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Abstract

The purpose of this study was to investigate the effects on the brain of multiple sessions of blood—
brain barrier (BBB) disruption using focused ultrasound (FUS) in combination with micro-bubbles
over a range of acoustic exposure levels. Six weekly sessions of FUS, using acoustical pressures
between 0.66 and 0.80 MPa, were performed under magnetic resonance guidance. The success and
degree of BBB disruption was estimated by signal enhancement of post-contrast T1-weighted
imaging of the treated area. Histopathological analysis was performed after the last treatment. The
consequences of repeated BBB disruption varied from no indications of vascular damage to signs
of micro-hemorrhages, macrophage infiltration, micro-scar formations and cystic cavities. The
signal enhancement on the contrast-enhanced T1-weighted imaging had limited value for
predicting small-vessel damage. T2-weighted imaging corresponded well with the effects on
histopathology and could be used to study treatment effects over time. This study demonstrates
that repeated BBB disruption by FUS can be performed with no or limited damage to the brain
tissue.
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INTRODUCTION

The blood-brain barrier (BBB) is a functional and structural barrier that protects the brain. It
regulates transport of molecules from the vasculature to the central nervous system (Abbott
and Romero 1996). The BBB consists of endothelial cells connected by tight junctions,
pericytes, a basement membrane and endfeet of astrocytes. Only small (molecular weight <
400 Da), hydrophobic molecules can pass the BBB. The BBB is a hurdle in the development
of drugs effective in the central nervous system because practically all large-molecule drugs
and more than 98% of small-molecule drugs do not pass the BBB (Pardridge 2003). Several
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approaches have been proposed to circumvent this barrier (e.g., Bobo et al. 1994; Doolittle
et al. 2000; Guerin et al. 2004; Pardridge 2002a, 2002b), but these are either invasive or non-
localized. In clinical practice, many therapeutic agents need to be administered multiple
times over the course of several weeks or months to be effective. This means that the BBB
needs to be disrupted repeatedly over an extended period of time. Therefore, a method that
can non-invasively and reversibly disrupt the BBB at targeted locations would have major
impact on clinical neuroscience.

A technique with this potential was introduced in 2001 (Hynynen et al. 2001). The
researchers used focused ultrasound (FUS) in combination with micro-bubbles circulating in
the vasculature to temporarily disrupt the BBB. In the ultrasound focal region, an interaction
between the micro-bubbles, small gas bubbles usually used as ultrasound contrast agent, and
ultrasound waves takes place. Pre-clinical studies have shown that these interactions cause a
temporary disassembly of the tight junction proteins and stimulate active transport, making
it possible to deliver drugs through the BBB (Fan et al. 2011; Hynynen et al. 2001; Shang et
al. 2011; Sheikov et al. 2006, 2008; Xia et al. 2012). A few hours after the focused
ultrasound therapy, the barrier is closed, and the brains appear normal in light microscopy
(Baseri et al. 2010; Hynynen et al. 2005; Hynynen et al. 2006; McDannold et al. 2005).

When the BBB is disrupted by FUS in the presence of micro-bubbles, small vessel damage
can occur, which can have minimal to severe consequences. These consequences can be
studied with histologic examinations. Previously, the histologic effects of a single treatment
of FUS in combination with micro-bubbles have been examined (Baseri et al. 2010;
Hynynen et al. 2005, 2006; McDannold et al. 2005). These studies have shown only
negligible effects on the tissue, largely related to the presence of microscopic regions
containing extravasated erythrocytes, so-called petechiae. Histologic effects of multiple
sonications were investigated in one non-human primate, but were not studied systematically
(McDannold et al. 2012). The cumulative histologic effects of repeated stress to the brain
vasculature are unknown.

In this study, the effects of repeatedly disrupting the BBB were studied. By performing the
sonications under magnetic resonance (MR) guidance, the ultrasound focus could be
targeted at the same brain regions during six weekly treatments. Furthermore, MR imaging
(MRI) was used to determine the success of each treatment and obtain information about the
effects of the treatment over time, although at a relatively low spatial resolution. Histologic
analysis was performed for each animal after the last session. MRI and histopathology
provided complementary information about the effects of repeated BBB disruptions. The
results of these experiments will be important to move this technology to the clinic and to
aid in evaluating the potential risks and benefits for different therapeutic applications.

MATERIALS AND METHODS

Animals

The study was approved by the Institutional Animal Care Committee. Fifteen healthy
Sprague-Dawley rats (Charles River Laboratories, Boston, MA) were included in this study.
The animals were divided in three groups. Each group received six weekly ultrasound
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treatments at a different set of pressure amplitudes. The weight of the animals was measured
each week. The animal weight at the start of the sonications was 325 + 12 g for group 1
(lowest pressure group), 276 + 63 g for group 2 and 197 + 83 g for group 3 (highest pressure
group). The animals were sacrificed between 1 h and 36 h after the last sonication.

MR-guided ultrasound procedures

Setup—The setup for the sonications is shown in Figure 1. A single-element, spherically-
focused transducer (diameter =10 cm, f-number =0.8, frequency =690 kHz) was used to
generate the ultrasound field. The half-maximum pressure amplitude width and length of the
focal region were 2.3 and 14 mm, respectively (Hynynen et al. 2005). The transducer was
mounted to a three-axis positioning system, placed in a tank with degassed water and
connected to a matching circuit. To generate the ultrasound signal, an arbitrary waveform
generator (Model 395, Wavetek Inc., San Diego, CA) and an RF amplifier (Model 240 L,
ENI Inc., Rochester, NY) were used. The electrical power was monitored with a power
meter (Model E4419 B, Agilent, Santa Clara, CA) and a dual-directional coupler (Model
C594810-C, Werlatone, Patterson, NY).

Animal preparation—The animals were anesthetized with a mix of 80 mg/kg ketamine
(Aveco Co., Inc., Fort Dodge, 1A) and 10 mg/kg of xylazine (Lloyd Laboratories,
Shenandoah, I1A) via intra-peritoneal injection. The hair on the animal’s head was removed
and a catheter was inserted into the tail vein. The rat was placed in supine position in the
sonication system (Fig. 1).

MRI guidance—The sonications were performed in a clinical 3 T MRI system (Signa, GE
Healthcare, Milwaukee, WI). After placement of the animal, fast gradient echo images were
obtained to localize the brain. Next, axial presonication T1-weighted imaging (T1-WI) and,
in most sessions, axial T2-weighted imaging (T2-WI) were obtained with a fast spin echo
sequence. The image parameters are provided in Table 1. T1-WI in combination with a
gadolinium-based MRI contrast agent is commonly used to confirm BBB disruption. The
intact BBB does not allow these agents to extravasate from the capillaries. A hyper-intense
region on post-contrast T1-weighted images indicates extravasation of gadolinium and thus
successful BBB disruption. Therefore, after the sonications, a bolus of 0.25 mL/kg MRI
contrast agent gadopentetate dimeglumine (Gd-DTPA, molecular weight 938 Da; Magnevist,
Bayer HealthCare Pharmaceuticals Inc., Wayne, NJ) was injected and T1-WI was repeated
to confirm BBB disruption. This was followed by T2-WI.

Sonications—After registration of the ultrasound focal point to the MRI system
coordinates, pre-sonication MR-images were used to select the targets for sonication. The
ultrasound contrast agent Definity (Lantheus Medical Imaging, North Billerica, MA) was
injected before each sonication at a dose of 10 zL/kg, which is the clinically recommended
dose for ultrasound imaging. For the injections, Definity was diluted 10 times with
phosphate-buffered saline. Immediately after 1V injection of Definity, 10-ms burst
sonications were applied for 60 s at a frequency of 1 Hz. The ultrasound contrast agent was
immediately flushed with saline. A delay of at least 2 min between sonications was used, so
that most micro-bubbles were cleared from the vasculature before the next IV injection.
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Three spots, 1 mm apart, in the right hemisphere were sonicated to mimic a clinical
treatment. Acoustic powers of 0.24, 0.32 and 0.40 W were used. These power levels
corresponded with peak negative pressure amplitudes in water of 0.66, 0.73 and 0.80 MPa.
Table 2 gives the used pressure per week for each animal. Successful BBB disruption was
confirmed with contrast-enhanced T1-WI. O’Reilly et al. (2011) observed that pressure
attenuation through the skull bone was proportional to the weight of the animals at sub-
megahertz frequencies, which has been attributed to overall animal growth, including
thickening of the skull bone. For the animals sonicated at the lowest exposure levels, the
acoustic power was increased starting at week 4 to ensure successful BBB disruption, as the
rats grew and gained weight every week.

Between 1 h and 36 h after the last session (Table 2), the animals were deeply anesthetized
with ketamine and xylazine and euthanized by transcardial perfusion of 100 mL 0.9% NaCl,
followed by 250 mL 10% buffered formalin phosphate to fix the brain. Each brain was
embedded in paraffin and serially cut in 5-gm axial sections. Per animal, six sections, 250
4m apart, were stained with hematoxylin and eosin (H&E). Furthermore, one section was
stained for glial fibrillary acidic protein (GFAP) to study the activated astrocyte cells. In one
brain, where possible mineralization sites were found on the H&E section, a Von Kossa
staining was used to confirm mineralization.

Analysis of histology

Consequences of vascular damage as seen on H&E sections—FUS in
combination with micro-bubbles may lead to small-vessel damage, which includes micro-
hemorrhages if the vessel walls reach the point of rupture. The consequences of this small-
vessel damage as expressed on H&E sections depend on the time between the impact and
the sacrifice of the animal. Fresh micro-hemorrhages (for example, from the last FUS
session) are recognizable on H&E sections by extravasated erythrocytes. Older hemorrhages
are signified by hemosiderin particles, which are the result of phagocytosis of the
hemoglobin and erythrocytes by the macrophages. Local inflammation can be involved, seen
on H&E sections as macrophage infiltrations. Occlusion of small vessels and hemorrhages
can also result in focal and acute ischemia and tissue necrosis. Necrosis can selectively
affect specific neurons (selective neuronal necrosis) or involve the complete tissue and
progress to liquefactive necrosis. Eventually, affected regions can contain glial micro-scar
formations, characterized by, among other aspects, astrogliosis and increased synthesis of
GFAP. If the regular processes forming a glial scar are not strong enough to fill the tissue
defects, cyst-like cavities can be formed. Other signs of the reparative process are
mineralization spots (deposition of iron and calcium salts).

Analysis—An expert in animal brain histopathology inspected all stained sections. For
each animal, the H&E sections with the most evident effects were selected. These and the
sections stained with GFAP and Von Kossa were digitized with a Zeiss slide scanner
(Oberkochen, Germany). The H&E sections were inspected for signs and consequences of
vascular damage. Fresh micro-hemorrhages produced during the last (sixth) session were
evaluated separately from the consequences of small-vessel damage produced during the
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previous five sessions. The size of glial scars was measured. The GFAP sections were
examined for activation of astroglial cells. The Von Kossa stained section was used to
confirm the presence of mineralization.

Analysis of MRI

A region of interest (ROI) was drawn around the enhancing voxels on one of the post-
contrast T1-weighted slices. Care was taken to exclude the ventricles from the ROI. On the
contralateral hemisphere of the brain, the ROI at the same location and of the same size was
drawn. The difference in signal intensity change in pre- and post-sonication T1-WI (ASI)
was determined between the treated and contralateral brain regions. When more than one
series of post-contrast T1-weighted images was obtained, the average enhancement was
determined over multiple series. The size of the enhancing area was determined from the
number of voxels in the ROI. The average and standard deviation of ASI and the size of the
enhancing area (ROI-area) were determined for the three acoustic pressures and compared
using ANOVA with a Tukey-Kramer post-test. Furthermore, the Pearson correlation
coefficient between ASI and the ROI-area was determined, as was the Kendall’s zfor the
correlation between the acoustic pressure and ASI or the ROI-area.

Pre-sonication T1-weighted and post-sonication T2-weighted images—and, if acquired, pre-
sonication T2-weighted images—were inspected for hypo- or hyper-intense regions. The
findings of each week were compared. A distinction was made between permanent effects
on T2-weighted images and temporary effects from the treatment. Finally, the results of the
MRI analysis were related to the results of the histopathological analysis. Analyses were
performed in Matlab (R2013 b, Math-works, Natick, MA) or GraphPad Prism (GraphPad
Software, Inc., La Jolla, CA).

RESULTS

Contrast-enhanced T1-weighted MRI

Contrast-enhanced T1-WI is a common method to confirm BBB disruption. Signal
enhancement on post-contrast T1-weighted images indicates extravasation of contrast, which
does not extravasate from intact capillaries.

Eighty-nine of the 90 sessions led to successful BBB disruption as confirmed by signal
enhancement on post-contrast T1-WI. One session at 0.73 MPa did not lead to BBB
disruption. ASI could not be determined for all sessions: two animals moved between pre-
and post-contrast images and exact repositioning could not be assured, and in five animals a
data storage failure led to loss of the raw data of one or two sessions.

For animals sonicated at 0.66 MPa, the average ASI and standard deviation were 23.5%

+ 17.8%, ranging from 5.4% to 54.5% (9 of 16 sessions analyzed; Fig. 2). The average ASI
was 25.0% + 12.7% (range: 3.7%-63.1%) in animals sonicated at an acoustic pressure of
0.73 MPa (44 of 46 sessions analyzed). For the animals sonicated at 0.80 MPa, the average
ASI was 38.2% + 28.7% (27 of 28 sessions analyzed). There was substantial inter- and intra-
animal variability in ASI (Fig. 2). For example, the lowest ASI at 0.80 MPa was 7.8%, while
the highest was 116.9%. ASI was significantly different between animals sonicated at 0.80
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MPa and 0.73 MPa, but no significant difference in ASI was found at an acoustic pressure of
0.66 MPa. A small, but significant correlation existed between the acoustic pressures and
ASI (z=0.19, p<0.05).

The average and standard deviation of the ROl area were 4.0 + 1.8 mm?, 4.8 + 1.8 mm? and
5.6 + 1.8 mm? for pressures of 0.66, 0.73 and 0.80 MPa, respectively. Although these were
not significantly different from each other, a significant correlation was found between the
acoustic pressures and ROl area (7= 0.22, p< 0.05). There was a significant Pearson
correlation (r=0.32, p< 0.01) between the ROI area and ASI.

The targeting accuracy was reasonable. In 5/15 animals, the same region was sonicated
during all sessions. The center of the enhancing region was off by approximately 2-3 mm
during one session in 6/15 animals. This was also the case in 3/15 animals during two
sessions (2-3.5 mm) and in one animal during three sessions (4 mm maximum).

T2-weighted imaging

Changes observed on T2-WI provide information about acute and permanent alterations in
the rat brain. An enhancement in signal intensity can indicate an increase in the water
content, for example in case of a hemorrhage, edema or cyst. A hypo-intensity on T2-WI can
indicate several changes, such as the presence of hemosiderin, calcium deposits, selective
neuronal necrosis and gliosis.

T2-WI was acquired before sonication in 59 of 90 sessions (11/15 animals) and after
sonication in all sessions. Fifty-two pre-sonication and 82 post-sonication T2-weighted
images were analyzed; the other images could not be analyzed due to data storage failure or
animal movement (awakening). In 59 of 82 post-sonication T2-weighted images, a light
hyper-intensity in the sonicated area was observed. Except for 4/15 animals with a
permanent hyper-intense spot on T2-WI, none of the other light hyper-intensities were seen
on pre-sonication T2-weighted images the following week(s), which suggests that these light
post-sonication hyper-intensities were temporary. The results of the qualitative analysis of
T2-WI, excluding the light temporary hyper-intensities, are summarized in Table 3.

No abnormalities on the pre-sonication T2-WI caused by the sonications in earlier sessions
were observed in 3/15 animals (Fig. 3b—c). In 12/15 animals, tissue changes were observed
on T2-WI expressed as hypo-intense or hyper-intense areas, or as an enlarged ventricle at the
sonicated site. A hypo-intense area was visible on pre- and/or post-sonication images for at
least 2 consecutive wk in 7/15 animals (Fig. 4b—c). In 4/15 animals, a hyper-intensity was
seen on pre-sonication T2-weighted images for 4-5 consecutive wk. Except for one animal,
the size of this hyper-intensity decreased over the week and in one animal it was completely
resolved on the images of the last session (Fig. 5b—d). Besides the hyper-intensity, hypo-
intense spots were also present in 2/4 animals. In 3/15 animals, the lateral ventricle at the
sonicated site was enlarged as a result of the sonications. In 2/3 animals, these enlarged
ventricles appeared together with hypo- or hyper-intensities, but in one animal, this was the
only permanent observable effect on T2-WI.
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Pre-contrast T1-weighted imaging

The T1 relaxation time is long in cysts, like in the ventricles, resulting in a hypo-intense
region on T1-WI. On the other hand, calcium deposits, selective neuronal necrosis and
gliosis reduce the T1 relaxation time, which leads to hyper-intensities on T1-WI.

In 2/15 animals, a hypo-intense region on pre-contrast T1-WI was observed, which
coincided with a hyper-intensity on T2-WI. A hyper-intense region was present on the pre-
contrast T1-WI in 4/15 animals for at least 4 wk (Table 3). In five other animals, a very light
temporarily hyper-intense region was observed on pre-contrast T1-WI for 1 wk and in
another animal for 3 wk.

Histopathology

No tissue changes were produced during the last (sixth) session in 5/10 animals sonicated at
an acoustic pressure of 0.73 MPa (Fig. 3). In the five other animals sonicated at the same
acoustic pressure, scattered micro-hemorrhages (petechiae) were observed (Fig. 4g, Table 4).
At an acoustic pressure of 0.80 MPa, hemorrhages were produced in 5/5 animals during the
last session. In 3/5 animals, the micro-hemorrhages were associated with acute ischemic
changes and resulted in selective neuronal necrosis (Fig. 6b—c). Of the other two animals,
multiple hemorrhages were produced in one and a hemorrhagic infarct in the other.

Table 3 provides an overview of the consequences of vascular damage that were produced
during one or more of the five previous sessions. In 2/15 animals, both sonicated at 0.66 and
0.73 MPa, no affected area or only a small area with macrophage infiltration was observed.
In 10/15 animals, the sonications had resulted in a micro-scar formation (Fig. 3e and Fig.
4f). These scars were typically small (<0.5 mm). GFAP-immunolabeled sections in these
areas contained astrocytes identified as being reactive based on their thick cytoskeletal
processes (Fig. 3f). Besides the scars, one or more cyst-like cavities were formed in 4/15
animals (Fig. 5f). In 11/15 animals, individual or scattered hemosiderin particles were
observed, signifying old hemorrhagic sites (Fig. 6d). Mineralization spots were observed in
5/15 animals (Fig. 7). In some animals, several separated areas with different
histopathological features were found (Fig. 4). The most severe damage was found in 2/15
animals, sonicated at 0.8 MPa. In one of them, the affected region contained multi-focal
deposits of minerals at the sites of former cell necrosis (Fig. 7). In the second animal, a large
infarcted region with cyst and scar formations, scattered areas of mineralization and
extensive hemorrhages were observed.

Histopathology and MRI

Vascular damage produced during the last (sixth) FUS session—Table 4
summarizes the MRI and histopathology results of the last (sixth) session. The average ASI
of the sixth session for the five animals without micro-hemorrhages was 23.2% + 16.1%
(0.73 MPa). For the five animals with micro-hemorrhages also sonicated at 0.73 MPa, the
average ASI was 21.3% * 9.5%. The ASI ranged from 12.8% to 38.0% in three animals
where 0.80 MPa sonications resulted in micro-hemorrhages and selective neuronal necrosis.
In the other two animals sonicated at 0.80 MPa, ASI was 16.8% in the animal with multiple
micro-hemorrhages and 71.5% in the animal with a hemorrhagic infarct. There was no clear
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relationship between ASI and the presence and extent of the micro-hemorrhages (Table 4). In
9/15 animals, the sixth FUS session resulted in a lightly hyper-intense region on T2-WI in
the sonicated area; in seven of these animals fresh micro-hemorrhages were observed.

Vascular damage produced during the previous FUS sessions—Table 3 provides
an overview of the consequences of micro-vascular damage from the five earlier FUS
sessions and effects observed on T2-WI. As tissue changes leading to hypo- or hyper-
intensities on T2-WI probably resulted from micro-vascular damage during one of the
previous sonications, ASI of the preceding session is provided in Table 3, as is the maximum
AS] of all sessions per animal. Three animals without signs of a lesion on T2-WI had either
a very small scar (0.2 x 0.3 mm), a small area with macrophage infiltration or showed no
affected area at all. The maximum ASI ranged in these animals from 28.2% to 42.9%.

In four animals with a cyst formation, hyper-intense regions were present on T2-WI (Fig. 5).
In all cases, the cyst resulted from micro-vascular damage probably produced during the first
session, with ASI ranging from 24.9% to 58.1%. In two of these animals, mineralization
spots were also present. These two animals also had hypo-intense spots on T2-WI.

In 7/15 animals, a hypo-intense spot on T2-WI was present for at least 2 wk. In 4/7 animals,
the first or second session resulted in vascular damage, and in 3/7 animals small-vessel
damage was produced during the third or fourth session. On the H&E sections, hemosiderin
particles were found in all seven animals; four animals had a glial scar and mineralization
spots were observed in three of them. The average ASI was 26.4% + 10.0% on post-contrast
T1-WI 1 wk before the hypo-intensity was observed.

For all five animals with mineralization spots, the hypo-intensity was observed on T2-
weighted images for at least 4 wk. In 3/5 animals a persistent hyper-intensity was also
observed on pre-contrast T1-W!I. In one animal with a small scar, there was no evidence of a
hypo-intensity, but an enlarged ventricle was observed on T2-WI.

DISCUSSION

In this study, MRI and histology were used to study the side effects of repeated BBB
disruption using FUS in combination with micro-bubbles. Overall, it was demonstrated that
the BBB can be disrupted repeatedly with limited or no significant effects evident in
standard histology examinations. The results also suggest that without care to select an
appropriate exposure level, tiny regions of vascular damage can result. BBB disruption was
confirmed with contrast-enhanced T1-WI, but this technique had limited value for predicting
the presence and extent of vascular damage. On the other hand, the observed tissue changes
on histology corresponded well with T2-weigthed MRI, making this a valuable technique to
follow the consequences of BBB disruption over time.

There are several mechanisms that have been suggested to be the basis for FUS-mediated
BBB disruption in the presence of micro-bubbles. During the oscillating acoustic pressure,
the micro-bubbles expand and shrink and the endothelial cells can be stimulated by
processes like acoustic streaming, bubble oscillations and radiation force (Nyborg 2001). If
the acoustic pressure is high enough, inertial cavitation can occur, leading to shock-waves or
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jets. It has been shown that BBB disruption can be evoked without the presence of inertial
cavitation (McDannold et al. 2006). In that same study, inertial cavitation has been
associated with extravasations of erythrocytes, indicating that the micro-vessels have been
ruptured, which can have heterogeneous consequences on the brain parenchyma. As the
morphologic tissue changes take time to develop, the full extent of vessel damage can not
immediately be observed on H&E sections.

The histologic effects observed here were consistent with what has been observed previously
after a single session, suggesting that the process of repeatedly disrupting the BBB itself
does not produce additional significant side effects. In many studies investigating the
consequences of BBB disruption, histopathological sections were obtained after one
sonication session (Baseri et al. 2010; Hynynen et al. 2005, 2006; McDannold et al. 2005).
In some of these studies, fresh micro-hemorrhages were observed shortly after sonication; at
later times, macrophages containing hemosiderin were observed. In the present study, the
consequences of micro-vascular damage were observed at different stages of breakdown and
repair. The signs of fresh and/or old micro-hemorrhages were present. Although not all
animals were sacrificed immediately after the last sonication, micro-hemorrhages evoked by
a sonication 36 h before the sacrifice were still recognizable by extravasated erythrocytes on
the H&E sections. In some cases, mineral deposits, scar formations and micro-infarction
sites were observed. However, in 4/15 animals no clinically significant side effects were
detected after disruption of the BBB during six sessions. While all but one session led to
successful BBB disruption, in 2/15 animals no signs of fresh or old hemorrhages were
observed. The histologic effects of repeated stress to the brain vasculature were not
systematically studied before. In a previous study, histologic and MRI data were obtained in
one non-human primate after multiple sonications (McDannold et al. 2012). The authors
reported similar effects: macrophage accumulation and scattered hemosiderin deposits at
some targets, which corresponded with persistent hypo-intense spots in T2-weighted
imaging during a follow-up period of 6 mo. In most locations, however, no effects were
observed. Two studies have found no functional changes after repeated BBB disruption
sessions in non-human primates (Downs et al. 2015; McDannold et al. 2012). Multiple
sessions of BBB disruption have been shown to improve cognition in Alzheimer’s model
mice without evidence of damage (Burgess et al. 2014).

There was a positive relationship between the acoustic pressure and ASI, which corresponds
to earlier results in rabbits (McDannold et al. 2006; O’Reilly and Hynynen 2012). However,
there was no relationship between ASI and the presence of fresh hemorrhages produced
during the last session. There was substantial overlap between the maximum ASI in animals
without any significant effects and ASI leading to the formation of cysts or scars in other
animals, so ASI had limited value for predicting the presence and extent of vascular damage.
The animals sonicated at the highest pressure (group 3) had, in general, the largest affected
areas and included the two animals with the most extensive damage. The least serious effects
were observed in the lowest pressure group (group 1), although in one animal a small
infarction had resulted in a small cyst.

The lowest acoustical pressure in water used here was 0.66 MPa. Assuming an attenuation
of 33% by the rat skull at the used frequency (O’Reilly et al. 2011) and a attenuation of 0.05
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Np/MHz at 1 cm in the brain, the estimated /7 vivo pressure was 0.43 MPa. This acoustic
pressure corresponds to a mechanical index of 0.52, which is very close to the threshold
(disruption probability of 50%) for BBB disruption in mechanical index of 0.46
(McDannold et al. 2008). The used pressures are thus in line with previously reported values
for BBB disruption and the lowest pressures can be used as a directive for future research as
the observed side effects were in general smallest for the lowest pressure group.

In this study, contrast-enhanced T1-WI was thus primarily of value in confirmation of BBB
disruption. T2-WI corresponded well with the permanent effects observed on histopathology
and can be used to adjust the acoustic pressure during the next treatment, to prevent small-
vessel damage. In almost all animals with hemosiderin particles or mineralization present, a
hypo-intense region was observed on T2-WI. However, we could not tell from these hypo-
intensities whether a scar, mineralization or only hemosiderin particles were present. It has
been reported that calcium deposits reduce both T1 and T2 relaxation times, leading to
hyper-intensities on T1-WI and hypo-intensities on T2-WI (Dell et al. 1988). Selective
neuronal necrosis and gliosis have the same MRI pattern (Fujioka et al. 1999). In three of
five animals with mineralization spots, hyper-intensities on T1-WI have been observed. In
the other two animals, no hyper-intensity on T1-WI was present or observed only during 1
wk. Hyper-intense regions on T2-WI were consistent with cyst formation and, probably,
with liquefaction necrosis.

After most of the sonications, a light hyper-intense region on T2-WI was also observed.
These hyper-intense regions were temporary and could indicate several effects. First of all,
an acute hemorrhage might appear bright on T2-WI, due to the higher water content. This
applies also for edema. As the T2-WI were obtained after contrast administration, these
hyper-intensities could also be the effects of gadolinium, as our T2-weighted sequence had
some T1-weighting in it due to the relatively short repetition time (2000 ms). We did not
obtain T2*-weighted MRI, which would have made it possible to visualize fresh
hemorrhages. Fresh hemorrhages appear as hypo-intensities on T2*-weighted (gradient-echo
sequence) MRI due to the paramagnetic deoxyhemoglobin in the extravasated red blood
cells (Hynynen et al. 2001). T2*-weighted MRI can also provide information about
hemosiderin and calcifications, and the phase images of a gradient-echo sequence could be
used to distinguish between the two (Gupta et al. 2001). Gradient-echo imaging could
potentially provide even more information about the development of lesions after BBB
disruption than T2-WI.

Our study had some limitations. First of all, the drawing of the ROIs to determine ASI was
subjective, as was inspection of T2-WI and T1-WI for hyper- and hypo-intensities. The MRI
voxels were relatively large (0.3 x 0.3 x 1 mm) compared to the microscopic tissue changes,
which might have led to partial volume effects, limiting the detectability of effects on MRI.
Although it was possible to disrupt the BBB repeatedly without clinically significant side
effects, sometimes small glial scars (<0.5 mm) were present. The size of these scars was
much smaller than the area with enhancement on T1-weighted imaging, which was >4.0
mm?. If this technique would be used for tumor treatment, the expected benefit might
outweigh these small side effects; however, vessel damage should be prevented, especially if
used for less severe neurologic disorders. This outcome advocates for the use of a cavitation
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detector to ensure that acoustic pressures below the inertial cavitation threshold can be used,
as inertial cavitation has been associated with micro-hemorrhages (McDannold et al. 2006).

We demonstrated that it is possible to disrupt the BBB repeatedly with no or limited
clinically significant side effects. In general side effects were small, but could be further
limited by implementation of a cavitation detector to prevent inertial cavitation occurrence.
The effects are consistent with prior studies that examined histologic effects after a single
session. MRI gave valuable information about the success of the treatment and could be used
to follow the effects of the treatments over time.
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The setup for the focused ultrasound treatments. The rat was placed in supine position in a
holder on top of a water bath. The 690-kHz transducer was placed in the water bath and
connected to a positioning system and matching network. To obtain the magnetic resonance

images, a home-made transmit/receive surface coil was used.
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Signal enhancement versus acoustic pressure. For each session, the difference in signal
intensity change between the treated and untreated (contralateral) brain regions in pre- and
post-sonication contrast-enhanced T1-WI (ASI) is plotted against the used acoustic pressure.
The horizontal bars indicate the mean and the asterisk a significance difference of p < 0.05.
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Fig. 3.
Representative magnetic resonance images and histology of an animal with a micro-scar

after six successful blood-brain barrier disruption sessions. (a) Axial contrast-enhanced T1-
WI showing blood-brain barrier disruption after the first session (ASI = 21.8%). An acoustic
pressure of 0.66 MPa was used for the first three sessions and 0.73 MPa for the following
three sessions. (b and ¢) No abnormalities were observed during the following weeks on
axial T2-weighted imaging. (d) A micro-scar (0.2 x 0.3 mm) and small area with
macrophage infiltration was observed on the hematoxylin & eosin (H&E) section. (e) Higher
magnification of the affected area shown in rectangular in (d). (f) At the same location, glial
fibrillary acidic protein (GFAP)-immunolabeled astrocytes are identified as being reactive
based on their thick cytoskeletal processes (d and e: H&E, f: GFAP). Scale bars: 0.1 mm.
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Fig. 4.
Representative magnetic resonance images and histology of an animal with a hypointense

lesion on T2-weighted imaging (T2-WI1). (a) Contrast-enhanced T1-WI showing blood-brain
barrier (BBB) disruption after the second session (ASI = 14.2%). BBB disruption was
successful for each session using an acoustic pressure of 0.73 MPa. (b and c) In the
following weeks a hypo-intense spot was observed on T2-WI (red arrows). Note the hyper-
intensity adjacent to the hypo-intense spot is the ventricle. (d) Contrast-enhanced T1-WI
showing BBB disruption after the sixth session (ASI =15.7%). (e) On the hematoxylin &
eosin (H&E) section, two separate areas were present with different histopathological
features, presumably the result of the sonication in different sessions, with higher
magnifications shown in (f) and (g). (f) The affected area includes a small (1.8 x 0.2 mm)
scar and a few hemosiderin particles. (g) Affected area that shows a few scattered petechiae
probably produced during the last BBB disruption session (e—g: H&E). Scale bars: 0.1 mm.

Ultrasound Med Biol. Author manuscript; available in PMC 2017 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kobus et al.

Page 17

Fig. 5.

Mggnetic resonance imaging and histology of an animal that developed a cyst after the first
sonication. (a) Axial contrast-enhanced T1-weighted imaging (T1-WI) showed blood—brain
barrier (BBB) disruption after the first session (ASI = 51.6%). The animal was sonicated at
0.66 MPa during the first three sessions and 0.73 MPa for the next three sessions. (b—d) In
pre-sonication T2-WI, a hyper-intense area (red arrow) was observed during the following
weeks, decreasing over time and no longer apparent at week 6. (e and f) An affected area
(~2.0 x 1.5 mm) with scar formation and residuals of a cyst suggests a previous micro-
infarct. The lateral ventricle appeared slightly enlarged. (f) Higher magnification of the
affected area shown in rectangular in (e) (e and f: H&E). Scale bar: 0.1 mm.
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Fig. 6.
T1-weighted imaging from the last focused ultrasound session that resulted in micro-

hemorrhages and selective neuronal necrosis as observed on histology. (a) Contrast-
enhanced T1-weighted imaging shows successful blood-brain barrier disruption (ASI =
15.6%) when sonicated at 0.80 MPa. (b) In the treated area, small-vessel damage occurred,
which is characterized by extravasations of erythrocytes and selective neuronal necrosis. (c)
Higher magnification of the affected area (rectangular in [b]) showing individual dark,
shrunken (ischemic) neurons (inset) and a slightly vacuolated neuropil. (d) A single
hemosiderin particle (inset, arrow in [b]) signifies an old micro-hemorrhage in the intact
neuropil (b—d: H&E). Scale bars: 0.1 mm.
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Fig. 7.

Mggnetic resonance images and histopathological data of an animal with multifocal
mineralization deposits. (a) Contrast-enhanced T1-weighted imaging (T1-WI) showed
successful blood-brain barrier disruption after the first session (ASI = 34.2%) when
sonicated at 0.80 MPa. (b) One week later, a diffuse hypo-intense area (red circle) was
visible on post-sonication T2-WI. (c and d) Post-sonication T2-WI showed a focal hypo-
intense region (red arrow) during the following weeks. (e) During these weeks, a hyper-
intense region (red circle) was also present on pre-sonication T1-WI, which might indicate
the presence of calcium deposits. (f) Large affected region including multifocal deposits of
mineralization in the thalamus and putamen. (g) Higher magnification of the affected area
(rectangular in [f]) with microscopic mineralization in the sites of former neuronal necrosis.
(h and i) Mineralization spots under the highest magnification on hematoxylin & eosin
(H&E) (h) and Von Kosssa staining (i) (f-h: H&E; i: Von Kossa). Scale bars: 0.1 mm.
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