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Abstract

Pulsed ultrasound exposures of brain tissue in the
presence of microbubble contrast agents have been
shown to achieve transient focal disruption of the
blood—brain barrier without significant damage to
surrounding brain tissue. The effects of overall ex-
posure duration on the extent of blood—brain bar-
rier disruption was studied in these experiments to
determine operating conditions for increasing the
amount of therapeutic agents delivered to the brain.
Exposures at 1.08 MHz ranging from 0.2 to 0.8 MPa
in amplitude were delivered transcranially to the
brains of rabbits and rats for durations ranging from
30 to 1200 s. The amount of signal enhancement on
contrast-enhanced TIl-weighted MR images were
used to quantify the extent of blood—brain barrier
disruption, and histological evaluation of the ex-
posed regions was performed to evaluate the impact
on brain tissue. A subset of four rats underwent
weekly exposures for 3 weeks to evaluate the feasi-
bility of repeat sonications to the brain. The results
suggest that exposures less than 180 s in duration are
associated with a low probability of irreversible
damage to brain tissue at pressure amplitudes of
0.38 MPa. Although exposures greater than 300 s
were associated with an increase in the proportion of
irreversible damage, this may be acceptable for che-
motherapy delivery, where the therapeutic goal is
tissue destruction. Repeat exposures to the brain
were feasible but resulted in evidence of focal brain
damage in 50% of animals.
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A delivery of therapeutic agents into the brain
is the blood—brain barrier (BBB) (I, 2). A
number of strategies are being investigated to overcome
this obstacle including nanoparticles (3) and intra-arter-
ial injection of mannitol (4); however, these approaches
are either invasive or unable to achieve localized open-
ing of the BBB in the region of interest. Pulsed ultra-
sound exposures of brain tissue in the presence of
microbubble contrast agents have been shown to
achieve local disruption of the BBB without significant
damage to brain tissue (5—7). Under appropriate ex-
posure conditions, the disruption of the BBB has been
observed to be transient, providing a window of a few
hours for delivery of therapeutic agents into the brain at
the site of exposure (8, 9). Within this window, a number
of agents including MR contrast agents, chemothera-
peutic drugs, dyes, antibodies, and contrast agents have
been shown to traverse the BBB and accumulate within
brain tissue in animal studies (/0—13).

The acoustic parameters employed during focused
ultrasound exposures in brain have a strong influence on
the resulting biological effect. The effect of acoustic
pressure, burst length, frequency, contrast agent type
and dose, and repetition frequency on the magnitude of
BBB disruption as well as the histological effects on
brain tissue has been investigated previously (7, 9,
14—16). These studies indicate that there is a fine
balance between transient BBB disruption and tissue
damage, emphasizing the importance of characterizing
and understanding these relationships.

In a recent study, BBB disruption with focused
ultrasound demonstrated delivery of therapeutic con-
centrations of doxorubicin in the brains of rats (/3). This
result was achieved with repeat exposures of the target
region in the brain over multiple minutes. Investigation

physiological barrier to achieving effective
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Figure 1. Coronal contrast-enhanced T1-weighted images in the
rabbit (top) and rat (bottom) brains showing the spatial location of
ultrasound exposures and BBB disruption. The spacing between the
four exposures was adjusted based on the size of the brain. All expo-
sures were performed through intact skull.

of the impact of increased exposure durations on the
extent of BBB disruption and the impact on brain tissue
has not been studied extensively. In addition, the feasi-
bility of performing multiple ultrasound exposures of
the same location for repeat BBB opening, as would be
required, for example, for chemotherapy delivery, has
not been investigated. The purpose of this study was to
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Figure 2. An increase in the signal enhancement after contrast agent
administration on T1-weighted images is observed with increasing
exposure duration in rabbits. The increase levels off for exposures
greater than 600 s.

investigate the impact of exposure time on the extent of
BBB opening and the resulting biological effects in brain
tissue. The motivation for this work was to evaluate
whether longer exposures could result in achieving in-
creased BBB opening for improved delivery of therapeutic
agents without causing undesirable brain damage.

Results and Discussion

The prospect of achieving local delivery of drugs and
other therapeutic agents to the brain through noninva-
sive disruption of the blood—brain barrier could have
wide applications in medicine. Initial studies have
demonstrated the safety of this approach under appro-
priate ultrasound exposure conditions. The nature of
the ultrasound exposure has an influence on the size and
type of molecules that will pass through the BBB into
brain parenchyma (8, 12, 17). Attempts to increase the
delivery of therapeutic quantities of drugs such as
doxorubicin have involved delivering multiple expo-
sures spaced in time to the same location in the brain,
although these values were not necessarily optimal (/3).
The goal of this study was to evaluate the influence of
overall exposure time on the amount of MR contrast
agent that passed through the BBB to investigate the
influence of this parameter on BBB disruption.

The spatial location of BBB disruption in the rabbit
and rat brain is shown in the coronal contrast-enhanced
T1-weighted MR images in Figure 1. The exposures
were spaced approximately 5—9 mm apart depending
on the size of the brain. Clear solitary enhancement in
the images caused by leakage of the MR contrast agent
through the BBB is observed in the sonicated locations.
The enhancement was quantified by taking the mean
signal over a 3 x 3 region of interest (ROI) centered on
the region of enhancement and normalizing the change
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Figure 3. Increasing pressure amplitude for exposure durations of
300 s has a minor influence on signal enhancement on T1-weighted
MR images and also appears to have diminishing influence above
0.5 MPa.

relative to an unexposed area of the brain in close
proximity to the sonication.

The relative increase in signal enhancement with
increasing exposure time is shown in Figure 2 for the
exposures in rabbit brain. An increasing trend was
observed with increasing exposure duration with some
evidence of the enhancement leveling oftf above approxi-
mately 600 s. At these long exposures, there was also
evidence of irreversible tissue damage on T2-weighted
images acquired after sonication.

The relative change in signal enhancement with
increasing exposure amplitude for 300 s exposures is
shown in Figure 3 for the rat exposures. An increase in
the mean enhancement was observed up to about
0.47 MPa, with evidence of leveling off above this
level. Exposures of 0.54 and 0.76 MPa (1 and 2 W
acoustic power) were associated with clear evidence of
irreversible changes on T2-weighted images after soni-
cations.
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Figure 4. In both the rabbit and rat exposures, a trend toward increasing damage was observed with increased exposure duration and pressure
amplitude. Little or no damage was observed for exposure durations of 30 s at 0.38 MPa and 300s at 0.27 MPa. At least 50% of sonicated
locations resulted in localized lesions for exposure durations greater than 600 s and pressures greater than 0.47 MPa.
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The frequency of histological patterns in the exposed
locations is shown as a function of exposure duration
and amplitude in Figure 4. In both cases, there was a
trend to higher levels of damage with increasing expo-
sure time and amplitude. Exposures of 30 s at 0.38 MPa
or 300 s at 0.27 MPa exhibited minimal damage in the
sonicated regions of the brain. For exposures greater
than 600 s at 0.38 MPa, or greater than 0.47 MPa for
300 s, at least 50% of the sonicated locations exhibited
localized lesions. These findings were consistent with the
observations on the T2-weighted MR images acquired
during the experiments.

For exposure durations greater than 300 s, consistent
changes were seen in the sonicated locations on T2-
weighted images, which are often associated with
damage to brain tissue. The histological evaluation of
these exposures confirmed that localized lesions were
present in at least 25% of sonications greater than 180 s
in duration. It should be pointed out that the pressure
amplitude used in the experiments in rabbit brain was
0.38 MPa, which is sufficient to open the BBB witha 30 s
exposure. Perhaps reduced amplitude exposures would
be able to achieve greater BBB opening without signi-
ficant damage at these extended exposure durations.
The influence of pressure amplitude for 300 s exposures
was investigated in the rat brain, and a trend toward
increased signal enhancement was observed with in-
creasing pressure. There was significant variability in
the results, which was probably because the sonications
were performed through intact skull, and there may
have been experimental issues related to the method of
injection of microbubbles in some experiments (/8).
Nonetheless, the results still depict a trend that is similar
to similar investigations of pressure amplitude on the
extravasation of MR contrast agents in the brain (/4,
19). Histological evaluation of the rat brains indicated
that for pressure amplitudes of 0.38 MPa and greater;
300 s exposures resulted in localized lesions in 25% of
sonicated locations.

Figure 5 shows examples of the types of biological
effects in the brain used to classify the extent and nature
of damage. Score 1 was characterized by scattered
microhemorrhages due to small blood vessel leaks into
brain parenchyma (a). Score 2 was characterized by
more extensive hemorrhages associated with selective
neuronal degeneration (b). Score 3 involved a wider
range of effects including small areas of ischemic
necrosis (c,d). Also present in some instances were
extensive hemorrhagic lesions (e—h). Within these
lesions, there were areas around the blood vessels
showing erythrocyte dispersion into the surrounding
tissue in regions adjacent to the extensive hemorrhagic
lesion (i,j).

The final set of pilot experiments described in this
study was related to the feasibility of performing repeat
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Figure 5. Tissue sections (hematoxylin—eosin stain) depicting the
criteria used to quantify the biological effect of ultrasound exposures
in the brain parenchyma: (a) score 1, scattered microhemorrhages
due to small blood vessel leaks into brain parenchyma; (b) score 2,
more extensive hemorrhages are associated with selective neuronal
degeneration (arrows); (c, d) score 3, small area of ischemic necrosis
(shown by empty arrows); (d) magnified view of necrotic area from
panel c demonstrates ischemic dark-stained neurons; (e—h) score 3,
extensive hemorrhagic lesion; (f) magnified view of the central part
of the lesion shows severely damaged blood vessels surrounded by
ball (g) or ring hemorrhages (h); (i, j) satellite areas around the blood
vessels showing erythrocyte dispersion into the surrounding tissue
in regions adjacent to the extensive hemorrhagic lesion.

sonications in the brain, and the histological impact of
these exposures. As shown in Figure 6, a large and
continuous region of BBB disruption was achieved by
delivering a linear set of four overlapping sonications.
An example of a linear exposure in the rat brain con-
sisting of four sonications is shown in the sagittal and
coronal contrast-enhanced images of Figure 6. The
images depict a contiguous and large region of signal
enhancement in the brain after the exposure. The region
of signal enhancement is localized to the locations of the
sonications. The extent of histological effects for each of
the four rats is summarized in the false-color map in
Figure 6, where the histological grade of each sonicated
location was evaluated and represented on a four level
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Figure 6. A sagittal (left) and coronal (right) contrast-enhanced T1-
weighted image in the rat brain after linear exposure of four locations
in the brain following a single injection of ultrasound microbubbles.
The region of signal enhancement is continuous and extends over a
large area in the brain. The histological grade observed at each soni-
cated location across all rats is shown in the false colormap in the
bottom panel.

grayscale. Two of the four rats exhibited no evidence of
damage (grade 0) at all sonicated locations after three
consecutive exposures, while two exhibited damage
ranging from slight hemorrhage (grade 1) to localized
lesions (grade 3). The results of this initial study were
mixed: 50% of rats exhibited no signs of damage, while
the other 50% exhibited damage ranging from minor
hemorrhage to localized lesions. The variability in these
results was in part due to the limitations of the experi-
mental setup. It was noticed that the pressure amplitude
required for BBB disruption changed for the same rats
each week. This was likely due to changes in the skull
orientation that occurred in the time between exposures
but may also have been due to changes in the skin from
repeat removal of hair using depilatory cream, or to the
brain parenchyma itself. The incorporation of acoustic
feedback to monitor for activation of contrast agents
could improve the ability to overcome this variability
(20). In addition, there may also have been effects due to
the nature of the microbubble injection that were pre-
sent in these exposures, which could have had an impact
on the results(/8).

Overall, the results of this study demonstrate that the
relative signal enhancement on contrast-enhanced MR
images increases with increasing exposure duration and
pressure amplitude. Previous studies have shown that
the increase in signal enhancement on contrast-en-
hanced MR images is related to the extent of BBB
disruption in the brain. This study also showed that
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there is an increase in damage to brain tissue that must
be considered when attempting longer exposure dura-
tions. Nonetheless, the relative signal enhancement that
was achieved with exposure durations greater than 300 s
was greater than 60% over unexposed regions of the
brain, which has been shown to achieve therapeutic
levels of doxorubicin in the brain(/3).

Conclusions

These initial experiments suggest that exposures less
than 180 s in duration are associated with a low prob-
ability of irreversible damage to brain tissue at pressure
amplitudes of 0.38 MPa. The increase in contrast agent
leakage with exposure time was more significant than
for increased pressure amplitude, suggesting that lower
power sonications delivered over a longer exposure time
may result in increased delivery of therapeutic agents to
the brain. Although exposures greater than 300 s were
associated with an increase in the proportion of irrever-
sible damage, this may be acceptable for chemotherapy
delivery, where the therapeutic goal is tissue destruction.

Methods

Ultrasound Exposures

Ultrasound exposures were generated using a spherically
focused, air-backed piezoceramic transducer ( fo = 1.08 MHz)
with a diameter of 7 cm and a focal length of 5.6 cm. The
transducer was driven by a function generator (model 395,
Wavetek, San Diego, CA) and RF amplifier (model 240 L,
ENI Inc., Rochester, NY). The electrical power was measured
with a power meter (model 438A, Hewlett-Packard, Palo
Alto, CA) connected to the forward and reserve signal of a
dual directional coupler (C173, Werlatone, Brewster, NY).
The transducer’s electrical impedance was matched to the
output impedance of the amplifier (50 Q) with a custom-made
passive matching circuit. The transducer was calibrated using
aradiation force method for the acoustic power and calibrated
hydrophone for the acoustic pressure amplitude. Measure-
ments though ex vivo rabbit and rat skulls were performed to
estimate the pressure amplitudes in vivo. The pressure through
the rat skull and rabbit skull was found to be 51% and 16%,
respectively, of the pressure measured in water.

The transducer was mounted in a three-dimensional me-
chanical positioning device in an acrylic tank filled with
deionized water. The transducer was pointed up and through
an acoustic window on the top of the tank such that the beam
could enter the skull placed over the opening. Translation of
the ultrasound transducer to localize the focal volume within a
desired brain location was achieved using a manual three-axis
linear positioning system (Velmex, Inc.) modified to be non-
magnetic.

Animals

Both rabbits and rats were used to investigate the influence
of ultrasound exposure duration on blood—brain barrier
opening. Institutional approval from the Animal Care Com-
mittee was obtained for all experiments.
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Twelve rabbits with four sonications in each brain were
used to study the effect of exposure duration at a fixed
acoustic power. New Zealand white rabbits with an approx-
imate weight of 4 kg were used, and the hair at the top of the
skull was shaved and depilated to ensure good coupling
of the ultrasound beam into the brain. The rabbits were
anesthetized with a combination of 50 mg/kg of ketamine
and 5 mg/kg of xylazine administered intramuscularly and
maintained with top-up injections with the same dose as
required during the experiment. All ultrasound and MR
contrast agents were injected into a cannulated ear vein in
the rabbits. Four sonications were delivered in a rectangular
grid to each brain with two exposures in each hemisphere (one
in the forebrain and the other in the midbrain). The distance
between sonications was approximately 7 mm. The ultra-
sound focus was aimed midway through the brain for all
exposures to minimize interactions with the skull base or
surface.

After the initial experiments studying the influence of
exposure duration, subsequent experiments were performed
in a rat model to reduce the cost and the influence of the skull
bone on the variability of results. The rats used in the study
were male Wistar rats with an approximate weight of 300—400
g. The hair at the top of the skull was shaved and depilated
similarly to procedure with the rabbits for acoustic coupling.
The rats were anesthetized with a combination of 100 mg/kg
of ketamine and 10 mg/kg of xylazine administered intramus-
cularly and maintained with top-up injections of the same
dose as required during the experiment. All ultrasound and
MR contrast agents were injected into a cannulated tail vein in
the rats. A total of 90 sonications were delivered to the brains
of 25 rats. Two groups of sonications were delivered to the rats
in this study. In the first group (n = 21), four sonications were
delivered to the brain in a square grid pattern similar to thatin
the rabbits, except the spacing between points was approxi-
mately 5 mm due to the reduced size of the organ. In the
second group (n = 4), four sonications were delivered in a
linear fashion to one hemisphere spaced approximately 1.5
mm apart from each other. The linear exposure was per-
formed by sonicating a location after an injection of micro-
bubbles and waiting for 5 min for the bubbles to clear the
system before sonicating the next location. The exposures
were repeated in approximately the same location once every
week for three weeks in these animals.

All animals were positioned supine on a platform on top of
a water tank containing the ultrasound transducer and de-
gassed, deionized water, as shown in Figure 7. The heads of
the animals were placed over an opening in the platform and
were coupled to the transducer with water. A custom-made
single-loop RF receive coil was used to acquire MR images of
the brain. The coil diameter was approximately 8 cm for the
rabbit experiments and 3 cm for the rat experiments to
optimize signal-to-noise ratio (SNR). The head was posi-
tioned such that the ultrasound beam entered the brain at
approximately normal incidence to the skull bone to reduce
refraction of the beam. The animals were maintained at a
constant temperature with a circulating water blanket, and the
rectal temperature of the animals was monitored during the
experiment.
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Figure 7. Experimental arrangement for transcranial sonications.
Animals were placed supine over a focused ultrasound transducer,
with a single-loop RF receive coil around the head. The experiments
were performed in a closed-bore MRI.

Sonications

An initial set of experiments was performed in rabbits (n =
12) in order to investigate the influence of overall exposure
duration on BBB disruption. The acoustic power delivered
during the ultrasound burst by the transducer was fixed at 3.9
W with exposures ranging from 30 to 1200 s. Based on prior
calibration of the transducer in a water tank, this corre-
sponded to a peak negative pressure amplitude of 0.38 MPa
in the brain. Each burst was 10 ms long with a repetition
frequency of 1 Hz. This combination of pulse duration and
repetition frequency parameters has been shown to produce
repeatable blood—brain barrier opening in previous studies
(14). Prior to each sonication, a bolus injection of ultrasound
contrast agent at a clinical diagnostic dose of 10 uL/kg
(Definity, Bristol-Myers Squibb) was injected through the
ear vein. A saline bolus of 0.5 mL was injected subsequently to
flush the bubbles through the needles and tubing into the
body. The sonications started immediately after the injection
of the contrast agent into the body.

A second set of experiments was performed in rats (n = 21)
to evaluate the influence of exposure amplitude at a given
exposure duration. The overall exposure was 300 s, with the
same burst duration (10 ms) and repetition frequency (1 Hz)
as implemented in the first experiments. The acoustic power
delivered from the transducer was varied from 0.2 t0 0.78 W in
these animals, corresponding to a peak negative pressure in
the brain ranging from 0.27 to 0.54 MPa. The same ultrasound
contrast agent dose of 10 uL/kg was administered through the
tail vein, but the saline flush volume was reduced to 0.1 mL.

A final set of experiments was performed in four rats to
investigate the feasibility of repeat opening of the BBB in a
series of locations in the brain. For these exposures, the overall
duration was kept constant at 300 s, and the acoustic power
delivered from the transducer was increased until leakage of
MR contrast agent was observed in the brain. The lowest
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exposure level was 0.2 W, and all exposures were below 0.6 W.
The sonications were repeated weekly for three weeks, and
MR imaging was performed after each exposure to evaluate
the feasibility of opening the BBB.

MR Imaging

Allexperiments in this study were performedina 3 T closed
bore MR imager (Signa, GE Healthcare). Co-registration of
the ultrasound focus in the coordinate system of the MR
images was accomplished by first heating a tissue-mimicking
phantom and locating the region of signal reduction due to
heating.

Anatomical images were acquired in multiple planes prior
to and after sonication using a T2-weighted sequence (FSE-
XL, TE = 75ms, TR = 2000 ms, ETL = 4, BW = 6.9 kHz,
256 x 256/128 x 128, slice = 1 mm, NEX = 2, FOV = 10cm/
5 cm) to evaluate whether signs of tissue damage were present
after the exposures. After all sonications, a bolus injection of
MR contrast agent (0.1 mmol/kg, Omniscan, GE Healthcare)
was administered, followed by a saline flush, in order to
visualize BBB disruption in the brain. The contrast agent
was typically administered after all the target locations in the
brain had been sonicated. Contrast-enhanced images were
acquired transverse to the ultrasound beam direction using a
T1-weighted imaging sequence (FSE-XL, TE = 14 ms, TR =
500 ms, ETL = 4, BW = 15 kHz, 256 x 256/128 x 128,
slice = 1.5 mm, NEX = 5, FOV = 10 cm/5 cm) to evaluate
the presence and extent of BBB opening.

Histology

All animals were kept under anesthesia for approxi-
mately 2—4 h after the sonications. After this time point,
the animals were perfused with saline and formalin, and the
brains were subsequently removed from the carcass and
submerged in 10% neutral buffered formalin. After fixation
for greater than 4 weeks, the brains were manually sliced
using a brain matrix along a coronal direction into a 4 mm
thick slab and placed in a standard cassette. The slab of
brain tissue was perpendicular to the direction of the
ultrasound beam, and the thickness was on the order of
the beam focal length. The slabs were processed histologi-
cally; 4 um sections obtained every 0.25 mm in depth
through the brain were stained with hematoxylin and eosin
(H&E). The stained sections were evaluated at the location
of each sonication, guided by the MR images. The person
evaluating the sections did not have any knowledge of the
exposure parameters used for the sonications. The histolo-
gical findings on H&E stained sections were ranked as
following: 0 = no damage; 1 = scattered microhemor-
rhages due to small blood vessel leaks into brain tissue with
minimal neuronal damage; 2 = larger-size hemorrhages,
selective neuronal injury, and small necrotic areas; 3 =
localized lesion.

Data Analysis

The MR images for all experiments were analyzed off-line
using MATLAB. At the location of each sonication, the
change in signal intensity over time on the contrast-enhanced
images was measured to quantify the extent of BBB disrup-
tion. The average signal intensity change across a 3 x 3 voxel
ROI was measured at the target location and a nearby region
of unexposed brain tissue. A relative change in signal intensity

V © 2010 American Chemical Society

397

Article

was calculated by using the unexposed region to normalize the
change observed in the target location.
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