasound (FUS) sonication in the
presence of microbubbles has been shown to temporarily open the
BBB, allowing systemically administered agents into the brain. Un-
til now, polydispersed microbubbles (1-10 pm in diameter) were
used, and, therefore, the bubble sizes better suited for inducing the
opening remain unknown. Here, the FUS-induced BBB opening de-
pendence on microbubble size is investigated. Bubbles at 1-2 and
4-5 pm in diameter were separately size-isolated using differen-
tial centrifugation before being systemically administered in mice
(n = 28). The BBB opening pressure threshold was identified by
varying the peak-rarefactional pressure amplitude. BBB opening
was determined by fluorescence enhancement due to systemically
administered, fluorescent-tagged, 3-kDa dextran. The identified
threshold fell between 0.30 and 0.46 MPa in the case of 1-2 pm
bubbles and between 0.15 and 0.30 MPa in the 4-5 m case. At ev-
ery pressure studied, the fluorescence was greater with the 4-5 pym
than with the 1-2 xm bubbles. At 0.61 MPa, in the 1-2 zzm bubble
case, the fluorescence amount and area were greater in the tha-
lamus than in the hippocampus. In conclusion, it was determined
that the FUS-induced BBB opening was dependent on both the
size distribution in the injected microbubble volume and the brain
region targeted.

Index Terms—Blood-brain barrier, brain drug delivery, focused
ultrasound (FUS), microbubbles, opening, permeability.

1. INTRODUCTION

HE EXCHANGE of molecules across the cerebral mi-
I crovasculature is regulated by a unique interface known as
the blood-brain barrier (BBB). Its major functions are to prevent
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toxins from entering the parenchyma and to maintain molecu-
lar environments necessary for proper neuronal firing [1], [2].
Through a combination of passive, transport, and metabolic
barriers, nearly all systemically administered compounds larger
than 400 Da are excluded from the brain’s extracellular space,
rendering thus many neurologically potent compounds ineffec-
tive [3]. As a result, potential therapeutic agents, such as in-
hibitors to enzymes (~1 kDa) and antibodies (30-300 kDa),
will not reach their intended targets if administered systemi-
cally. The treatment of central nervous system (CNS) disorders
will remain severely impaired until a method to deliver such
large agents in the brain at a sufficient dose is shown to be
effective [3].

Several brain drug delivery methods are being developed to
overcome the BBB obstacle and include intracranial injections,
mixing, or attaching agents with BBB-modifying chemicals
(i.e., mannitol), and the chemical modification of agents to be
delivered through endogenous transport systems [3]. However,
the methods are either invasive or limited in spatial specificity.
In this paper, we investigated focused ultrasound (FUS) applied
after the systemic administration of ultrasound contrast agents
(UCA) as the BBB opening method [4]. To our knowledge, this
is the only known technique, out of those clinically used or
under development, which concurrently delivers agents to the
brain through the intact skull, locally (to a targeted volume),
and transiently with the BBB closing within hours of its open-
ing [3]-[5]. To this date, safety assessment has been comprised
of histological analysis to determine the presence of apoptosis,
neuronal death, and erythrocyte extravasations [6]-[9], and MRI
to determine the presence of hemorrhage, macroscopic struc-
tural changes, and the timeline of BBB closure [4], [5], [10].
Comprehensive histological analyses of the damage within a
few days of sonication revealed that, at specific acoustic pa-
rameters (i.e., pressure, frequency, pulse length, pulse repeti-
tion frequency, and duration), BBB opening can occur without
widespread hemorrhage or neuronal damage [11], [12]. In light
of the serious lack of effective clinical treatments of most CNS
disorders, the safety profile of FUS-induced BBB opening re-
ported to this date is promising for human applications.

In terms of efficacy, FUS-induced BBB opening has been
shown to increase the BBB permeability to therapeutically
relevant-sized agents, such as Omniscan (573 Da), Magnevist
(938 Da) [4], [5], [10], Evans Blue [13], Trypan Blue [14],
Herceptin (148 kDa) [13], doxorubicin (544 Da) [15], and rab-
bit anti-A( antibodies [14]. However, the magnitude of this
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permeability increase, the spatial distribution of the delivered
agents within the targeted volume, and the dependence of both
on the agent’s molecular weight have not been extensively in-
vestigated in these studies. In order to study these character-
istics, dextrans at three distinct molecular weights (3, 70, and
2000 kDa) were employed as model agents [16], [17]. It was
found that, although compounds larger than 400 Da can be de-
livered, there is a size exclusion threshold that remains. The
3-kDa dextran was more evenly distributed and at a higher con-
centration than that of the 70-kDa dextran. Dextrans were also
deposited at larger amounts proximal to larger vessel branches
such as the internal and external transverse hippocampal ves-
sels, and the vessels within the thalamus, when compared with
other regions in the targeted hippocampus. As a result, although
large agents have been shown to be delivered through the BBB,
there remain concerns regarding the effective concentration and
spatial distribution of trans-BBB delivered compounds.

To date, all FUS-induced BBB opening studies utilized UCAs
(i.e., Definity, SonoVue, and Optison) with either a protein or
lipid shell and a stabilized gas core. The original development
of these UCAs was to provide image contrast while remaining
safe for systemic administration by restricting the bubble size to
below 10 pm. FUS-induced BBB opening, in a stark difference,
requires that the preformed microbubbles be present to allow
for an increase of the BBB’s permeability in order to modu-
late the biological environment, albeit temporarily. At the low
acoustic pressures typically used in FUS-induced BBB opening
(<1 MPa peak-rarefactional), microbubbles are a key compo-
nent since opening does not occur without their presence in the
vasculature [4], [5], [10]. Thus, in this paper, we hypothesize
that microbubbles can be specifically designed for the purpose
of inducing BBB opening and predicting its characteristics. To
do this, we noted several studies by our group and others on
acoustic cavitation, the cerebral vasculature, and their influence
on BBB opening. First, the BBB opening acoustic pressure
threshold has been previously shown to be below the inertial
cavitation threshold [11], thus indicating that noninertial cavi-
tation may be one of the causes for opening. Second, the BBB
exists along cerebral capillaries, which are 4-8 ym in diame-
ter [18], therefore, bubbles smaller than 8 yum were used. The
vessel size also describes the constrained environment, within
which these bubbles are interacting. Several simulations and
in vitro studies of microvessels have shown that the bubble’s
resonance frequency, its expansion ratio, its pressure threshold
for inertial cavitation and fragmentation, its translational ve-
locity, and lifetime of stable oscillation are all dependent on
the bubble size and vessel diameter [19]-[26]. Third, we ob-
served that, when sonicating in the presence of polydispersed
SonoVue, not only were agents delivered trans-BBB but they
were also concentrated at or near large vessels [27]. Thus, we
hypothesized that a particular bubble size, within the larger size
distribution range, causes the specific desirable effect of BBB
opening, i.e., safe and localized.

The purpose of this paper is to determine the BBB open-
ing dependence on microbubble size distribution. Microbubbles
were size-isolated into 1-2 and 4-5 pum diameter ranges with
differential centrifugation [28], deemed small enough to perfuse
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Fig. 1. Invivo FUS-induced BBB opening experimental setup.

the cerebral vasculature while sufficiently large to induce the re-
quired mechanical stress on the vessel wall. For each bubble set,
the BBB opening acoustic pressure threshold was identified and
the safety was evaluated using histological analysis. In addition,
the extent of BBB opening in different brain regions, which have
different capillary densities [29], [30], was compared. Finally,
the size distribution of systemically administered microbubbles
and the vasculature they circulate in were shown to be key fac-
tors in the FUS-induced BBB opening.

II. MATERIALS AND METHODS

A. Ultrasound Equipment

A single-element, spherical-segment FUS transducer (center
frequency: 1.525 MHz, focal depth: 90 mm, radius: 30 mm;
Riverside Research Institute, New York, NY, USA) was driven
by a function generator (Agilent, Palo Alto, CA, USA) through
a 50-dB power amplifier (E&I, Rochester, NY, USA) to generate
therapeutic acoustic waves. A pulse-echo transducer (center fre-
quency: 7.5 MHz; focal length: 60 mm), which was used as an
imaging transducer, was positioned through a central, circular
opening of the FUS transducer so that their foci were aligned.
The imaging transducer was driven by a pulser—receiver system
(Olympus, Waltham, MA, USA) connected to a digitizer (Gage
Applied Technologies, Inc., Lachine, QC, Canada). A cone-
shaped chamber filled with degassed and distilled water was
mounted on the transducer system and capped with an acous-
tically transparent latex membrane (Trojan; Church & Dwight
Co., Inc., Princeton, NJ, USA) in order to contain the water (see
Fig. 1). The transducers were attached to a computer-controlled
3-D positioning system (Velmex Inc., Lachine, QC, Canada).

The details of the FUS transducer’s acoustic pressure am-
plitude and beam profile measurements have been previously
described [5], [10]. In brief, the pressures reported in this study
were calculated by measuring the peak-rarefactional pressure
amplitudes with a needle hydrophone (needle diameter: 0.2 mm;
Precision Acoustics Ltd., Dorchester, Dorset, U.K.) in degassed
water while accounting for 18.1% attenuation through the
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parietal bone of the mouse skull. The lateral and axial full-
width at half-maximum (FWHM) intensity was measured to be
approximately 1.32 and 13.0 mm, respectively.

B. Size Isolated Microbubbles

Microbubbles comprised of a 1,2-distearoyl-sn-glycero-
3-phosphocholine (DSPC) and polyoxyethylene-40 stearate
(PEG40S) lipid-shell with a perfluorobutane (PFB) gas core
were manufactured in-house. Size-selected microbubbles were
isolated from a polydispersed microbubble distribution using a
method developed by Feshitan et al. (2008). In brief, acoustic
emulsification was first used to generate a polydispersed mi-
crobubble distribution [28]. Using Stokes’ equation [31], which
calculates the rise velocity of a buoyant particle relative to the
bulk fluid under creeping flow conditions, bubble suspensions
were centrifuged at a specific relative centrifugal force and dura-
tion. The resulting cake (portion of the centrifuged tube located
radially inward) or infranatant (portion of the centrifuged tube
located radially outward) was resuspended to preserve either
larger or smaller bubbles, respectively. The centrifugation and
resuspension process was repeated several times until the de-
sired 1-2 or 4-5 pm diameter range was obtained. The final
solution was redispersed to 1-mL of 20 volume percent glyc-
erol solution in PBS and stored in a 2-mL serum vial with PFB
headspace.

The final microbubble size distribution in each vial was de-
termined by laser light obscuration and scattering (Accusizer
780A, NICOMP Particle Sizing Systems, Santa Barbara, CA,
USA) before and after its use in the FUS-induced BBB opening
experiments. In all BBB opening experiments and for both sets
of bubbles, the total concentration was kept constant at approx-
imately 8.5 x 10° number of bubbles per mL. In order to ensure
accuracy of concentration, the bubbles were generated at an ini-
tial yield larger than the desired concentration and then diluted
in PBS 1 min before intravenous injection into the mouse.

C. Preparation of Animals

All procedures involving animals were approved by the
Columbia University Institutional Animal Care and Use Com-
mittee. A total of 28 wild-type mice (strain: C57BL/6, mass:
28.0 = 4.5 g, sex: male; Harlan, Indianapolis, IN, USA) were
used in this study. The mice were anesthetized using 1.25-
2.50% isoflurane (SurgiVet, Smiths Medical PM, Inc., Wiscon-
sin, USA) throughout both the BBB opening and transcardial
perfusion procedures.

D. Blood—-Brain Barrier Opening Protocol

Each mouse was anesthetized and placed prone with its head
immobilized by a stereotaxic apparatus (David Kopf Instru-
ments, Tujunga, CA, USA) (see Fig. 1). The mouse hair was
removed using an electric trimmer and a depilatory cream. A
degassed water-filled container sealed at the bottom with thin,
acoustically and optically transparent, Saran Wrap (SC Johnson,
Racine, WI, USA) was placed on top of the mouse head while
ultrasound coupling gel was used to eliminate any remaining
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Fig.2. Acoustic waves propagated through (a) left parietal bone and converged
to a 1.32-mm diameter region (dotted circle). (b) Left hippocampus was targeted
while the right region acted as a control.

impedance mismatch between the two surfaces. The transduc-
ers were then submerged in the water of the container with its
beam axis perpendicular to the surface of the skull.

A grid positioning method to target the mouse brain was then
used as previously described [10]. In brief, a metallic grid was
placed in alignment with the mouse skull’s sutures, which were
visible through the intact skin. The grid was then imaged using
the pulse-echo transducer in a raster-scan, and, since the foci of
the two transducers were aligned, the position of the FUS trans-
ducer relative to the sutures was known. The FUS transducer was
moved 2.25 mm laterally of the sagittal suture and 2.0 mm ante-
rior of the lambdoid suture [see Fig. 2(a)]. This corresponded to
the focus overlapping with the left hippocampus and the lateral
portion of the thalamus [see Fig. 2(b)]. This target was selected,
because the parietal bone allowed for the lowest attenuation and
beam distortion to the 1.525 MHz ultrasound frequency used.
More importantly, the hippocampus is an anatomical region that
is easy to identify and trace, is a comprehensively studied brain
region, and is a potential therapeutic target (i.e., early onset of
Alzheimer’s disease is typically detected at the hippocampus).
The right hemisphere was not targeted and was used as a control.
The grid positioning method was sufficiently precise to have the
FUS beam consistently overlap with the hippocampus of the
brain. No craniotomy was performed.

A 25-uL bolus of either 1-2 or 4-5 pm diameter bubbles
was injected into the tail vein one minute prior to sonication.
For the 1-2 bubble set, pulsed FUS (pulse rate: 10 Hz, pulse
length: 20 ms, duty cycle: 20%) was applied at 0.30 (n = 4),
0.46 (n = 3), or 0.61 (n = 4) MPa peak-rarefactional pressure in
a series of two 30-s intervals of sonication at a single location.
A 30-s interval between the two allowed for residual heat to
dissipate and microbubbles to reperfuse the cerebral vasculature
undisturbed by the acoustic wave [5]. The same experiment
was repeated for the 4-5 pum bubble set, but acoustic peak-
rarefactional pressures were set at 0.15 (n = 4), 0.30 (n = 5),
or 0.46 (n = 3) MPa. The pressure ranges used were based
on our previous studies with Definity [16]. Since our previous
work has shown that the vascular characteristics (i.e., vascular
density) in the sonicated region may influence the extent of BBB
opening, the sonication procedure was performed once and at a

Authorized licensed use limited to: Columbia University. Downloaded on January 13, 2010 at 11:49 from IEEE Xplore. Restrictions apply.



148 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 57, NO. 1, JANUARY 2010

single location in each mouse brain in order to more accurately
compare BBB opening pressure thresholds.

Approximately 10 min after FUS-induced BBB opening,
3-kDa Texas Red-tagged dextran, which was measured by dy-
namic light scattering to be 2.33 + 0.38 nm in diameter [16], was
injected into the femoral vein. After a 20-min interval, which
enabled the dextran to circulate throughout the vasculature, the
mice were transcardially perfused with 30 mL of phosphate
buffer saline (138 mM sodium chloride, 10 mM phosphate,
pH 7.4) and 60 mL of 4% paraformaldehyde. The brain was ex-
tracted from the skull, postfixed in paraformaldehyde overnight,
and then prepared for either frozen (n = 22) or paraffin sections
(n = 6). The frozen sectioning protocol provided an efficient
means of analyzing fluorescence in order to determine the BBB
opening threshold. Meanwhile, the paraffin sections allowed for
analysis of both the delivery of dextran and safety at the pressure
thresholds, i.e., 0.46 and 0.30 MPa with the 1-2 and 4-5 pym
bubbles, respectively.

In preparation of frozen sectioning, the brain was cryopro-
tected by soaking it in 30% sucrose overnight. The brain was
then embedded in optimum cutting temperature compound
(Sakura Tissue-Tek O.C.T. Compound; Torrance, CA, USA),
frozen in a square mold, and sectioned using a cryostat into
200-pm slices in the horizontal orientation. In preparation for
paraffin sectioning, the brain was embedded in paraffin. From
the dorsal side of the brain, 1.2 mm was trimmed away and then
12 levels were obtained with 80-um bypassed between levels.
At each level, six sections at 6-um were obtained, two were
stained with hematoxylin and eosin (H&E), and four remained
unstained for fluorescence imaging to detect the trans-BBB de-
livered dextran.

E. Histological Image Analysis

Bright field and fluorescent images of the frozen sections were
acquired using an inverted light and fluorescence microscope
(IX-81; Olympus, Melville, NY, USA) with a motorized stage-
scanner. Paraffin sections were imaged using an upright light
and fluorescence microscope (BX61; Olympus, Melville, NY,
USA). In both cases, the Texas Red-tagged dextran was excited
at 568 + 24 nm while emissions were filtered for 610 + 40 nm.

In the case of frozen sections, horizontal sections were cho-
sen at defined cross sections as depicted in Figs. 4 and 5. A
3 x 3 mm? region of interest (ROI) in the bright field images
was selected (see Figs. 4 and 5) using Adobe Photoshop (San
Jose, CA, USA) and the hippocampus and thalamus were man-
ually outlined. The outlines were then loaded into MATLAB
(Natick, MA, USA) and used to isolate the hippocampus on the
fluorescence images. MATLAB routines were used to calculate
the spatial average and standard deviation of fluorescence in the
control and targeted ROIs. Based on these values, the relative
increase in fluorescence was then calculated by subtracting the
spatially averaged fluorescence in the right ROI from the spa-
tially averaged fluorescence in the left ROI and then dividing
the calculated value by the spatially averaged fluorescence in
the right ROL.

Number of bubbles (%)
Volume of bubbles (%)

% 2% 6 8 10 12 0> 4 6 8 10 12
Diameter (um) Diameter (um)

(a) (b)

Fig.3. Sizedistributions of microbubbles are depicted as (a) number-weighted
percent of the total concentration of bubbles and (b) volume-weighted percent
of the total volume of bubbles. Distinct peaks at approximately 1-2 pm (solid
black) and 4-5 pm (solid blue) are visible. After sonication, the microbub-
bles were reanalyzed (dashed), depicting little deviation of its mean or median
diameters.

TABLE I
SUMMARY OF MICROBUBBLE SIZE DISTRIBUTION

Number-weighted ~ Volume-weighted

diameter (um) diameter (um)

mean median mean median

+std. +std. +std. +std. PI
1-2 pm bubbles
Pre-experiment 12£0.1 1.2+#0.1 1.5+02 1.5+0.1 1.3%0.1
Post-experiment 14+02 1.3+0.1 2915 2.6%1.5 2.1+09
4-5 pm bubbles
Pre-experiment 3.3+0.1  3.4+0.1 5.0+02 43+0.1 1.5£0.1
Post-experiment 32402 32402 4.6£04 43+02 1.4+0.1

F. Statistical Analysis

Differences between two sets of values were determined us-
ing a statistical analysis. Following the calculation of the mean
and standard deviation in the change of fluorescence of the left
over the right hippocampus, a Student’s #-test was performed.
The same comparison amongst the different sets of values for
the increase in area of fluorescence was made. In all compar-
isons, a difference in fluorescence at P < 0.05 was considered
statistically significant.

III. RESULTS

A. Microbubble Stability

A typical size distribution for the 1-2 and 4-5 pm diameter
bubbles is depicted in Fig. 3 as number-weighted [see Fig. 3(a)]
and volume-weighted [see Fig. 3(b)] percentage of the total
number of bubbles and gas volume, respectively. In both in-
stances, there was minimal size overlap between the two bubble
sets. In order to test for stability, size distribution measurements
were acquired from the same vial before and between 6 and 11 h
after the BBB opening experiments.

For both sets of bubbles, the number-weighted and volume-
weighted mean and median bubble sizes, and the polydisper-
sity index (PI), were quantified (see Table I). The PI, which
was defined in Feshitan et al. (2008) as the volume-weighted
mean diameter divided by the number-weighted mean diameter,
was calculated to assess size uniformity. The 1-2 ym bubbles
had number-weighted and volume-weighted mean and median
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Fig. 4. Fluorescence images of the (a, c, and e) left and (b, d, and f) right
brain regions. Delivery of 3 kDa dextran by sonication of the left region in the
presence of 1-2 pm bubbles resulted in a fluorescence increase at (a) 0.61 and
(c) 0.46 MPa, but not (e) 0.30 MPa.

diameters within the 1-2 ym range and a good PI value of 1.2 £
0.1 before the BBB opening experiments (see Table I). After the
experiment, the PI increased to 2.0 4 0.9, as indicated by the
increased discrepancy between number-weighted and volume-
weighted mean diameters. However, this distribution remained
distinct to the 4-5 pum bubbles. The 4-5 sm bubbles had volume-
weighted mean and median values within the 4-5-pm range and
a good PI value of 1.5 £ 0.1. The number-weighted diameters
were below the 4-pm target lower limit, but were still deemed
distinct from the 1-2 pm bubble set. Meanwhile, the volume-
weighted diameter mean and median were 5.0 = 0.2 and 4.3 £+
0.1 pm, respectively. The bubble size distribution did not signif-
icantly change after the BBB opening experiments as indicated
by the PI value of 1.4 £ 0.1.

B. Ultrasound-Induced Blood—Brain Barrier Opening

Following systemic injection of 1-2 pm bubbles, the sonica-
tion induced an increase in fluorescence intensity at 0.46 and
0.61 MPa [see Fig. 4(a) and (c)] while no increase was ob-
served at 0.30 MPa. At 0.46 MPa, increased fluorescence was

Fig. 5. Fluorescence images of the (a, c, e, and g) left and (b, d, f, and h)
right brain regions. Delivery of 3 kDa dextran by sonication of the left region in
the presence of 4-5 pum bubbles resulted in a fluorescence increase at (a) 0.61
(c) 0.46, and (e) 0.30 MPa, but not (g) 0.15 MPa.

observed, but they were not consistent across enough mice to
unequivocally indicate BBB opening (P > 0.1). Regardless, a
statistically significant increase was observed at 0.61 MPa. Fol-
lowing the systemic administration of 4-5 pum bubbles, sonica-
tion induced a fluorescence increase at 0.30, 0.46, and 0.61 MPa
[see Fig. 5(a), (c), and (e)] that was statistically significant (P <
0.05) while no fluorescence increase was observed at 0.15 MPa
(see Fig. 6). At above 0.30 MPa, fluorescence was observed not
only at the fissures and along large vessels, but also diffusely
throughout the hippocampus and thalamus.
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Fig. 6. Fluorescence increase of the left (a, b) hippocampi and (c, d) thalami
relative to the right corresponding region at different acoustic pressures and
microbubbles. With (a, ¢) 1-2 pm bubbles, no significant BBB opening was
observed at 0.30 or 0.46 MPa while opening was observed at 0.61 MPa in both
regions. With (b, d) 4-5 pm bubbles, no significant BBB opening was observed
at 0.15 MPa while opening was observed at 0.30 and 0.46 MPa in both regions.
A significant increase in fluorescence was also observed in the hippocampus at
0.46 MPa over 0.30 MPa.

For each ROI and acoustic pressure, 4-5 pm bubbles pro-
duced greater increases in fluorescence compared with the 1—
2 pm bubbles. In addition, the pressure amplitude threshold
where significant fluorescence was observed was lower for the
4-5 pm bubbles than for the 1-2 pm bubbles. This implied that
a lower acoustic pressure was required to induce BBB opening
for the larger (4-5 pm) bubbles. It was qualitatively noted that
there were regional variations in fluorescence within the son-
icated region [see Fig. 4(a) and (c)]. Therefore, we compared
enhancement in fluorescence in the thalamus and hippocampus
at 0.61 MPa in the 1-2 pm bubble case. A clear difference in
fluorescence increase was detected (P < 0.01).

C. Safety

Mouse brains were assessed for histological damage as de-
fined by the presence of discrete damage sites, such as neuronal
damage (dark neurons), gross hemorrhage, vacuolization, and
small erythrocyte extravasations [32]. Three of the six mice
were sonicated at 0.46 MPa in the presence of 1-2 pm bubbles
while the other three were sonicated at 0.30 MPa in the pres-
ence of 4-5 pm bubbles. Sonication in the presence of 1-2 ym
bubbles clearly depicts BBB opening at 0.46 MPa [see Fig. 8(a)
and (b)]. The 6-um thick sections immediately neighboring the
sections depicted in Fig. 8(a) and (b) were H&E-stained [see
Fig. 8(c)—(f)]. No discrete damage sites were detected in the 12
sections analyzed. In some sections, single erythrocytes were
qualitatively observed, but they also appeared in the control,

contralateral hemisphere, thus indicating that this might be due
to histological artifacts. In addition to this, it was difficult to
determine whether these erythrocytes remained within vessels
or whether they had extravasated. Sonication at 0.30 MPa in the
presence of 4-5 pm bubbles also resulted in BBB opening [see
Fig. 9(a) and (b)] and no discrete damage sites were observed
[see Fig. 9(c) and (d)]. Small erythrocyte extravasations were
observed in both the sonicated and control hemispheres [see
Fig. 9(e) and (f)]. For all pressures and bubbles tested, regions,
where a high intensity of fluorescence was observed, were not
associated with any dead neurons, necrotic sites, or hemorrhage
[see Figs. 8(e) and (f) and 9(e) and (f)].

IV. DISCUSSION

Microbubbles were carefully designed to evaluate their
influence on BBB opening. The 1,2-distearoyl-sn-glycero-
3-phosphocholine (DSPC) and polyoxyethylene-40 stearate
(PEG40S)-shelled microbubble with a PFB gas core was shown
to induce BBB opening; thus, adding to the group of pre-formed
microbubbles capable of opening the BBB (i.e., in addition to
Definity, SonoVue, and Optison). Several methods for generat-
ing monodisperse microbubbles exist and include flow focus-
ing [33], [34], T-junctions [35] and electrohydrodynamic atom-
ization [36]. However, differential centrifugation was unique in
that it allowed for the large volume of size-isolated bubbles re-
quired for our study. The bubbles generated from this method
were also previously characterized to be stable over a period of
at least two days, which was sufficient for the purpose of this
study [28]. Compared with the previously reported study [28],
we experienced a greater change in the PI in less than a day,
but this may be due to the repeated extraction of large bubble
volumes from the vial with little volume remaining for proper
size distribution measurement with the Accusizer. After taking
this potential artifact into account, we believe that the bubble’s
mean and median diameters did not change from before to after
the BBB opening experiments as much as Table I may suggest.
Even in the case where Table I indicated the actual maximum
change in bubble diameter, the isolated size peaks remained
distinct. Another important aspect of the experimental design
was that the bubble concentration, as opposed to the volume
fraction, was kept constant across the different size distribu-
tions tested. This decision was made, because of an assumption:
BBB opening occurs discretely, i.e., the sites of molecular leak-
age are highly correlated with the instantaneous locations of
the bubbles at the time of sonication. In the case, where the
bubble concentration or volume fraction was kept constant, it
was deemed that our method of analysis was sensitive enough
to detect minute increases in fluorescence and, therefore, the
BBB opening acoustic pressure threshold in each bubble case.
The overall concentration may have no effect on whether BBB
opening occurs, but it may have an effect on the number of
BBB opening sites along each capillary, and thus the amount of
fluorescent-tagged dextran infusing the parenchyma.

The lowest peak-rarefactional pressure that induced BBB
opening was 0.46 MPa for the 1-2 ym bubbles and 0.30 MPa
for the 4-5 pum bubbles (see Fig. 6). Here, we defined the
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threshold as the lowest acoustic pressure necessary for inducing
BBB opening. Statistically significant BBB opening with the
1-2 pm bubbles was observed only at 0.61 MPa, but since BBB
opening was observed at 0.46 MPa for at least one mouse, and in
all the brain sections for that mouse, indicated that BBB opening
could be produced at the lower pressure amplitude. According
to this definition, the acoustic pressure threshold for BBB open-
ing fell between 0.30 and 0.46 MPa for the 1-2-um bubbles
and between 0.15 and 0.30 MPa for the 4-5-pm bubbles. The
reason for this difference in the threshold is not clear. Recent
studies have shown that with a decreasing vessel diameter, there
is decrease in the expansion ratio [19], [22] and increase in the
pressure threshold for inertial cavitation or fragmentation [24].
This may be due to the bubble’s change in resonance frequency
or its constraint within a microvessel [23], [25]. This, and our
previous study, showed that two types of increased fluorescence
were observed: spatially distributed regions of fluorescence due
to the delivery of agents across the BBB and concentrated re-
gions of fluorescence near or along large vessel walls [17].

The first, more diffuse, observed fluorescence may be due
to the type of bubble behavior in capillaries. A small bubble
(1-2 pm) is not as constrained as a larger bubble (4-5 pm)
during flow through a capillary (4-8 pm) [18]. If mechanical
stress to the vessel wall due to the acoustically driven bubble
size expansion were the primary cause for BBB opening, then a
higher acoustic pressure amplitude would be necessary to induce
this effect for the 1-2-pim than for the 4-5-pm bubbles. Given
their comparable size to the capillary diameter, the 4-5-pum
bubbles may have higher inertial cavitation and fragmentation
thresholds than if they were in a larger vessel [22]. Therefore,
applying low (0.30 MPa) acoustic pressure to the 4-5 psm bubble
may have been sufficient to initiate stable bubble oscillations
that induced repeated stress against the wall, thereby opening
the BBB more efficiently. This same pressure may not have been
sufficient to cause the 1-2 pm bubbles to have the same desired
therapeutic effect.

The second, more concentrated, observed fluorescence may
be explained by the larger vessels that the bubbles are interact-
ing with. One possible rationale behind this observation is that
in larger vessels (i.e., venules, arterioles, veins, and arteries),
the threshold of inertial cavitation and fragmentation decreases
when compared with smaller vessels (i.e., capillaries) [24]. If
free bubbles were sonicated at the frequency used in our study,
then 1-2 pum bubbles would be more likely to undergo inertial
cavitation or fragmentation than 4-5-pm bubbles [37]. Figs. 4
and 5 qualitatively indicate that we may have higher fluores-
cence concentrated near the vasculature in the 1-2-pm than in
the 4-5-pm bubble case. Another possible rationale is related
to bubble reperfusion and the pulse repetition frequency. Previ-
ous studies have shown that, if the pulse results in microbubble
fragmentation and if the pulse repetition frequency is too high,
then the microbubbles will be destroyed before they perfuse
the microvasculature, thereby decreasing the therapeutic effi-
cacy [38], [39]. In this paper, bubble destruction in the larger
vessels may be associated with concentrated fluorescence at
or near them (see Figs. 4 and 5), which may have prevented
them from completely perfusing the hippocampal and thalamic
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Fig. 7. Increase in average fluorescence of the left ROI relative to the right
ROI due to sonication at 0.61 MPa after the intravenous injection of 1-2 ym
bubbles. A significantly greater fluorescence was observed in the thalamus when
compared with the hippocampus.

microvasculature. The aforementioned explanations of the two
different types of fluorescence observed are, however, specu-
lative and further studies will be carried out to determine the
underlying causes. However, from the findings presented, it can
be concluded that matching the bubble size to the acoustic pa-
rameters used and targeted vasculature might help to control the
size and degree of the desired therapeutic effect.

The mouse was selected as the animal to use, because sev-
eral transgenic models of neurodegenerative diseases have been
recently established for it [40], and it is the most comprehen-
sively studied animal in neuroscience. In addition, and more
relevant to this paper, its vascular anatomy and density are well
understood [41]-[43]. Because of the aforementioned factors
and the need for a large sample size in a parametric study, an
accurate and high throughput FUS targeting system specific for
the mouse brain was previously developed by our group and
used in this paper [10]. The accuracy of the system permitted
not only good reproducibility across different mice, but also al-
lowed for the comparison of BBB opening effects in different
regions within the sonicated volume. Our previous work [27], as
well as Figs. 4 and 5, have qualitatively shown that the thalamus
exhibited greater fluorescence than the hippocampus. The re-
sults of this paper also confirmed this quantitatively (see Fig. 7).
This may be due to the distinct capillary density and/or the
vascular architecture of the thalamus compared with the hip-
pocampus [30]. The higher number of capillaries, or sites of
potential BBB opening, may be the cause for increased perme-
ation of agents. Another possible rationale for the difference in
fluorescence may be due to the fact that the extracellular space
varies in terms of structure and diffusion rate, which implies
differences in the rate of diffusion of delivered agents once they
exit the vascular system [44]. The exact reason remains un-
known and these effects will be studied in more detail in the
future.

Our experimental setup has several advantages, but the rela-
tively small size of the mouse brain requires additional consid-
erations, i.e., a 13.0-mm axial transducer focus was used, which
was approximately 5 mm long in its ventral-dorsal axis. There-
fore, the potential of standing waves needs to be considered.
Standing-wave effects, as studied in vitro and in simulations
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Fig. 8.

Paraffin-embedded 6-um thick brain sections after sonicating the
(a, c, and e) left ROI at 0.46 MPa in the presence of 1-2 pm bubbles. The
(b, d, and f) right was the control. Increased fluorescence in the (a) left ROI
indicates delivery of 3 kDa dextran. Hematoxylin and eosin sections reveal no
macroscopic damage. White arrows indicate erythrocytes, but may be artifacts
due to histological techniques since they were observed on both hemispheres.
The black boxes in (c) and (d) refer to the ROIs of (e) and (f).

under different acoustic conditions, include distortion of the
beam shape and variation in the peak pressure [45]. However,
our studies using the aforementioned acoustic parameters have
indicated that these effects are not significant, i.e., the BBB
opening region and location were in good agreement with the
expected beam shape and location in both this (see Figs. 4 and 5)
and previous studies [5], [10], [17], [46]. Also, different acoustic
pressure amplitudes induced statistically significant differences
in fluorescence intensity in this paper (see Fig. 6) and in previous
studies using MRI [5]. We thus demonstrated clear pressure-
dependent thresholds for BBB opening and it was, therefore,
deemed highly unlikely that the observed changes in fluores-
cence were associated with standing wave effects. However,
studies currently ongoing in our laboratory entail both simula-
tions and in vitro skull experiments to verify the aforementioned
assumptions [47].

The histological analysis in Figs. 8 and 9 depict 6-um-thick,
fluorescent unstained and H&E-stained slices that were sequen-
tially sectioned. The H&E stained sections revealed that BBB
opening, as indicated by the increased fluorescence, can occur
without discrete damage sites. Therefore, there may be a work-
able threshold, in which no damage occurs. In fact, our prelimi-

Fig. 9. Paraffin-embedded 6-pm thick brain sections after sonicating the
(a, c, and e) left ROI at 0.3 MPa in the presence of 4-5 pm bubbles. (b, d,
and f) Right ROI was the control. Increased fluorescence in the (a) left ROI
indicates delivery of 3 kDa dextran. Hematoxylin and eosin sections reveal no
macroscopic damage. White arrows indicate erythrocytes, but may be artifacts
due to histological techniques since they were observed on both hemispheres.
The black boxes in (c) and (d) refer to the ROIs of (e) and (f).

nary analysis did not depict any histological damage (see Figs. 8
and 9). More in depth analysis and long-term histological stud-
ies need to be performed to determine the safety, stability, and
persistence timeline of the size-isolated bubbles.

In conclusion, we have shown that in-house manufactured
microbubbles, composed of DSPC- and PEG40S-lipid shells
with a PFB-gas core, can be utilized for FUS-induced BBB
opening. Differential centrifugation is a quick and robust means
to size-isolate bubbles, and in this study, distinct size ranges of
1-2- and 4-5-um in diameter were successfully generated. The
BBB opening peak-rarefactional pressure threshold was signif-
icantly lower for 4-5-pm than for 1-2-pm bubbles. Assuming
a constant microbubble concentration during systemic injec-
tion, a greater amount of dextran was trans-BBB delivered at
any given pressure amplitude for the larger bubbles. Apart from
size dependence, greater fluorescence in the thalamus compared
with the hippocampus was observed, thus indicating regional
variations. Preliminary histological evaluation indicated that
our in-house manufactured, size-isolated bubbles do not induce
histological damage at pressures near the threshold for BBB
opening [48].
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