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Abstract

The blood-brain-barrier (BBB) prevents the transport of most anticancer agents to the central
nervous system and restricts delivery to infiltrating brain tumors. The heterogeneous vascular
permeability in tumor vessels, along with several other factors, creates additional barriers for drug
treatment for brain tumors. Focused ultrasound (FUS), when combined with circulating
microbubbles, is an emerging noninvasive method to temporarily permeabilize the BBB and the
“blood-tumor barrier”. Here, we tested the impact of three weekly sessions of FUS and liposomal
doxorubicin (DOX) in 9L rat glioma tumors. Animals that received FUS + DOX (N = 8) had a
median survival time that was increased significantly (P < 0.001) compared to animals who
received DOX only (N = 6), FUS only (N = 8), or no treatment (N = 7). Median survival for
animals that received FUS + DOX was increased by 100% relative to untreated controls, whereas
animals who received DOX alone had only a 16% improvement. Animals who received only FUS
showed no improvement. No tumor cells were found in histology in 4/8 animals in the FUS +
DOX group, and in two animals, only a few tumor cells were detected. Adverse events in the
treatment group included skin toxicity, impaired activity, damage to surrounding brain tissue, and
tissue loss at the tumor site. In one animal, intratumoral hemorrhage was observed. These events
are largely consistent with known side effects of doxorubicin and with an extensive tumor burden.
Overall this work demonstrates that multiple sessions using this FUS technique to enhance the
delivery of liposomal doxorubicin has a pronounced therapeutic effect in this rat glioma model.
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Introduction
The blood-brain barrier (BBB) and other challenges prevent the effective use of most
systemically-administered chemotherapeutic agents in patients with brain tumors. The BBB
restricts transport of practically all agents to the brain parenchyma due to its selective
permeability, which is based on lipid solubility, molecular size and charge [1, 2]. Infiltrating
tumor cells and metastatic “seeds” in the central nervous system are protected by the intact
BBB and are excluded from the therapeutic effects of most drugs. Tumor blood vessels,
which often lack an intact BBB, will allow some agent to extravasate and reach the vascular
portion of the tumor. However, the permeability of the tumor vasculature is heterogeneous,
and factors such as increased interstitial pressure [3] limit how far from the vasculature the
drugs can penetrate. Furthermore, efflux pumps, which are present at the BBB and in many
tumors, extrude cytotoxic drugs that usually enter cells by passive diffusion [4] Methods to
overcome these barriers to drug delivery are needed if effective brain tumor therapies are to
be developed.

Because of these challenges, the treatment of glioblastoma multiforme (GBM), an
aggressive, high-grade brain tumor, is difficult [5]. This tumor is highly infiltrative, and
recurrence after localized treatments such as conformal radiotherapy or surgery is common.
This relapse usually occurs within a few cm of the treated region [6–8]. The introduction of
temozolomide, a small molecule chemotherapy agent that has some penetration across the
BBB, has improved clinical outcomes [9], but this improvement has been modest. A
technique that can deliver larger agents across the “blood-tumor barrier” (BTB) and the
BBB in the surrounding brain could enable the use of a wide range anticancer agents for
GBM and other brain tumors.

The use of focused ultrasound (FUS) combined with a circulating microbubble agent is an
emerging technique to disrupt the BBB temporarily in a localized and non-invasive manner
[10]. The microbubbles, which are constrained to the vasculature, interact strongly with even
low-intensity ultrasound, producing mechanical forces on the endothelium that result in
transient disassembly of tight junctional complexes and the induction of active transport
processes [11, 12]. No significant adverse effects have been observed resulting from this
temporary BBB disruption [13–15]. The barrier is restored in a few hours [10], providing a
time-window to deliver even long-circulating agents. Prior work in animals has
demonstrated delivery of a wide range of imaging and therapeutic agents, even large agents
such as antibodies, nanoparticles, and liposomally-encapsulated drugs [16–19]. The method
can increase the delivery of agents to brain tumors [20, 21], and several studies have shown
that it can improve outcomes in animal brain tumor models [20, 22–24]. These results, along
with recent work demonstrating safety in a large animal model using a clinical brain FUS
system [13] make it a promising approach for the treatment of GBM and other brain tumors.
Volumetric BBB disruption can be achieved with such devices by rapidly steering the
ultrasound focal point to different locations [13].

This method has several potential advantages over other approaches tested to overcome the
BBB and the BTB [25]. FUS-induced BBB disruption is a noninvasive and targeted
procedure, and the effect can be localized to only desired volumes in the brain. The method
is also compatible with currently-available drugs, removing the need to develop new agents.
Importantly, since FUS is noninvasive and can presumably be applied without general
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anesthesia, it is expected to be a relatively benign procedure that can be readily repeated to
match a patient’s drug schedule.

The purpose of this work was to evaluate whether multiple treatment sessions can
effectively improve the therapeutic effect of liposomal doxorubicin in a rat glioma model.
Previous work has shown that a single treatment with FUS-enhanced delivery of this agent
to orthotopically-implanted 9L rat gliosarcoma model had a modest improvement in survival
and tumor growth [24]. Here we examined whether three weekly sessions can provide a
more pronounced treatment effect in this tumor model. We also utilized low-frequency FUS
to better match an existing clinical FUS device [26]

Materials and Methods
Sonication System

An air-backed, single element, 690 kHz focused piezoelectric transducer (diameter/radius of
curvature: 100/80 mm) generated the ultrasound field. It was driven by an arbitrary
waveform generator (model 395, Wavetek) and RF amplifier (240L, ENI); electric power
was measured with a power meter (E4419B, Agilent,) and dual-directional coupler
(C5948-10, Werlatone). Reported exposure levels are absolute peak negative pressure
amplitudes measured in water with a membrane hydrophone (Marconi; 0.5 mm diameter).
Attenuation by the brain and rat skull is expected to reduce the pressure amplitude by ~30%
at this frequency [27] with additional uncertainty arising from standing waves within the
skull and increases in skull thickness as the animal ages [27]. The pressure distribution of
the transducer was mapped using a 0.2 mm needle hydrophone (Onda, Sunnyvale, CA); its
half-maximum diameter and length were 2.3 and 12 mm, respectively. The transducer
efficiency was measured using a radiation force-balance.

Experimental Setup
The sonication system was operated within a clinical 3T MRI scanner (Signa; GE
Healthcare). The transducer was immersed in a small tank of degassed, deionized water and
attached to an MRI-compatible, manually-operated positioning system (Figure 1A). The
animal was laid supine on a tray above this tank, with a water bag providing an acoustic path
to the dorsal surface of the head. Images were obtained with a 7.5 cm-diameter transmit/
receive MRI surface coil. The animal’s body temperature was maintained with a heated
water pad. Before treatment, we visualized heating in a silicone phantom using temperature-
sensitive MRI to localize the acoustic focal point in the MRI space. Accurate targeting in
vivo was confirmed before the tumor sonications in select animals (typically the first animal
treated each week) by sonicating a spot in the brain outside the tumor and checking that the
resulting MRI contrast extravasation was at the desired target.

Animals
The experiments were approved by our institutional animal committee. Tests were
performed in 40 Male Sprague-Dawley rats (Charles River Laboratories; ~250 g). Before
each procedure, the animals were anesthetized via intraperitoneal injections of Ketamine (80
ml/kg/h) and Xylazine (10 ml/kg/h). A catheter was placed in the tail vein, and the hair on
the scalp was removed with clippers and depilatory cream.

9L rat gliosarcoma cells (passage number 3, obtained from the Neurosurgery Tissue Bank at
UCSF) were grown in Minimum Essential Medium (1X) with Earle’s salts, supplemented
with 10% fetal bovine serum, 1% L-glutamine, 1% MEM nonessential amino acids, and
0.1% gentamicin in a 5% CO2 chamber held at 37°C. After preparing the skin, a 5-mm skin
incision was made and a 1-mm burr hole was drilled into the skull 1 mm anterior to the
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bregma and 2 mm lateral to the midline. A 4 μl volume of cell suspension (1 × 105 cells)
was injected into the right caudate putamen at a depth of 3.5 mm relative to the dural surface
using a 10 μl gas-tight syringe (Hamilton). Cells were injected over five minutes; two
minutes later the needle was retracted slowly over another 5 minutes, and the skin was
sutured. The sutures were removed 5 days later, and treatment began on day 7 or 8, at which
point the tumor had an MRI-evident diameter between 1–3 mm.

The animals were monitored regularly to evaluate the treatment effects on survival and
tumor growth. Animals surviving 6 weeks after treatment were considered long-term
survivors. However, some were followed for longer periods for later histological
examination, as they appeared healthy. The animals were euthanized if they exhibited
severely impaired activity, weight loss exceeding 20% within one week, tumor dimensions
exceeding 10–11 mm, or if treatment-related severe adverse events occurred that caused
pain or distress and that could not be ameliorated. The animals were euthanized via
transcardial perfusion with saline followed by 10% phosphate-buffered formalin while under
deep anesthesia. The brain was removed and immersed in 10% phosphate-buffered formalin
for histological preparation. To avoid skin infections that were observed in two animals (see
below), animals receiving FUS and chemotherapy were treated with an antibiotic Baytril
(Bayer; 2.5mg/kg).

Treatment
The rats were randomly assigned to one of four groups: (1) no treatment (Control) (N = 7),
(2) three weekly treatments with FUS-induced BBB/BTB permeablization (FUS-Only) (N =
8), (3) three weekly treatments with liposomal doxorubicin (DOX-only) (N = 6), (4) three
weekly treatments with FUS and concurrent chemotherapy (FUS + DOX) (N = 8). After
determining the coordinates of the focal point within the MRI space, treatment planning
MRI was acquired, and the focal region was positioned within the tumor. Ultrasound bursts
were then applied at multiple points in and around the tumor at pressures amplitudes ranging
from 0.55–0.81 MPa (burst length: 10 ms, pulse repetition frequency: 1 Hz, duration: 60s).
The pressure amplitude was initially set based on a prior study in rats with this device [28].
It was increased based on the age and weight of the animals to achieve a consistent level of
BBB disruption. This observation was made in our initial treatments and is similar to
previous reports [27]. Before each sonication, ultrasonic contrast agent (Definity, Lantheus
Medical Imaging; 0.01 mL/kg) was administered intravenously. To facilitate the injections
of such a small volume, the agent was diluted to 0.1 × normal concentration in PBS. It was
injected as a bolus approximately 9 s before each sonication, followed by a 0.2 ml saline
flush. The sonications were delivered at 5 min intervals in a grid pattern (spacing: 1 or 1.5
mm, depending on tumor volume) to 5–20 targets with the number of locations increasing
over the three weeks as the tumor volume increased. We aimed to permeabilize the BTB in
the entire tumor and the BBB in a surrounding rim of at least 1 mm.

For chemotherapy, 5.67 mg/kg of doxorubicin hydrochloride encapsulated in long-
circulating pegylated liposomes was administered intravenously. This dosage was selected
based on prior work testing this agent in rats [29]. In our initial experiments (5 rats in DOX-
Only group; 5 in FUS + DOX group), we used DOXIL (Centocor Ortho-Biotech). Due to a
national shortage of this agent that occurred during these experiments, we used Lipo-Dox
(TTY Biopharm,) for the remaining animals (1 rat in the Dox-Only group; 3 in the FUS +
DOX group). Previous work has shown that doxorubicin can be released from liposomes by
ultrasound if microbubbles are in close vicinity [30], and we speculated that such may occur
in these treatments. Thus for the FUS + DOX group, chemotherapy was administered over
multiple slow injections administered just before each sonication. This scheme aimed to
ensure a high drug concentration in the bloodstream during every sonication. For the DOX-
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only group, the agent was administered over 5 slow injections at 5 minute intervals. Each
injection was followed by a 0.2 ml saline flush.

Magnetic resonance imaging
T2-weighted imaging was used to plan the treatments and measure tumor volumes. BBB/
BTB disruption was evaluated using T1-weighted imaging acquired before and after
administration of the MRI contrast agent gadopentatate dimeglumine (Magnevist Gd-DTPA;
Bayer Healthcare; 0.25 mL/kg). T2*-weighted imaging was used to confirm that petechaie,
which are produced by excessive FUS exposures, did not occur [10] and to evaluate
hemorrhagic regions in the tumors. Detailed imaging parameters are listed in Supplemental
Methods.

Image analysis
Non-contrast MRI imaging was performed weekly (±1–3 days depending on MRI
availability). Tumor boundaries were manually segmented in axial T2-weighted images
using ImageJ; the volume was calculated by the sum of the areas multiplied by the image
thickness. In weeks 1–2, the tumors appeared as clearly circumscribed volumes which were
sometimes surrounded by hyperintense regions (presumably edema). These boundaries were
sometimes not evident at later times in the FUS + DOX group, and it was not clear whether
MRI abnormalities were residual/recurring tumor or tumor- or treatment-related effects. To
be conservative, such cases were included in the volume calculations.

Histology
Representative examples from the Control (4/7 animals) and FUS-Only (5/8 animals) groups
were selected for histological examination. The treatment response varied for animals in the
DOX-Only and FUS + DOX groups (see below), and all brains from these animals were
examined. Tissue blocks containing the tumor were embedded in paraffin and cut into 4–6
μm serial sections perpendicular to the direction of ultrasound propagation. Sections with
the largest evident tumor were stained with Haematoxylin and Eosin (H&E) for examination
in light microscopy.

Statistical Analysis
Tumor volumes for the four groups were compared using one-way ANOVA. The Kaplan-
Meier method was used to compare survival of animals in each group. Significance was
calculated by using log-rank test with Yates’ correction. These analyses were performed
using Matlab (MathWorks) and Microsoft Excel. The Bonferroni method was used to
compare multiple pairs of groups [31]. With four treatment groups (including controls) with
six possible paired comparisons, pair-wise P values less than the Bonferroni-corrected
threshold of 0.05/6 = 0.0083 were considered statistically significant.

Results
Tumor progression

BBB/BTB permeabilization and a lack of significant FUS-induced tissue damage was
confirmed using contrast-enhanced and T2*-weighted MRI, respectively (Figure 1B). A
higher pressure amplitude (0.81 vs. 0.55 MPa) was needed for the third treatment to induce
consistent BBB/BTB permeabilization, presumably because of an increase in skull or dura
thickness as the rats grew [27]. To confirm that the sonications increased the vascular
permeability in the tumor, we performed contrast-enhanced imaging before and after the
sonications in several animals (Figure 1C–D). Sonication targets were applied in a grid to
cover the tumor evident in T2-weighted imaging plus a surrounding margin (Figure 1D).
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Weekly MRI examination was used to monitor the tumor progression. Representative
examples from each experimental group over the first three weeks and the tumor volume
measurements are shown in Figure 2.

In most animals in the three control groups, the tumor grew rapidly over this time (Figure
2A), resulting in significant midline shift and compression of the lateral ventricles.
Hypointense regions were often evident within the tumor in T2*-weighted imaging in all
groups. Eleven of fifteen rats (73%) in these groups either died or were euthanized before
the third treatment due either to tumor dimensions exceeding 10–11 mm or poor health
conditions (weight loss exceeding 20% or severely impaired activity). The rest died or were
euthanized for these reasons before week 4. One rat in the DOX-Only group was euthanized
before the third treatment; the rest were euthanized shortly after week 3.

All animals in the FUS + DOX group received all three treatments, and no rat in this group
was euthanized before week 4 (Figure 2B–C). The tumor volume reached a maximum at
weeks 3 or 4, after which they began to shrink. The outcomes for the eight animals in this
group varied and are summarized in Table 2. The maximum tumor volume varied
substantially, with some tumors reaching volumes similar to the control group, and others
never reaching 100 mm3. The mean tumor volume in the FUS + DOX group was less than in
the three control groups at weeks 2–3 (Figure 2C). However the differences were not
significant.

The first two rats treated in the FUS + DOX group (Rats 1 and 2 in Table 1) exhibited local
skin toxicity (inflammation, peeling; minor bleeding) on the scalp and the front and hind
paws beginning on or after week two. These two animals developed a skin infection and
were euthanized at days 34 and 35. In their last imaging session, one of these animals had no
tumor evident in MRI, and the other had a small tumor that appeared to be responding to the
treatment. Subsequent animals were treated prophylactically with antibiotics. While skin
irritation or mild inflammation was observed, they did not develop infections.

Three animals (Rats 3, 4 and 8 in Table 1) did not exhibit any evident morbidity. They
gained weight and behaved normally. These animals were followed for 9 or more weeks, at
which time they were euthanized for histological examination. One of these long-term
survivors was euthanized at day 66; the other two were observed for longer periods (136 and
142 days). Tumors in these animals grew to a substantial volume (greater than 300 mm3)
before they began to resolve. MRI from one of these animals is shown in Figure 2B. After
the tumors disappeared, brain tissue loss at the former tumor site was evident in MRI, along
with damage in adjacent tissues and enlarged ventricles. Tissue damage appeared as highly
hyperintense regions in T2-weighted imaging. In some regions, within this damaged area,
discrete hyperintense zones in both T2* and T2-weighted imaging were seen.

Two animals in the FUS + DOX group (Rats 5 and 7 in Table 1) were euthanized due to
poor health at day 32 and 36, respectively. At the time of sacrifice, one of these animals
exhibited only a small hyperintense region in T2-weighted imaging, and no tumor was
evident in histology (see below). The other had an extensive hyperintense area in T2-
weighted imaging, but only a small cluster containing a few tumor cells was found in
histology. Finally, in one animal (Rat 6 in Table 1), a large hypointense region was observed
in T2*-weighted imaging at week 4 that was assumed to be intratumoral hemorrhage. This
animal also exhibited impaired activity and was euthanized at this time.

Histological Findings
Tumors in the Control and FUS-Only groups appeared at day 15–23 as solid masses that
replaced large amounts of brain tissue (Figure 3A). The tumor bulk consisted of viable and
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rapidly dividing spindle-shaped cells interspersed with multiple small necrotic sites.
Microvessels that were necrotic, dilated, and congested with erythrocytes were observed
throughout and were surrounded by necrotic zones (Figure 3B). Small hemorrhagic regions
were also found. Blood cells in these regions and in congested blood vessels were consistent
with the hypointense regions observed in T2*-weighted imaging. In the largest tumors,
numerous necrotic and hemorrhagic areas accompanied by cell necrosis and apoptosis were
found scattered throughout the tumor mass. Rapid tumor growth and invasion displaced and
compressed the surrounding brain tissue, resulting in ischemia and cell death (infarction) in
some adjacent brain regions (Figure 3C). A narrow (0.5–1 mm) band of invading/infiltrating
cells was evident at the tumor margin (Figure 3D).

The tumor appearance in the DOX-only group varied. Although viable and dividing cells
were generally present, a reduced cellularity compared to the other control groups, along
with unhealthy-appearing tumor cells and an intensely vacuolated matrix was evident in this
group (Figure 3E). Large regions of necrosis were observed in some cases, but some viable
tumor cells were always found within these necrotic areas. Substantial hemorrhage was
evident at the periphery of some tumors, accompanied by infarction in the surrounding
brain. Tumor cell invasion along perivascular tracts and tumor cell clusters were observed at
sites as far as 1–2 mm from the edge of the solid tumor mass (Figure 3F). In one animal
(euthanized at day 26 due to impaired activity), no tumor cells were found in histology.

In contrast to the controls, all but one of the animals in the FUS + DOX group exhibited a
strong treatment response, with no tumor mass detected in 6/8 animals. However, in two of
these animals a few residual or recurrent tumor cells were found in the former tumor site. In
one rat, which was euthanized due to skin infection at day 34, a tumor was found to be
shrunken compared to its maximum size in MRI and partly destroyed. The central area
contained a viable tumor mass, and a surrounding rim of tissue appeared to be damaged.
Only one animal (Rat 6 in Table 1) had a large tumor like most rats in the control groups.
This animal, in which intratumoral bleeding was suspected in MRI, was euthanized at week
4. Histological examination confirmed hemorrhagic infarction in a region of tumor necrosis.
This region was restricted to the tumor mass; no blood was found inside the adjacent
ventricular space.

Example histological findings from the FUS + DOX group are shown in Figure 4. In the
three long-term survivors, where the tumors grew to a substantial volume before beginning
to resolve, brain tissue loss was evident at the former tumor site (Figure 4A). The adjacent
lateral ventricle was significantly enlarged and filled this missing area. A region in the
adjacent brain was necrotic, with an appearance consistent with infarct (Figure 4B). A small
cyst was observed within this necrotic zone. The hypointense regions evident in MRI
contained hemosiderin – either in clusters or taken up by macrophages (Inset in Figure 4B).
In one long-term survivor, a small cluster of recurring or residual tumor cells was found.

Findings from two animals from the FUS + DOX group that were euthanized for impaired
activity are shown in Figure 4C–H. In one case (euthanized at day 36) only a small necrotic
area with macrophage infiltration was found at the former tumor site (Figure 4C–E). In the
second animal (euthanized at day 32), a larger necrotic area was found at the former tumor
site, and affected or damaged tissue was observed in the surrounding brain that was
hyperintense in T2-weighted MRI (Figure 4F–H). A tiny cluster of tumor cells was found in
this example (inset in Figure 4G).

Survival analysis
Kaplan-Meier survival analysis is shown in Figure 5; the corresponding statistical data are
summarized in Table 2. The median survival time for the animals in both the Control and
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FUS-Only groups was about 18 days. For animals in the DOX-only group, it was 20.3 days
– a 16% improvement over the animals in the Control group. However, this difference was
not significant (P = 0.16). In contrast, the animals in the FUS + DOX group showed a
significant survival benefit (P < 0.001) compared to the other three groups. The median
survival time was 35 days, a 100% and 72% improvement over the Control and DOX-Only
groups, respectively. Note that this analysis did not censor the two animals euthanized early
due to skin infection. If one assumes those animals did not die from their tumor and censors
them, the estimated median survival of the FUS + DOX group would be longer than 142
days, as more than 50% of the remaining animals survived until this time.

Discussion
Doxorubicin is a commonly-used anticancer drug for treatment of a wide range of cancers.
While its effectiveness against glioma has been shown in vitro[32] and in vivo when injected
directly into the tumor [33, 34], systemic administration has not been effective clinically
[35], presumably reflecting insufficient delivery [2]. A number of drug formulations have
been developed to enhance the delivery of doxorubicin in animal glioma models [36–40]
and at least one clinical trial is ongoing with such an agent [41]. Here, we demonstrated that
ultrasound and microbubbles can effectively improve outcomes in a rat glioma model using
an existing liposomal agent, removing the need to develop and test new drug formulations.
The method is noninvasive and restricts the drug delivery only to desired brain regions.
While more work is needed to optimize the treatment and to better understand its safety
profile, these results are promising for the development for new treatment options for glioma
patients. They join several other studies that showed this FUS method can enhance drug
delivery and improve outcomes in brain tumor models [18, 20–24, 42]

This study also demonstrates the importance of multiple treatments. Previously, a modest
survival improvement (24%) compared to untreated controls was observed with a single
treatment in this tumor model [24]. With three weekly treatments, median survival was
increased by 100% compared to the controls, and we observed a 72% survival improvement
compared to treatment with chemotherapy only. While the drug alone produced some
treatment effects, it did not significantly improve survival or stop tumor proliferation in
most cases. Histological examination of the tumors in this group showed a heterogeneous
response to the treatment, with necrotic areas interspersed with viable tumor cells – perhaps
consistent with heterogeneous vascular permeability and insufficient drug delivery to some
regions. It also appeared that perhaps the drug did not reach the infiltrating tumor cells, as
the matrix vacuolation evident in the tumor mass was not seen around the tumor cells at the
tumor margin. In contrast, all but one of the tumors in the FUS + DOX group exhibited a
strong treatment effect.

Several adverse events were observed. Three rats with little or no tumor evident in histology
– one in the DOX-Only group and two in the FUS + DOX group – were euthanized due to
impaired activity after three treatments. This finding may suggest that we used an aggressive
treatment schedule that may not be tolerated by all subjects. Doxorubicin, even when
encapsulated, has multiple known side effects, some of them severe. Use of medications to
reduce the symptoms of these side effects may help to avoid the impairment we observed. In
one animal (shown in Figure 4F–H), damaged brain tissue was evident over a large portion
of the treated hemisphere. We also observed brain tissue loss and necrosis in the surrounding
brain in the three long-term survivors in the FUS + DOX group. We do not know whether
these effects were due to the FUS + DOX treatment or to the extensive tumor burden that
could have damaged the surrounding brain due to mass effects. While previous work did not
find severe damage after one FUS + DOX treatment in normal rat brain [19], it is possible
that cumulative effects from the three treatments, along with known neurotoxic effects of
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doxorubicin [43, 44], produced this damage. If that is the case, attempting to aggressively
target infiltrating tumor cells with this agent may be contraindicated, and it may be
necessary to either reduce the dosage delivered to the surrounding brain or to only target the
vascular part of the tumor. Future work should evaluate the effects of multiple FUS + DOX
treatments in the brain.

A potentially significant adverse event was the extensive intratumoral hemorrhagic area that
occurred in one animal one week after the last FUS + DOX treatment. While we did not
observe frank bleeding (such as into the ventricles), vascular risks associated the treatment
should be examined in more detail. This hemorrhage may have resulted from necrosis of the
vessel wall in a large tumor vessel. Others have reported hemorrhages in this tumor model
with different doxorubicin formulations [40, 45]. We also observed skin toxicity, a finding
that may not be surprising since such toxicity, particularly in the hands and feet, is a known
side effect of doxorubicin [46]. However, it might be prudent to confirm that the sonications
do not increase drug delivery into the scalp. The focal region of our transducer overlapped
the small rat skull, and the intensity on the scalp may have been relatively high. While the
intensity on the scalp is expected to be less in humans, this issue might still be important, as
large tumors may require sonication at hundreds of individual targets, and any low-level
effects may accumulate. Reflections from the skull bone can exacerbate this effect.

This study had several limitations. First, due to a national shortage of DOXIL, we used a
different drug formulation in some animals. While they had similar liposome properties,
there may have been differences unknown to us that may have impacted our results. The
sample size was also relatively small, and more work is needed to better characterize the
effectiveness of the treatment and the rate of adverse events. More consistent results may be
obtained using online methods to optimize the exposure levels. While we did modify the
exposure levels based on the animal age and weight, we did not go back and re-treat regions
where MRI contrast enhancement was poor to attempt to achieve a uniform level of
enhancement. We anticipate that monitoring the microbubble dynamics in real-time using
online acoustic emission monitoring [47, 48] and re-treating areas with poor contrast
enhancement can improve the local delivery and perhaps allow for a reduced systemic dose.
Here, we evaluated only one dose of liposomal doxorubicin. We expect that by utilizing
post-treatment MRI contrast imaging, which can be correlated to drug concentrations [19,
49], along with online methods to control the exposures, we can optimize the drug dose
delivered to the tumor and the surrounding brain tissue. Since liposomal doxorubicin has a
long circulation time, we can sonicate regions where a higher dose is desired (such as the
vascular portion of the tumor) repeatedly after a delay to extend the duration of BBB/BTB
permeabilization [49] without increasing the dose to the surrounding brain tissue. It would
also be interesting to investigate whether the sonications can release the doxorubicin from
the liposomes, as has been observed by others with liposome-coated microbubbles [30].

Another limitation was our tumor model. While the 9L rat gliosarcoma model is highly
aggressive and the robust survival improvement observed here is certainly encouraging,
future work is needed with models that are genetically similar to human GBM and that have
similar growth patterns. The 9L glioma model is not considered to be highly infiltrating [50]
and we observed only a relatively narrow infiltrating zone. The disruption of the BBB in the
surrounding brain tissue may not have played as large a role in our outcomes as might be
anticipated clinically. Targeting infiltration is anticipated to be critically important with
human GBM, and based on clinical patterns of recurrence [6–8], a margin extending several
centimeters into the “normal” brain may require BBB disruption for effective therapy.
Additional work in a more infiltrating tumor model is needed to ensure that we can safely
and effectively target such regions. Finally, this model has been reported to be immunogenic
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[50], which may have led to more improved outcomes than would be achieved in non-
immunogenic tumor model.

Despite these limitations, the favorable outcome of these tests continues to support the
development of this drug delivery technology for brain tumors and confirms the notion that
a significant improvement in outcome can be achieved using multiple treatments. Going
forward, we aim to validate these results in an infiltrating human GBM line and to integrate
advanced methods for treatment planning, online monitoring, and post-treatment evaluation
to maximize both the treatment efficacy and safety profile.

Conclusions
This work demonstrates that multiple sessions using this FUS technique to enhance the
delivery of liposomal doxorubicin to tumors and the surrounding brain can have a
pronounced therapeutic effect in this rat glioma model. A strong treatment effect was
observed in 7/8 animals in our FUS + DOX group, with no tumor mass found in histology in
six of the animals. Median survival was increased by 100% and 72% compared to control
animals that received no treatment and DOX-Only, respectively. Adverse events, including
damage to surrounding brain tissue, impaired activity, skin toxicity, and in one case, an
extensively hemorrhagic tumor, were observed along with these treatment effects. While
these events are consistent with known side effects of doxorubicin and with an extensive
tumor burden, future work should be performed to examine the effects of multiple FUS +
DOX sessions.
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Figure 1.
Experimental setup and treatment overview. (A) Schematic of the MRI-guided focused
ultrasound system used in this work. The function generator, amplifier, and power meter
were located outside the MRI room (B). Axial images acquired before (left) and after (right)
the first FUS + DOX treatment showing the signal enhancement in T1-weighted MRI after
Gd-DTPA injection. Before FUS, the tumor was a small enhancing area (arrow). The
magnitude and extent of this enhancement was increased after FUS. (C) Signal enhancement
in this example as a function of time acquired during three weekly FUS + DOX treatments.
(D) T2-weighted imaging (T2WI) used for treatment planning, contrast-enhanced T1-
weighted imaging (CE-T1WI) used to verify the BBB/BTB permeabilization, and post-FUS
T2*-weighted imaging (T2*WI). The location of the tumor in treatment planning is
indicated in by the solid line, and the extent of MRI contrast enhancement is indicated by the
dotted line. The coordinates of the sonication targets are also noted (white circles). Two
hypointense spots (arrows) were evident after the third treatment in T2*-weighted imaging.
The enhancing area evident in the other hemisphere in (B) and (D) (asterix) was a location
in the brain that was sonicated before the first Gd-DTPA injection to confirm the accurate
targeting of the FUS beam. Bars: 5 mm.
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Figure 2.
MRI appearance of the tumors and their growth over time. (A) MRI for the three control
groups for weeks 1–3. The rapid growth that was observed in most of the rats in these
groups is evident in T2-weighted imaging (T2WI). Hypointense areas were often observed
within the tumor in T2*-weighted MRI (T2*WI). (B) Serial MRI for a long-term survivor in
the FUS + DOX group (Rat 4 in Table 1) showing rapid tumor growth and subsequent
resolution. The volume was maximum at week four, at which time it covered a significant
portion of one hemisphere. It then began to shrink, and from week 8 onwards it was no
longer evident. Brain tissue loss at the former site was evident, and the lateral ventricle was
enlarged and filled the much of this space. Tissue adjacent to the former tumor mass was
highly hyperintense in T2-weighted imaging, and presumably damaged. A hypointense
region was observed at the former tumor site in T2*-weighted imaging starting at week 6–7,
which slowly shrunk over the time. Imaging between weeks 8–20 was mostly similar. Note
that the T2*-weighted imaging in the FUS-Only and FUS + DOX animals were acquired
after Gd-DTPA in weeks 1–3; contrast enhancement was observed in the tumor and
surrounding brain. Bar: 5 mm. (C) MRI-measured tumor volumes as a function of time for
each experimental group. Tumors were implanted at week 0. The number of surviving
animals at each week is noted below the plot (†MRI from two animals in the FUS-Only
group was not included in this analysis due to poor image quality). Mean ± S.E. are shown.
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Figure 3.
Appearance of 9L gliosarcoma in the three control groups in histology. Animals receiving
no treatment or FUS-Only (A–D) all had a similar appearance. The tumor appeared as a
solid mass that replaced large volumes of brain tissue (A). The bulk of the tumors consisted
of viable and rapidly dividing spindle-shaped cells (inset in A). Congested blood vessels
were observed throughout, surrounded by necrotic tissue (B). Some regions of adjacent
brain tissue were severely damaged, presumably from ischemia (C). There was a rim of
infiltrating cells at the margin (D). Most tumors in the DOX-Only group (E–F) were also
large masses of tumor cells with an infiltrating margin (E). However, unlike the other two
control groups, they had a lower cellularity, unhealthy tumor cells, and intensely vacuolated
matrix (Inset in E). Tumor cell invasions along perivascular tracts and tumor cell clusters
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were observed at distant sites up to 2 mm from the edge of the solid tumor. The vacuolation
evident in the tumor mass was often not observed in the infiltrating margin (* in F).
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Figure 4.
Histological appearance of the brain in the three animals from the FUS + DOX group. (A–
B) Long-term survivor (see Figure 2B for MRI). No tumor cells were found. Brain tissue
loss at the former tumor site was evident, and the lateral ventricle was enlarged and filled
this space. Tissue necrosis (infarct) was observed in the adjacent tissue, presumably from
ischemia. Hemosiderin, either in clusters or inside macrophages was observed within the
necrotic area. A small cyst (*) was also observed. (C–E) Example from an animal, whose
tumor was resolved, but the animal was euthanized at day 36 due to poor health. (C) T2-
weighted MRI showing tumor growth and shrinkage. At week 4, only a small hyperintense
region was visible. (D–E) A small necrotic area with macrophage infiltration was found at
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the former tumor site. (F–H) Another animal with a strong treatment response, but that was
euthanized due to poor health at day 32. In this animal, the tumor grew to a relatively large
size over weeks 1–2. At week 4, an extensive hyperintense area was observed in T2-
weighted imaging (F). A necrotic area with micro-hemorrhages was found in histology at
the former tumor site (G–H). Damaged or necrotic brain tissue was evident in the area that
was hyperintense in T2-weighted imaging. A small cluster of tumor cells remained (inset in
G).
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Figure 5.
Kaplan-Meier survival curves for the four experimental groups. Three long-term survivors,
who did not exhibit impaired activity, were euthanized at different times (tick marks).
Afterwards they were censored.
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