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Purpose:

Materials and
Methods:

Results:

Conclusion:

To determine if focused ultrasound disruption of the
blood-brain barrier (BBB) can be safely controlled by using
real-time modulation of treatment pressures on the basis
of acoustic emissions from the exposed microbubbles.

All experiments were performed with the approval of the
institutional animal care committee. Transcranial focused
ultrasound (551.5 kHz, 10-msec bursts, 2-Hz pulse repeti-
tion frequency, 2 minute sonication) in conjunction with
circulating microbubbles was applied in 86 locations in 27
rats to disrupt the BBB. Acoustic emissions captured during
each burst by using a wideband polyvinylidene fluoride
hydrophone were analyzed for spectral content and used
to adjust treatment pressures. Pressures were increased
incrementally after each burst until ultraharmonic emissions
were detected, at which point the pressure was reduced
to a percentage of the pressure required to induce the
ultraharmonics and was maintained for the remainder of the
sonication. Disruption was evaluated at contrast material-
enhanced T1-weighted magnetic resonance (MR) imaging.
Mean enhancement was calculated by averaging the signal
intensity at the focus over a 3 X 3-pixel region of interest
and comparing it with that in nonsonicated tissue. Histologic
analysis was performed to determine the extent of damage
to the tissue. Statistical analysis was performed by using
Student ¢ tests.

For sonications resulting in BBB disruption, the mean
peak pressure was 0.28 MPa = 0.05 (standard deviation)
(range, 0.18-0.40 MPa). By using the control algorithm, a
linear relationship was found between the scaling level
and the mean enhancement on T1-weighted MR images
after contrast agent injection. At a 50% scaling level, mean en-
hancement of 19.6% = 1.7 (standard error of the mean)
was achieved without inducing damage. At higher scaling
levels, histologic analysis revealed gross tissue damage,
while at a 50% scaling level, no damage was observed at
high-field-strength MR imaging or histologic examination
8 days after treatment.

This study demonstrates that acoustic emissions can be
used to actively control focused ultrasound exposures for

the safe induction of BBB disruption.

©RSNA, 2012
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ocused ultrasound disruption of the

blood-brain barrier (BBB) by us-

ing circulating microbubbles offers
potential to improve the treatment of
brain and central nervous system disor-
ders. The BBB prevents passage of mole-
cules greater than approximately 500 Da
from the vasculature into the brain tis-
sue (1), greatly reducing the effectiveness
of many types of therapeutic agents.
Focused ultrasound disruption of the
BBB has been successfully used to deliver
amyloid B antibodies (2), large-molecule
immunotherapy agents for cancer (3),
and other large molecules (4).

The BBB serves an important role
in regulating the exchange of nutrients
and waste between the tissue and vas-
culature while at the same time prevent-
ing the passage of pathogens into the
parenchyma. However, effective treat-
ment of many central nervous system
disorders requires circumvention of the
BBB. Direct injection of agents into the
brain parenchyma is one technique but
is highly invasive. Disruption of the BBB
by means of intraarterial infusion of a
hyperosmotic solution generally opens
the BBB globally. Focused ultrasound
BBB disruption is noninvasive and se-
lectively targets specific brain regions.
When disruption is performed at ap-
propriate pressures, parenchymal and
vascular damage is avoided. Focused
ultrasound-induced BBB disruption is
transient, and the BBB has been report-
ed to be fully closed anywhere between
1 hour and 10 hours after treatment
(5-11). Long-term survival studies
(5,12) have demonstrated no negative
effects resulting from transient BBB
disruption, and behavioral assessments

Advances in Knowledge

B Spectral information from acous-
tic emissions captured during
microbubble-mediated focused
ultrasound disruption of the
blood-brain barrier (BBB) can be
used to control applied acoustic
pressures in real time.

B Real-time control of focused
ultrasound allows consistent dis-
ruption of the BBB without irre-
versible tissue damage.

in mice (13) have shown no changes in
behavior after focused ultrasound-in-
duced BBB disruption.

Currently, the greatest limitation
for the clinical translation of focused
ultrasound BBB disruption is the lack of a
real-time monitoring technique. Disrup-
tion can be evaluated by using contrast
material-enhanced magnetic resonance
(MR) imaging, but not quickly enough
to constitute real-time feedback. Cho
et al (14) observed different leakage
rates in rat brains when they visualized
focused ultrasound-induced BBB dis-
ruption with a dual-photon microscope.
In some cases, leakage was first observed
5-15 minutes after the completion of
the sonication. The introduction of
microbubbles to the brain can be seen
as a safety concern, especially when
the use of transcranial ultrasound can
make estimation of in situ pressure
magnitudes and distibutions difficult
(15). This highlights the need for a real-
time technique to monitor microbubble
behavior during focused ultrasound-in-
duced BBB disruption.

The possibility of using microbub-
ble acoustic emissions during BBB dis-
ruption to control treatment has been
proposed (16). In particular, harmonic
emissions have been identified as a pos-
sible indicator of treatment outcome
(16,17). However, harmonic signal
components can arise from the tissue
or from the coupling media, not just
from the circulating microbubbles. As
a result, these harmonic signal com-
ponents may not result in the most ro-
bust method of controlling treatments.
Conversely, subharmonic and ultrahar-
monic emissions (ie, emissions at nf;J/Z,
n =1, 3, 5..., where fis the funda-
mental frequency of the driving signal)

Implication for Patient Care

B Focused ultrasound-induced BBB
disruption has potential for use
in treating a range of brain disor-
ders; a real-time control tech-
nique for safe BBB disruption is
essential before focused ultra-
sound-induced BBB disruption
can be implemented in routine
clinical practice.

can arise only from bubble emissions
and are indicators of stable cavitation
(18). We propose that ultraharmonic
emissions may be used as the basis for
a feedback control algorithm to safely
modulate pressures during treatment.

The purpose of this study was to
determine if focused ultrasound dis-
ruption of the BBB can be safely con-
trolled by using real-time modulation
of treatment pressures on the basis of
acoustic emissions from the exposed
microbubbles.

Materials and Methods

Generation and Monitoring of the
Ultrasound

The ultrasound was generated by using
a spherically focused transducer con-
structed in house (focal number = 0.8,
external diameter = 75 mm, internal
diameter = 20 mm), matched to 551.5
kHz by using an external matching cir-
cuit. The transducer had a focal depth
of 60 mm and a —6-dB focal zone width
of approximately 3 mm and a length of
approximately 20 mm. Driving signals
were generated by using a function gen-
erator (33220A; Agilent, Santa Clara,
Calif) and were amplified by using a ra-
diofrequency power amplifier (NP2519;
NP Technology, Newbury Park, Calif).
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The transducer was driven in burst
mode, with a 10-msec burst length.
A 4.8-mm-diameter wideband polyvi-
nylidene fluoride hydrophone similar
to that described in our earlier report
(19) was mounted in the center of the
transducer (Fig 1). The hydrophone sig-
nal was captured by a 14-bit personal
computer scope card (ATS460; Alaz-
arTech, Pointe-Claire, Quebec, Canada)
and was processed after each burst by a
control algorithm in C++.

Benchtop Experiments

Ultrasound control algorithm devel-
opment.—A control algorithm was

implemented to adjust the driving
voltage for an ultrasound transducer
driven in burst mode after each ultra-
sound burst. The algorithm logic was
based on microbubble acoustic emis-
sions captured during each burst and
processed prior to the next pulse. A
flowchart outlining the control logic is
shown in Figure 1b. After each ultra-
sound burst during the sonication, the
data from the wideband hydrophone
was collected, and the fast Fourier
transform was calculated to obtain
the signal spectrum. The presence
of the 1.5 and 2.5 f; ultraharmonics
were evaluated by integrating over the

spectrum around those frequencies
(180 Hz) and by comparing the re-
sulting values to their respective values
at time t = 0 seconds, when no mi-
crobubbles would be in circulation.
The 1.5 and 2.5 f; ultraharmonics
were selected for evaluation because
the spectral band close to the half har-
monic was found to be more suscepti-
ble to spurious noise from MR imaging
and was considered less reliable.

The control algorithm allowed the
applied pressure during each burst to in-
crease, starting from an estimated in situ
pressure of 0.09 MPa. The in situ pres-
sure was incremented in steps of 3 kPa.

P = P*TARG.

1

FLAG = TRUE

P =P+ INCR.

Function
{ P Generator

Y

Power
Amplifier

+ed PC
Scope Card

hydrophone signal out

GROUP 1 GROUP 2
(n=13) (n=14)
n=10 n=3 n=8 n=6 8-12h
S
sonications: sonications: sonications: sonications: -

2 4 i -~
target levels: target levels: target levels: target levels: Sacrific
0, 25, 50, 75% 50, 75% 9 50%

A A
% n=8 g n=4
¥ Y
7T Follow-up, 7T Follow-up,
Sacrifice Sacrifice
Sacrifice Sacrifice
n=6 n=2 n=2
Histology
C. . . . .
Figure 1:  (a) Experimental setup for acoustic emissions—controlled BBB

disruption. The animal is supine and coupled to the transducer by means of a

Water Bath
Transducer

PVDF
Hydrophone

water bath. PC = personal computer, PVDF = polyvinylidene fluoride. (b) Process
flowchart for acoustic emissions—based decision making. FLAG = Boolean flag
to indicate if ultraharmonics have been previously detected, INCR = pressure
increment, P = pressure, TARG = target pressure level as a normalized value of
the pressure for ultraharmonic emissions, ¢, = predetermined treatment end
time. (c) Flowchart shows the distribution of study animals.
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Pressure estimates were based on an as-
sumed through-skull transmission of ap-
proximately 73% at 0.5 MHz (15) and an
attenuation coeflicient in brain tissue of 5
Np - m™' - MHz ! (20). No upper limit
was placed on the applied pressure. When
ultraharmonic emissions were detected,
the program would respond by reducing
the applied pressure to a predetermined
target level (either 75%, 50%, 25%, or
0% of the pressure at which ultraharmon-
ics were detected). The optimal target level
for consistent and safe BBB disruption was
imvestigated in vivo after benchtop testing
of the algorithm. The remainder of the son-
ication would be performed at the target
level. If ultraharmonics were detected again
during the remainder of the sonication, an-
other drop in applied pressure would oc-
cur. A log of the sonication pressure during
each burst was recorded for postsonication
analysis.

Algorithm testing.—The algorithm
was tested on the benchtop by using
acoustic emissions data captured dur-
ing previous investigations at fixed pres-
sures. Input waveforms and the applied
pressure data were visualized in MAT-
LAB (Mathworks, Natick, Mass). The
response of the program was compared
with the expected response following vi-
sual inspection of the waveforms. On the
basis of the results of benchtop testing,
the threshold for the program to register
a detection of ultraharmonics was set to
a three-fold increase in the area under
these frequency bands over the baseline
(t = 0) values. During benchtop testing,
this threshold was found to be sufficiently
high so as to minimize false-positive re-
sults from changes in background noise,
but not so high as to miss weak ultrahar-
monic signals.

In Vivo Experiments

Animal preparation.—All animal ex-
periments were approved by the Sun-
nybrook Research Institute animal care
committee. Twenty-seven male rats
(Wistar, n = 19, 337-609 g; Sprague-
Dawley, n = 8, 338-353 g) were anes-
thetized with a mixture of ketamine
(40-50 mg per kilogram of body
weight) and xylazine (10 mg/kg). The
hair on their heads was removed by
using a depilatory cream. The animals

were placed supine on a three-axis
MR imaging-compatible focused ultra-
sound system (operationally similar to
the system described by Chopra et al
[21]). The rats’ heads were coupled to
the ultrasound transducer by means of
a water bath, as shown in Figure 1. Thir-
teen animals (group 1) were sacrificed
approximately 2 hours after treatment.
The remaining 14 animals (group 2)
were intended to survive until follow-up
at 8 days. Twelve of these animals sur-
vived for the 8-day posttreatment follow-
up period, after which they were sac-
rificed. The final two animals did not
recover from the anesthetic and were
sacrificed 8-12 hours after treatment.
Posttreatment MR imaging in these
animals showed moderate levels of BBB
disruption and no evidence of edema,
and the ultrasound exposures were
not thought to have played a role in the
deaths. Following sacrifice, all brains
were immediately fixed in 10% buffered
formalin.

Sonications.—The distribution of
animals and sonications is outlined in
Figure 1c. All sonications consisted of
10-msec bursts at a pulse repetition
frequency of 2 Hz for 2 minutes. The mi-
crobubble contrast agent (0.02 ml/kg,
Definity; Lantheus Medical Imaging,
North Billerica, Mass) was diluted 1:50
in normal saline and injected through a
tail vein catheter by using an automated
syringe pump (Chemyx NanoJetXF MR
Imaging Compatible Syringe Pump;
Chemyx, Stafford, Tex). Microbubbles
were infused over 1 minute starting si-
multaneously with the start of sonica-
tion. This was to ensure that the bolus
peak was not missed by the control al-
gorithm. The starting pressure for the
sonication (0.09 MPa) was kept low so
that safe pressure levels were not ex-
ceeded in the time it took for the con-
trast agent to reach the brain. In addi-
tion, the 1-minute infusion was used to
prolong the bolus peak while the control
algorithm incremented.

As previously stated, the animals
were considered in two groups. Group 1
consisted of 13 animals. This group was
used to examine the effect of setting
different target levels. In 10 animals,
sonications were performed in four

locations in each brain. Four target
pressure levels were examined: 75%,
50%, 25%, and 0% of the pressure re-
quired to induce ultraharmonics. In the
case of the 0% target level, the sonication
was terminated on detection of ultraha-
rmonics. For the 75%, 50%, and 25%
target levels, after ultraharmonic detec-
tion, the pressure level was immediately
reduced to and maintained at the target
level for the remainder of the sonication
(total sonication time, 2 minutes). One
sonication was performed for each target
level per brain (total, four sonications
per animal). Sonication locations were
randomized. Three additional animals
received two sonications each, one at
the 75% target level and one at the 50%
target level. A total of 46 sonications
were performed in the 13 animals.

Group 2 contained an additional 14
animals that received two or four sonica-
tions in each brain at the 50% target
level to examine the safety of the control
algorithm. A total of 40 sonications were
performed in these animals.

The effectiveness and safety of the
sonications were assessed by means of
posttreatment imaging and histologic
analysis, as described in the following
sections.

Assessment

Imaging. —The MR imaging parameters
are summarized in the Table. Sonica-
tion locations were selected from T2-
weighted images obtained with a 1.5-T
MR imaging system (Signa 1.5 T; GE
Healthcare, Milwaukee, Wis). TI1-
weighted images enhanced with 0.2
ml./kg contrast material (gadodiamide,
Omniscan; GE Healthcare) were used
to confirm BBB disruption. Time series
contrast-enhanced T1-weighted images
were obtained until the enhancement
peak had passed. Edema was evaluated
on T2-weighted images obtained 15-20
minutes after the final sonication in
each animal. Increased signal intensity
on T2-weighted images in the region of
the sonication was considered to repre-
sent edema.

Twelve animals from group 2, which
were treated by using only the 50% target
level, survived for 8 days after treat-
ment and were imaged prior to sacrifice

Radiology: \/olume 263: Number 1—April 2012 = radiology.rsna.org
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with a 7.0-T small-bore MR imaging unit
(BioSpec 70/30 USR; Bruker, Billerica,
Mass). T2-weighted and T2*-weighted
images were obtained by using the pa-
rameters outlined in the Table. High sig-
nal intensity on T2-weighted images was
considered to be a sign of residual edema
and possible lesion formation, while T2*-
weighted images were used to determine
if bleeding or large extravasations of red
blood cells had occurred (22,23).

Data analysis.—In the group 1
animals, eight sonications were excluded
from analysis. The reasons for exclusion
were technical errors (n = 3), false-pos-
itive detection of ultraharmonic emis-
sions (n = 3), enlarged ventricle ob-
structing the sonication location (n = 1),
and detection of ultraharmonics prior
to the microbubbles reaching the brain
(t < 6 seconds) (n=1). In the last case,
the detected ultraharmonics were at-
tributed to trapped gas bubbles in the
water bath. A total of 38 sonication loca-
tions (10, seven, 10, and 11 at 0%, 25%,
50%, and 75% target levels, respectively)
were available for analysis.

In the group 2 animals, which
had been treated by using the 50%
target level, two locations were ex-
cluded because of operator error
(n = 1) and hardware malfunction
(n = 1). A total of 38 sonication lo-
cations were available for analysis,
of which 30 locations represented
those for which 8-day follow-up data
were available. Across all 27 animals,
48 evaluable locations were sonicated
at the 50% target level.

Analysis (M.A.O., with 3 years of
experience) was performed with MAT-
LAB. Percentage enhancement was cal-
culated for each sonication location by
averaging the intensity values in a 3 X
3-pixel region of interest and compar-
ing them with the intensity values in
adjacent unsonicated tissue. Software
(MIPAV; Center for Information Tech-
nology, National Institutes of Health,
Bethesda, Md) was used to examine the
7.0-T images.

Histologic analysis.— Histologic
analysis was performed on 10 brains.
Six brains were from animals in group
1 (the acute group). The remaining
brains (n = 4) for histologic analysis

were from animals that survived to fol-
low-up and that had shown edema on T2-
weighted images obtained immediately
after treatment. The brains selected for
histologic analysis had shown the most
severe responses on the MR images
and were therefore most likely to have
histologic evidence of damage. The
brains were embedded in paraffin and
were axially sliced; serial slices were
cut at 5-pm intervals, and hematoxylin-
eosin staining was performed at 300-
pm intervals.  Hematoxylin-eosin-
stained slices were examined for ev-
idence of extravasated red blood cells
and visible damage to the tissue matrix.

Immunohistochemical analysis was
performed in two of the brains from
group 2 animals (8-day survival), which
had received sonications in four locations
each. Both brains had exhibited some
edema on T2-weighted images obtained
immediately after treatment. Slices at
the level of maximum enhancement
on Tl-weighted images were stained
with  NeuN antibodies to detect
neuronal nuclei and were visualized
with  3,3’-diaminobenzidine. Slides
were registered with posttreatment
T1-weighted 1images to determine
the sonication location and region of
disruption. Neuronal nuclei were counted
in a microscope field from the center of
the sonication and from a field adjacent
to the disrupted region (nonsonicated

region) but within the same brain
structure. Fields from multiple histologic
levels were counted, if necessary, to
obtain cell counts greater than 90 cells
per sonicated or nonsonicated region.
One author (M.A.O.) performed the
counting after being blinded to the data.
Statistical ~ analysis.—Statistical
analysis of the T1-weighted enhance-
ment data and the histologic data was
performed by using Student t tests.
T1-weighted enhancement means for
the four scaling levels investigated
(0%, 25%, 50%, 75%) were com-
pared by using a two-tailed t test. The
number of cells counted on the NeuN-
stained levels in the sonicated and
unsonicated areas were compared by
using a two-tailed paired t test. P <
.05 was considered to indicate a sta-
tistically significant difference.

Control Algorithm Performance

The control algorithm successfully iden-
tified ultraharmonic emissions in vivo
and prevented a continued increase in
pressure. The average pressure across
all animals required to induce ultrahar-
monics was 0.28 MPa = 0.05 (standard
deviation) (n = 76). The distribution of
peak pressures that resulted in disrup-
tion is shown in Figure 2. The lowest

MR Imaging Parameters

1.5-T Imaging 7.0-T Imaging
T1-weighted T2-weighted T2-weighted T2*-weighted

Parameter Sequence Sequence Sequence Sequence

Sequence type Fast spin Fast spin RARE MGE (eight

echo echo echoes)

Echo time (msec) 10 60.6 36.9

Repetition time (msec) 500 2000 3000 1500

First echo time (msec) 4

Echo spacing (msec) 5

Echo train length/RARE 4 4 8

factor

Field of view (cm) 6 X6 6 X6 3X3 3X3

Matrix 128 X 128 128 X 128 150 X 150 150 X 150

Section thickness (mm) 1 1 0.5 0.5

Note.—MGE = multigradient echo, RARE = rapid acquisition with relaxation enhancement.
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peak pressure resulting in disruption
was 0.18 MPa (75% target level sonica-
tion), while the highest peak pressure
that safely caused disruption was 0.40
MPa (50% target level sonication). For
the 50% target level, the highest peak
pressure reached (0.40 MPa) and the
lowest peak pressure reached (0.21
MPa) both had maximum enhance-
ments of approximately 11%, suggest-
ing that sonicating at a fixed pressure
value would result in either an over-
treatment or an undertreatment of one
of these cases. Figure 2 shows spectral
data from a sonication at a time 6 sec-
onds before the introduction of ultra-
harmonics and on detection of ultra-
harmonics at a time of 30.5 seconds.

Figure 2c shows time series data for a
sonication with a 50% target level. The
pressure level is seen to increase until
a time of 27 seconds (estimated 0.25
MPa in situ), where ultraharmonics are
detected. The pressure is then seen to
decrease to 0.13 MPa for the remain-
der of the sonication.

Disruption of BBB by Using Real-time
Feedback Gontrol

The BBB was successfully disrupted at
all investigated target levels (Fig 3). At
the 0% target level, there was the great-
est number of unsuccessful sonications
(three of 10). However, in the majority of
instances, terminating the sonication im-
mediately on detection of subharmonics

was sufficient to produce some disrup-
tion. A summary of the instances of
opening and instances of edema at each
target level is given in Figure 3. At the
75% target level, more than 60% (seven
of 11) of the sonications resulted in
edema on T2-weighted images. No son-
ications in the group 1 animals resulted
in edema on T2-weighted images for
sonications at target levels of 50% or
lower (n = 27). In Figure 3a, localized
enhancement indicating disruption can
be clearly seen at all four sonication loca-
tions on contrast-enhanced T1-weighted
images. On the corresponding T2-
weighted images, high signal intensity
can be seen at the location correspond-
ing to the 75% target level.

20

Frequency
B

0175 0.2 0225 025 0275 0.3 0325 035 0375 04
Pressure (MPa )

a.

Figure 2:

pressure was 50% of that to achieve ultraharmonic
emissions. FFT = fast Fourier transform.

(a) Histogram of peak pressures achieved in
sonications that resulted in disruption (n = 70). Bin size
= 0.025 MPa. (b) Spectral content during (top) the burst
at 6 seconds (estimated in situ peak negative pressure
[PNP], 0.13 MPa) and (bottom) the burst at 30.5 seconds
(estimated in situ peak negative pressure, 0.28 MPa). At
the higher pressure, 1.5 £ and 2.5 f; ultraharmonics are
present. (c) Top and middle: Graphs show (top) 1.5 f, =
180 Hz and (middle) 2.5 f, = 180 Hz signal content in
each burst over the duration of the sonication, normalized
to the first burst (f = 0 second). Bottom: Graph shows
estimated in situ pressure as a function of time. Target
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Axial

Sagittal

T2W T2W

1.5 T, 20 min post-treatment

7T, 8 days post-treatment

Axial

Figure 3:  (a) Contrast-enhanced T1-weighted (77WW) and T2-weighted (T2/) MR images of group 1 rat
brain after sonication. Locations 7—4 correspond to sonications at 0%, 25%, 75%, and 50%, respectively. In
the axial images, the sonication direction is into the page. In the sagittal images, the sonication direction is
indicated by the white arrows. (b) MR images of group 2 rat brain. Left: T2-weighted 1.5-T image obtained
approximately 20 minutes after treatment shows high signal intensity at one sonication location (arrow).
Right: T2-weighted 7.0-T image obtained 8 days after treatment in the same animal shows no indicators of
edema.

The mean enhancement values in
the group 1 animals were 10.9% = 4.1
(standard error of the mean), 14.1%
* 6.3, 23.4% = 5.9, and 29.3% = 4.1
at the 0%, 25%, 50%, and 75% target
levels, respectively. Figure 4b shows
the mean enhancement values plot-
ted as a function of target level. Fig-
ure 4b shows a line of best fit with a
reduced x* value of 0.09, suggesting
a good linear fit, although with large er-
rors. The enhancement at both the 0%
and 25% target levels was found to be
significantly different than that at the
75% target level (P =.005 and P = .048,
respectively). No significant difference
was found between the 0% and 50%
target levels (P = .1), but this could
possibly be established given a greater
number of sonications.

In the group 2 animals, BBB disrup-
tion occurred in 38 of 38 cases. There
were four cases of edema in four animals
on T2-weighted images 20 minutes after
treatment. The mean enhancement from
the combined group 1 and 2 sonications
(48 locations in 27 animals) at the 50%
target level was 19.6% = 1.7. There
were 47 openings in the 48 locations.
Intraanimal variablity in enhancement
was examined in 13 animals in which
multiple sonications at the 50% target
level were performed. The standard de-
viations of the average enhancements
in these animals ranged from 0.2%
to 14.2%. Ten animals had standard
deviations of less than 8%, while the
remaining three animals had standard
deviations that ranged from 12.2%
to 14.2%. Interanimal variability was
examined by comparing the enhance-
ments observed at the different soni-
cation locations. These standard devia-
tions were more consistent and ranged

from 7.3% to 10.8%.

Safety Analysis: High-Field-Strength
Imaging and Histologic Features

At 8th-day high-field-strength MR
imaging follow-up, no anomalies were
observed on the T2-weighted and
T2*-weighted images in the surviving
animals (30 locations), including those
in which edema was seen immediately
following treatment (Fig 3b).
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Figure 5 shows histologic slices ob-
tained after sonications at different ex-
posures. Histologic analysis of the acute
specimens revealed that sonications at
the 50% target level or lower resulted
in either no apparent change in the tissue
or in some extravasated red blood cells.
Specimens from animals that survived
to 8 days showed no gross tissue damage,
even in the locations that had shown
enhancement on T2-weighted images
immediately after treatment. No extrava-
sated red blood cells were observed in
the survival (group 2) animals. Sonica-
tions at the 75% target level generally
produced larger amounts of red blood
cells and in two cases produced re-
gions of high tissue vacuolation with
sharp margin delineation (Fig 5, A, B).
The vacuolations were accompanied
by larger amounts of red blood cells,
although without visible large vessel
rupture. The sonications resulting in vac-
uolated tissue had also shown very high
signal intensity on T2-weighted images
obtained after treatment, with sharp
margins on the enhanced region.

At 8 days after treatment, no obvi-
ous changes in neuronal density could
be seen on the NeuN-stained histo-
logic slices in the sonicated region (Fig
5, E, F). The sonicated regions had
an average of 99.7% = 9.7 (standard
deviation) of the cells in the nonsoni-
cated adjacent tissue (minimum, 90
cells counted per region). A paired t test
found no significant difference in nero-
nal density between sonicated and non-
sonicated tissue (P = .66).

Wideband emissions were not moni-
tored in real time. Postcapture analysis
showed that in some sonications, the
ultraharmonic peaks were broader and
slightly noisier, but overall changes in
the noise floor were insufficient to allow
us to conclude that inertial cavitation was
occurring. Additionally, these broader
peaks did not correlate with increased
tissue damage, increased contrast en-
hancement, or the presence of edema.

In the current study, we demonstrated
that acoustic emissions from micro-
bubbles could be controlled in real time
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Figure 4: (a) Bar graph shows percentage of sonications at each target level that resulted in

opening and those that resulted in edema on T2-weighted MR images. Numbers above bars =
total number of sonications performed at each target level. (b) Graph shows mean enhance-
ment as a function of targeted pressure level (percentage of the pressure required to achieve
detectable ultraharmonic emissions). Error bars = standard errors of the mean. A line of best fit

and its equation are shown.

to optimize treatment pressures used
for disrupting the BBB. In our animal
model, we were able to drive microbub-
bles to ultraharmonic oscillations with-
out causing damage in the brain. Re-
sults with a 75% emissions target level
suggest that repeated exposures at such
pressure levels may be damaging to
brain tissue, causing tissue vacuolation
in the sonicated region. Furthermore,
driving microbubbles until they exhibit
ultraharmonic behavior may be a suffi-
cient end point if moderate disruption

levels are desired. Disruption at levels of
50% and lower were safely performed,
with few cases of edema as indicated
by T2-weighted MR images. Target
levels above 50% should be avoided,
as they may result in damage. In these
instances, edema was not visible at
MR imaging follow-up, and histologic
analysis of the specimens revealed
normal tissue. A linear trend was ob-
served between disruption levels and
the MR imaging contrast enhancement,
and therefore this target emissions level
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5000 pm
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1000 pm -

Figure 5:  A-C, Histologic slices in the acute group. A, B, Images of a 75% target level
sonication location at two magnifications show a bleached area of the tissue in the sonica-

tion region, highly vacuolated tissue, and large amounts of extravasations. C, In a sonication
location treated at a 50% target level, normal tissue matrix with some extravasations is visible.
(Hematoxylin-eosin stain.) D, Histologic slice in an animal sacrificed 8 days after treatment
shows normal tissue matrix without extravasations. (Hematoxylin-eosin stain.) £, £, Histologic
slices in an animal sacrificed 8 days after treatment show neuronal nuclei. £, Axial slice through
region of BBB disruption. F, Greater detail of region in box in, E. Dashed circle = area of disrup-
tion as measured on T1-weighted MR images for a sonication that also resulted in edema on

T2-weighted images obtained immediately after treatment. (NeuN antibody stain.)

technique may provide a means to tailor
treatments for a desired amount of
opening.

Sonications were performed by using
continous wave bursts at 551.5 kHz, con-
ditions that have previously been shown to
induce standing waves in rat skull cavities
(15). Standing waves are not required to
induce BBB disruption and create high
variability in the ultrasound field within
the skull (15). In this study, standing
wave conditions were used because the
receiver used was planar and could be
used to monitor the entire depth of the
brain for activity. The program reacts

to the first ultraharmonic event, which
should theoretically occur where pres-
sures are the highest. Distinct standing
wave patterns were observed in two of
76 instances on the sagittal brain images.
However, in some locations, opening was
observed near the top of the skull and/
or the skull base but not through the
middle of the skull. In these instances,
pressures sufficient to induce opening in
the middle of the brain would likely have
resulted in damage at these reflective
interfaces. These end points therefore
likely marked the safest pressures deliv-
erable in these instances.

In the current study, the presence of
subharmonics and ultraharmonics was
assumed to be a threshold event. It is
possible that ultraharmonic emissions
during some sonications were too low
to be detected by the hydrophone or
were below the detection threshold of the
algorithm. This could account for some
small variability in the enhancement
populations. Additionally, the presence
of air bubbles in the water bath could
result in ultraharmonic signals, causing
premature treatment termination. In
this case, safety is not a concern, but
this could be the root of larger variations
in results, including some of the cases
of unsuccessful opening. In cases in
which opening was not detected (n = 6),
the peak pressure reached was signifi-
cantly lower than that of the other son-
ications (0.22 MPa * 0.02 [standard de-
viation| vs 0.29 MPa = 0.04, P < .001).
Five of the six failures occurred at
the 0% (n = 13) or 25% (n = 12)
target levels. Only one failure occurred
at the 50% target level over 48 soni-
cations, for an undertreatment rate of
approximately 2.1%. However, a prema-
ture termination of the treatment is
preferable to overtreatment, as seen at
the 75% level, and therefore, the 50%
target level may be optimal.

Our proposed algorithm demon-
strates only one of several potential tech-
niques for using microbubble emissions
to control BBB disruption. Changes in
the harmonic emissions, as suggested
by McDannold et al (16) and Tung et al
(17), were observed during this study.
However, the changes were much less
easy to identify in real time than the im-
plemented solution. Further study may
find a method of using the harmonics,
subharmonics, and ultraharmonics for
treatment control, greatly improving
safety.

The current study was performed
with one and microbubble
type at a single clinically usable frequency
(24). Further work may be required
to determine the robustness of the al-
gorithm. The use of clinically relevant
frequencies in small animals represents
a complex treatment scenario, as it be-
comes difficult to avoid treating the full
depth of the brain and inducing near-skull

receiver
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effects. Further work is required to ex-
amine the use of this algorithm in large
animal models, where these effects can
be avoided. However, it appears from
the results of this study that the algo-
rithm is safe for BBB disruption investi-
gations in small animals.

This study had several limitations.
First, after detection of the ultraha-
rmonics, the target level was main-
tained for the remainder of the son-
ication. This treatment essentially
becomes open-loop for the remainder
of the sonication, unless ultraharmon-
ics are detected again. Changes in the
microbubbles over the course of the
treatment (growth or shrinkage from
being in the vasculature) after the tar-
get level is reached were not accounted
for with this approach. The BBB was
consistently safely disrupted at a 50%
target level, but the enhancement
varied. Future work may find a fully
closed-loop approach, which will re-
duce this variability. Second, the re-
sults are dependent on the quality of
the hydrophone being used to detect
the signals. Optimal target levels may
vary depending on receiver bandwidth
and sensitivity. New receivers must
be well characterized and the pro-
gram parameters tuned to account for
the receiver characteristics. Receivers
that are of low sensitivity may not be
adequate for detecting emissions and
would result in an unsafe system.

Safe disruption of the BBB with MR
imaging-guided focused ultrasound is
essential for translation into clinical
practice, as well as for the develop-
ment and testing of novel pharma-
ceutical agents. Microbubble contrast
agents mediate focused ultrasound-
induced BBB disruption, which has
not been achieved by using focused
ultrasound alone without inducing tis-
sue damage (25). However, microbub-
ble-mediated focused ultrasound can
also result in tissue damage, including
vessel rupture and cell apoptosis, at
much lower exposures than focused ul-
trasound alone (26,27). With the com-
plications introduced by the skull bone
and the relatively narrow margin be-
tween disruption and damage thresh-
olds, safe BBB disruption cannot be

guaranteed with fixed exposures. This
study demonstrates that the BBB can
be disrupted in a repeatable and safe
manner by using real-time exposure
control based on acoustic emissions.
This control algorithm is such that it
could easily be implemented in a clini-
cal system and could be used in patient
treatments to ensure treatment effect.
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