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Abstract

Object—Tumors at the skull base are challenging for both resection and radiosurgery given the
presence of critical adjacent structures, such as cranial nerves, blood vessels, and brainstem.
Magnetic resonance imaging—guided thermal ablation via laser or other methods has been
evaluated as a minimally invasive alternative to these techniques in the brain. Focused ultrasound
(FUS) offers a noninvasive method of thermal ablation; however, skull heating limits currently
available technology to ablation at regions distant from the skull bone. Here, the authors evaluated
a method that circumvents this problem by combining the FUS exposures with injected
microbubble-based ultrasound contrast agent. These microbubbles concentrate the ultrasound-
induced effects on the vasculature, enabling an ablation method that does not cause significant
heating of the brain or skull.

Methods—In 29 rats, a 525-kHz FUS transducer was used to ablate tissue structures at the skull
base that were centered on or adjacent to the optic tract or chiasm. Low-intensity, low-duty-cycle
ultrasound exposures (sonications) were applied for 5 minutes after intravenous injection of an
ultrasound contrast agent (Definity, Lantheus Medical Imaging Inc.). Using histological analysis
and visual evoked potential (VEP) measurements, the authors determined whether structural or
functional damage was induced in the optic tract or chiasm.

Results—Overall, while the sonications produced a well-defined lesion in the gray matter
targets, the adjacent tract and chiasm had comparatively little or no damage. No significant
changes (p > 0.05) were found in the magnitude or latency of the VEP recordings, either
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immediately after sonication or at later times up to 4 weeks after sonication, and no delayed
effects were evident in the histological features of the optic nerve and retina.

Conclusions—This technique, which selectively targets the intravascular microbubbles, appears
to be a promising method of noninvasively producing sharply demarcated lesions in deep brain
structures while preserving function in adjacent nerves. Because of low vascularity—and thus a
low microbubble concentration—some large white matter tracts appear to have some natural
resistance to this type of ablation compared with gray matter. While future work is needed to
develop methods of monitoring the procedure and establishing its safety at deep brain targets, the
technique does appear to be a potential solution that allows FUS ablation of deep brain targets
while sparing adjacent nerve structures.
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Despite progress made in many areas, the treatment of brain tumors remains an
extraordinary challenge. Given the inherent risks associated with resection and radiotherapy,
the aggressiveness of many CNS tumors, and the difficulty in delivering chemotherapy and
other drugs to the brain, the prognosis for many types of brain tumors remains grim. This
challenge is particularly stark for tumors near critical structures, such as those near the skull
base.

Thermal ablation via laser or other methods has been pursued as a less invasive alternative
to surgery for tumor therapy in several targets, including the brain.127:28 When combined
with MRI, one can plan, monitor, and evaluate these minimally invasive procedures.26:41 A
potentially noninvasive approach to thermal ablation that has been tested for more than 70
years is focused ultrasound (FUS).3:31:33 |n the past decade, MRI-guided FUS thermal
ablation systems that enable sonication through the intact skull have been developed,12:22:55
These systems circumvent overheating the skull through active cooling of the scalp and a
transducer design with a large aperture to distribute the ultrasound energy over a large skull
region. They also correct for skull-induced beam aberrations by using a phased array
transducer design and acoustic simulations?1! and utilizing MR temperature imaging to
monitor the heating.23:24.61 These systems have been tested in initial human trials.32:35.37

A current limitation of FUS thermal ablation is that it is restricted to brain targets distant
from the bone. If the focal point is placed in peripheral regions, the incidence angle between
large portions of the skull bone and ultrasound wavefront becomes more oblique. As this
angle increases, less of the ultrasound beam penetrates the skull, and at extreme angles
(approximately 25°), the longitudinal portion of beam propagation is totally reflected. As a
result, fewer elements in the acoustic array can be effectively used when peripheral regions
are targeted, escalating both the peak energy density and heating of the skull. Shear mode
conversion also increases at large angles, further intensifying the heating due to the higher
absorption coefficient of the shear mode. This limitation was evident in an analysis of MR
temperature measurements in the focal region and on the brain surface in the first patient
treatments via a transcranial MRI-guided FUS system.3 Placing the focal point near the
skull base adds an additional challenge, as the beam in the far field (that is, beyond the focal
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point) will rapidly heat the bone and perhaps damage nearby brain, nerve, and vascular
structures. Large myelinated nerves can be at particular risk because of their lower
vascularity and perfusion, which prevent the heat from being drawn away. Nerve function
can also be blocked at temperatures below the thermal coagulation threshold.13:30 To target
peripheral areas and targets near the skull base with FUS, we need new methods that do not
overheat adjacent bone or nerve structures.

To safely sonicate targets near the skull base, a radical decrease in time-averaged acoustic
power is necessary. A way to achieve this reduction is to combine FUS with an
intravenously injected microbubble-based ultrasound contrast agent (USCA). A number of
researchers have shown that the acoustic power required for FUS thermal ablation can be
reduced by orders of magnitude with the use of a USCA.9:15:45.56,58,63 \jjth such a
reduction, it may be possible to reduce the heat produced in the skull bone to a level below
the threshold for thermal damage, and targets directly adjacent to the bone could be ablated.

Previously, we tested this approach for the ablation of brain targets in rabbits.#2 We found
that the time-averaged power needed to make lesions was reduced by more than 90%.
Furthermore, we noted that the bulk temperature rise as measured by MRI was insufficient
to produce thermal necrosis, and that the tissue effects observed on histological analysis
were inconsistent with prior work evaluating thermal effects.6? Considering these findings,
we refer to our method as “nonthermal” ablation. The data suggest that one could use purely
mechanical effects to ablate tissue targets in the brain without any significant heating. Since
the microbubbles are only present in blood vessels, these mechanical effects are constrained
largely to the vasculature.

Without the need to induce heating, one can lower the duty cycle even further, potentially
allowing ablation even at regions directly adjacent to the skull. Ablation via this nonthermal
approach, in which low-duty-cycle ultra-sound exposures (sonications) are combined with a
USCA to create lesions without bulk heating, was recently demonstrated in rats,>° and a
similar approach was evaluated in a glioma model.8 Here, we tested whether this ablation
method is possible at the skull base without destroying critical nerve structures. In
experiments in rats, we targeted brain regions on or adjacent to the optic chiasm or optic
tract. The lesions were characterized on MRI and histological analysis, and visual evoked
potential (VEP) measurements were used to determine whether ablation caused functional
damage.

Experimental Animals

Lesions were created transcranially in the brains of 29 adult male Wistar rats. Before each
procedure, animals were anesthetized with an intraperitoneal injection of a cocktail of
ketamine (90 pg/kg) and xylazine (10 pg/kg) administered hourly or as needed. Fur on the
head was removed using clippers and depilatory cream, and a catheter was placed in the tail
vein. All experiments were done in accordance with procedures approved by the Harvard
Medical School Institutional Animal Care and Use Committee. Animals were housed, fed,
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and watered according to the regulations of the Office of Laboratory Animal Welfare and
the Association for Assessment and Accreditation of Laboratory Animal Care.

Magnetic Resonance Imaging—Guided FUS

Burst sonications were applied using a 525-kHz, spherically curved, air-backed transducer
(diameter/radius of curvature: 4 cm/3 cm). Transducer efficiency was measured using a
radiation force balance consisting of an absorbing brush and digital scale (model XS205,
Mettler Toledo). Acoustic pressure distribution was measured with a needle hydrophone
(spot diameter 0.2 mm, Precision Acoustics) in the focal plane of the transducer. The
acoustic field in water at other depths was estimated using planar projection.1? The diameter
and length of 50% isopressure contours of this transducer were measured as 3.5 and 18 mm,
respectively. The spatial peak—temporal peak acoustic intensity (Isptp) was estimated using
the acoustic field distribution and acoustic power.1” The spatial peak—temporal peak
pressure amplitude (Psptp) in water was estimated from Igpp assuming plane waves (that
is, assuming lsptp = Psprp?/2pC, Using p = 998.2 kg/m? and ¢ = 1498 m/sec). To estimate in
vivo exposure levels, loss from the skull, brain, and skin were considered. An insertion loss
in pressure amplitude of 25% caused by the rat skull was assumed, based on prior
measurements obtained at 532 kHz.4? An additional loss of 4.4%, caused by propagation
through approximately 8 mm of brain tissue and 1 mm of skin, was used in our estimates,
assuming attenuation coefficients of 5 and 40 Np/m/MHz for brain and skin, respectively.1®
Note that the pressure estimates probably contained substantial uncertainty caused by the
presence of reflections and standing waves within the intact skull.#” In particular, reflections
from the skull base probably resulted in pressure amplitudes higher than our estimates.

Sonications were delivered as bursts with parameters (10-msec bursts applied at 1 Hz for 5
minutes) based on those in a recent study in rats.>® Acoustic power levels of 0.62 and 0.78
W were tested. These levels corresponded to peak negative pressure amplitude estimates of
174 and 195 kPa, respectively, in the brain. Ten seconds prior to each sonication, Definity
(Lantheus Medical Imaging Inc.) was intravenously administered via the tail vein as a bolus.
Dosages of 10 or 20 ul/kg (1 and 2 times the recommended values for human use) were
tested. To facilitate the injection of such a small volume of USCA, the contrast agent was
diluted 10:1 in phosphate-buffered saline.

Sonications were performed in a 33-cm-diameter BioSpec 4.7-T MRI scanner (Bruker
BioSpin) outfitted with a 12-cm actively shielded gradient set that operates at 20 G/cm.
Images were obtained using an elliptical (4 x 5.5 cm) transmit/receive surface coil integrated
in a FUS insert constructed in-house for this MRI unit. This insert, which was constructed
from a plastic pipe cut lengthwise, contained a small water tank and a platform for the rat to
lay supine with its head placed within the opening of the surface coil. The transducer was
attached to a manually operated, MRI-compatible 3-axis positioning system that was
coupled to the end of the insert and located at the opening of the MRI bore. The transducer
sonicated upward through the surface coil into the brain. The experimental setup is shown in
Fig. 1. Ultrasound and MRI contrast agents were injected into the tail vein via extension
tubing while the animal was within the MRI scanner.
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Imaging Parameters

Magnetic resonance imaging methods and parameters were similar to those described
earlier.0 Before the rat sonications, the location of the ultrasound focus was found in the
MRI coordinate space by visualizing focal heating in a silicone phantom in a T1-weighted
fast spin echo (FSE) image. Then the animal was placed on the FUS system, MRI was
performed, and a target for sonication was selected. After sonication, tissue effects were
evaluated in multislice 2D T2-weighted FSE images (TR 2000 msec, TE 74 msec, echo train
length [ETL] 8, receiver bandwidth = 24 kHz, slice thickness 1.5 mm, number of averages
2), 3D T2*-weighted spoiled gradient echo images (TR 42.8 msec, TE 16 msec, flip angle
15°, slice thickness 1 mm, number of averages 1), and multislice 2D T1-weighted FSE
images (TR 500 msec, TE 18.6 msec, ETL 4, slice thickness 1.5 mm, bandwidth + 32 kHz,
number of averages 2). A 4-cm field of view and a 128 x 128 matrix size were used for all
imaging. The T1-weighted images were acquired before and after the administration of an
MRI contrast agent (Magnevist, Berlex Laboratories Inc.) at a dose of 0.125 mmol/kg body
weight as a bolus injection through the tail vein.

Visual Evoked Potential Measurements

Visual evoked potential measurements are sensitive to deficits in visual capabilities such as
spatial resolution and response timing.49:53 They reflect the functional integrity of the visual
pathways from the retina via the optic nerves to the visual cortex of the brain. They were
used to evaluate the consequences of sonication on or adjacent to the optic chiasm or tract.
One to 4 weeks before sonication, MRI-compatible electrodes (lves EEG Solutions Inc.)
were implanted epidurally over the occipital cortex while the animal was under anesthesia.
An incision was made in the skin, and 2 bur holes were drilled into the skull 5.6 mm
posterior to the bregma and + 4 mm lateral to the midline.*8 Reference electrodes were
implanted in the occipital part of the cranium, 10 mm posterior to the bregma and + 3 mm
lateral to the mid-line; the ground electrode was inserted into skin on the neck. Electrodes
were inserted using micromanipulators (ASI-Instruments Inc.) and were fixed to the skull
with dental cement (RelyX Unicem, 3M ESPE) that was polymerized using a curing light
(OptiLux 501, Kerr Corporation). This electrode placement (Fig. 1B) allowed for
transcranial sonication near the optic chiasm without interfering with the ultrasound beam or
causing distortion in the MRI examination in the area of the optic tract or chiasm (Fig. 1C).
Following placement of the electrodes, the skin was sutured, and at least 1 week was
allowed for the animals to recover from the surgery.

For VEP acquisition, the animal was anesthetized, and its pupils were dilated using 1.0%
tropicamide ophthalmic solution (Alcon Laboratories Inc.); 2.5% hypromellose ophthalmic
demulcent solution (Akorn Inc.) was applied to relieve eye dryness and irritation. The
animal was placed prone in a dark, electrically shielded box and allowed to adapt to
darkness for 5 minutes. Visual stimuli consisted of 20-usec light flashes generated by a
stroboscope (model TSD122A, Biopac Systems Inc.) and repeated at a rate of 0.5 Hz or 1.0
Hz. Visual evoked potential recordings were obtained simultaneously from both eyes and
then amplified and filtered between 0.1 and 100 Hz using a bioamplifier (ML138 Octal
BioAmp, ADInstruments) and the PowerLab data acquisition system (ML870/P,
ADlInstruments). For each measurement, recordings from 256 flashes were acquired using
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Scope (ADInstruments) and were averaged to improve the signal-to-noise ratio. Three
measurements were made during each session, with a pause of approximately 5 minutes
between measurements.

Histological Analysis

After the last VEP recording session (24 hours—4 weeks after FUS), the animals were deeply
anesthetized and killed, and their brains were fixed via transcardial perfusion (250 ml 0.9%
NaCl and 500 ml 10% buffered formalin phosphate). The brains were removed, placed in
10% buffered formalin phosphate for immersion fixation, and cut into 2-mm blocks using a
rat brain matrix (model RBM-4000DV, ASI-Instruments). Photomacrographs were obtained
for both sides of each block, which were then embedded in paraffin and serially sectioned at
5 um. Slides were stained with H & E for light microscopy evaluation of the resulting
lesions. Luxol fast blue (LFB) staining was used to assess myelination. Select sections were
stained with Bielschowsky silver to assess any axonal pathology produced by the sonication.

The optic nerve and retina were also evaluated in the animals euthanized 4 weeks after FUS
to determine whether delayed effects, such as optic nerve degeneration, occurred.
Specifically, we analyzed whether myelination was preserved in axons in the optic nerve
and whether retinal ganglion cells remained intact. In these animals, after transcardial
perfusion, the entire head was removed and submerged in 10% buffered formalin phosphate
for immersion fixation. Then, in addition to the brain, both globes along with the attached
optic nerves were carefully removed, embedded in paraffin, and sectioned at 5 um. The
sections were stained with H & E and LFB to assess demyelination and Bielschowsky silver
to assess axonal pathology. Other sections were stained with cresyl violet for morphological
analysis of the retina.

Experiments and Data Analysis

After baseline VEP measurements were obtained, multislice axial T1- or T2-weighted
images were acquired, and the optic nerve, chiasm, and tract were identified in consultation
with a rat brain atlas.*8 A target for sonication was selected in 1 hemisphere (the other side
served as a control). We aimed to place the center of the focal region approximately 1 mm
lateral to the optic tract at the point it exited the chiasm. The depth of the focal region was
approximately 1 mm from the ventral surface of the brain. Because of uncertainties
presumably introduced by deflection of the FUS beam from the skull, the precision of the
targeting was approximately £ 1 mm. For this reason, sonications were delivered on or
adjacent to the optic tract or chiasm. Magnetic resonance images were acquired post-FUS,
and the animal was allowed to recover from anesthesia. Whether the left or right side was
targeted was based on the pre-FUS VEP measurement; if one side or the other appeared to
have a more robust measurement, that side was sonicated. Otherwise, the sonicated side was
randomly selected.

The initial 16 animals were euthanized between 24 hours and 3 weeks after sonication to
evaluate the lesions and any effects on the optic tract or optic chiasm at different time points.
In these initial 16 animals, VEP measurements were made before sonication and shortly
before euthanization. The first 8 animals were sonicated at 195 kPa with a USCA dose of 10
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ul/kg. While the sonications were successful in making small lesions, we were concerned
that the targeting uncertainty in these experiments was insufficient to ensure that the small
lesion was directly adjacent to the optic tract or chiasm. Thus, a larger USCA dose (20
ul/kg) but lower pressure amplitude (174 kPa) was used in the 8 remaining animals to
produce a larger lesion. After such lesions were found to be acceptable, an additional 13
animals were sonicated to determine whether the lesions produced any long-term effects on
nerve function. Visual evoked potential measurements were acquired in these animals every
week for 4 weeks after sonication at 174 kPa and 20 pl/kg USCA. We did not perform
sonications without the USCA in a control group because this mode of ablation was
established with similar parameters in an earlier study.>® These pressure amplitudes are far
below the reported thresholds to produce inertial cavitation in vivo without the
microbubbles?%:31 and alone are not expected to produce any significant tissue effects.

In each pre- and postsonication session, 3 VEP measurements were acquired. The rat VEP
waveform presents positive and negative deflections with components that are commonly
designated as P1, N1, P2, N, P3, and N3.14 The early components are closely related to the
retinogeniculate cortical pathway, which is the direct transmission of stimuli from the optic
tract to the visual cortex via the lateral geniculate nucleus, whereas the late components are
related to the thalamocortical circuit.14.2544 We analyzed the difference in time (latency)
and amplitude for the early VEP components (P1-N1 and N1-P5). The 3 measurements that
were obtained during each session were averaged together for this comparison.
Postsonication VEP measurements at each time point were compared with the pre-FUS
values using a paired t-test; p < 0.05 was considered statistically significant. This
comparison was made for both the sonicated and nonsonicated sides.

Appearance of USCA-Enhanced Lesions on MRI and Histological Analysis

Magnetic resonance imaging examination suggested that the USCA-enhanced sonications
produced hemorrhagic and/or edematous lesions with blood-brain barrier disruption. The
lesions were hypointense on T2*-weighted imaging (Fig. 2A-B), consistent with
extravasation of red blood cells. No evidence of bleeding outside the sonicated region was
found. The lesions were enhancing on contrast-enhanced T1-weighted imaging (Fig. 2E-F),
which suggested that blood flow into the vessels was not stopped at the time of imaging and
that vessel damage and/or blood-brain barrier disruption occurred. Finally, the lesions were
generally hyperintense on T2-weighted imaging, suggesting the lesions were edematous
(Fig. 2C-D). Sonication at 195 kPa with 10 pl/kg Definity produced small MRI-visible
lesions (approximately 2 mm in diameter) that extended from the skull base down to
approximately half the thickness of the brain or less. The lesions produced by sonication at
174 kPa with 20 pl/kg Definity were larger on MRI (approximately 3-4 mm in diameter)
and spanned a large thickness of the brain, with some cases showing effects down to almost
the dorsal surface, as in the example featured in Fig. 2.

Examination of the lesions in tissue blocks showed hemorrhagic lesions adjacent to the optic
chiasm or tract (Fig. 3). Histological examination revealed that USCA-enhanced sonications
led to microvascular damage throughout the lesion that resulted in ischemic necrosis.

J Neurosurg. Author manuscript; available in PMC 2014 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

McDannold et al.

Page 8

Shortly after sonication (24-48 hours), there were multiple microhemorrhages caused by
small vessel disruption in the targeted areas, and most cellular elements within the lesions
disappeared (Fig. 4). Inflammatory cells were observed infiltrating the necrotic area. By 3-4
weeks after sonication, the damaged tissue was removed, resulting in shrinkage of the
targeted tissue and enlargement of the adjacent ventricle (Fig. 5). In some cases a cyst was
evident at the sonication target, surrounded by a rim of residual macrophages containing
hemosiderin pigment.

Despite these lesions, which had substantial volume compared with the small rat brain, the
adjacent optic tract and chiasm appeared comparatively unaffected, even when the lesion in
gray matter was directly adjacent to them. When the lesion included the optic tract or
chiasm, some damage was observed at their outer boundaries. However, compared with the
gray matter portion of the lesion, which was completely destroyed, damage to the chiasm
and tract was substantially less. Some small regions were observed with extravasated
erythrocytes (Fig. 4B) or had rarefied fibers (Fig. 4F). However, most fibers were intact. In
the most severe cases, some demyelinated and markedly rarefied fibers were observed at the
outer boundary (Fig. 41). In 1 case, a relatively large blood vessel adjacent to the optic tract
was damaged, leading to more extensive extravasated erythrocytes in the tract and
neighboring brain tissue. Even in this case, however, the fibers appeared mostly intact
without evident demyelination.

Examination of the optic nerve and retina 4 weeks after FUS revealed no substantial delayed
effects resulting from the sonications. In particular, no evidence for degradation of the
myelinated fibers of the optic nerves or infiltration of the macrophages was observed.
Axonal size and distribution were normal in both the control and the treated eyes.
Examination under higher magnification revealed normal myelinated axons without axonal
loss or demyelinated axons. In the retina no evidence of degenerative changes was observed,
and the retinal ganglion cell layer appeared normal without apparent cell loss. Example
histological findings in the optic nerve and retina are shown in Fig. 6.

Visual Evoked Potential Measurements

Despite the fact that the lesions were within approximately 1 mm of the optic tract or chiasm
or overlapped it, visual function as measured by VEP recording persisted after the sonication
and did not appear to be reduced except in 1 animal. Example pre- and post-FUS VEP traces
for 4 rats are shown in Fig. 7. While variation from animal to animal was observed, there
were no obvious changes in the magnitude or latency of the individual peaks. When all
animals were considered, there was no significant (p > 0.05) reduction in the amplitudes of
the early VEP components (P1-N1 and N1-P2) compared with presonication tests at every
time point evaluated. Neither was there any significant difference (p > 0.05) in the latency
measurements. The average differences between pre- and postsonication magnitude and
latency measurements for the sonicated and control hemispheres as a function of time are
shown in Figs. 8 and 9, respectively. The mean difference at each time point was 0,
suggesting that these sonications did not measurably damage visual function on average.

Figure 10 features scatterplots of the average postsonication VEP amplitude as a function of
the presonication measurement. While the range of magnitudes varied significantly from
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animal to animal (particularly on the nonsonicated control hemisphere), except for 1 outlier,
there was similar agreement between the sonicated and nonsonicated sides. Histological
features for this outlier are shown in Fig. 4C, which showed relatively extensive
microhemorrhage in the optic tract. Examination of the VEP recordings showed an obvious
reduction in VEP magnitude in this animal (Fig. 11).

Discussion

In this work, low-duty-cycle sonications were combined with a USCA to mechanically
ablate regions at the skull base that were targeted on or adjacent to the optic tract or chiasm.
We found that creating such lesions is feasible, and with a single exception, we did not
observe significant functional changes in the VEP measurements. The optic tract, chiasm,
and nerve appeared normal or with only comparatively minor damage evident on
histological analysis. Neither did this analysis show any evidence of thermal damage in the
targeted area or surrounding tissue. Overall, this work provides encouraging evidence that
our nonthermal approach may provide a means to ablate skull base tumors while sparing
nearby nerve structures.

Presumably, these lesions resulted from vascular damage and, in some cases, rupture
produced by inertial cavitation, which led to reactive vasospasm, ischemia, and subsequent
ischemic necrosis. The exposure levels used here exceeded the inertial cavitation threshold
measured elsewhere in other microbubble-enhanced FUS applications,3%:57 and the lesions
contained microhemorrhages, which is typical for cavitation-mediated capillary damage.3!
Inertial cavitation is associated with the production of shockwaves and high-energy jets,’
which cause mechanical damage to nearby cells. Since the USCA microbubbles are present
only in the vasculature, this damage would be directed on the endothelium. Indeed, we did
not observe evidence of fragmentation of the parenchyma, which can be produced by inertial
cavitation created during high-intensity ultrasound exposures. The microscopic appearance
of lesions was reminiscent of early contusion. However, we did not observe an evolution to
the more extensive perivascular hemorrhages that occur after traumatic head injury. To
elucidate the mechanisms involved in this type of ablation, it could be useful in future
studies to perform histological examination at earlier time points after FUS to determine
when an inflammatory response occurs and compare the findings to prior work on ischemic
brain damage in different contexts.

High temperatures can also be produced during inertial cavitation.18:20.31 However, given
previous studies measuring bulk temperature rise during USCA-enhanced sonication at a
higher duty cycle,*2 simulations of microbubbles in the blood vessels at similar exposure
levels,29 and the lack of histological evidence for thermal damage, we expect that any
heating produced either was highly localized to the vicinity of the bubble and/or occurred
over such a short duration that significant thermally induced bioeffects were avoided. Thus,
we consider this ablation to be nonthermal in that the ultrasound-induced effects were
primarily mechanical.

The ultrasound-induced damage appeared to preferentially affect gray matter structures.
When the focal region partially overlapped the optic tract or chiasm, only comparatively
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minor effects were observed. This difference between gray and white matter may be the
result of the relative paucity of blood vessels (and microbubbles) in the optic tract in
comparison with those in the adjacent gray matter. This finding is perhaps encouraging,
because preservation of function in the major cranial nerves is critical for skull base targets,
and it can be challenging in some patients to identify even large cranial nerves on imaging,
particularly when they are adjacent to tumors.52 Of course, one would want to avoid
purposely targeting important nerve structures. Some damage to the optic tract and chiasm
was seen on histological analysis and a significant functional deficit was produced in 1 case,
and these findings suggest that nerves with a lower vascularity may possess some natural
resistance to this ablation method. However, this finding may be detrimental if one wishes to
target white matter—containing structures for ablation, such as some targets for functional
neurosurgery. However, we do not know if other white matter structures show a resistance
similar that in the optic tract and chiasm. This is a topic for future study.

The observed difference in sensitivity between gray and white matter structures is the
opposite of what would be expected if we had used thermal ablation. With thermal ablation,
the temperature increase achieved for a particular FUS exposure can strongly depend on
tissue perfusion.® One would expect white matter, with its lower vascularity and perfusion
and higher absorption,* to be more sensitive to ultrasound-induced thermal damage than
gray matter since a greater temperature increase could be produced at a lower acoustic
intensity. Indeed, previous studies on ultrasound-induced damage in the brain have reported
such a difference.> In the present study, the low vascularity in the optic tract and chiasm
appeared to provide some resistance to USCA-enhanced sonication. This finding is
consistent with recent results indicating that FUS-induced blood-brain barrier disruption,
which utilizes a USCA with lower-intensity bursts, is significantly less in white matter than
in gray matter.36 Note, however, that it is not known whether damage thresholds are the
same for the rat and human optic tracts. Differences in the radiosensitivity of nerve
structures in different species have been reported,3 and it is possible that more damage
could occur in humans if there are similar differences with this type of ultrasound effect.

It is also possible that the sonications directly induced vascular spasm without significant
inertial cavitation, which if maintained for a sufficient period could lead to hypoxia and cell
death. Spasm in the brain microvasculature has been observed with sonication combined
with a USCA without inertial cavitation.8:0 It has also been seen in large arteries with high-
intensity sonications above the inertial cavitation threshold.2! If this spasm were maintained
for the duration of the 5-minute sonication, it might have been sufficient to induce some of
the hypoxic cell death observed on histological examination. Using only this FUS-induced
vasospasm would be an advantage over inertial cavitation to create lesions, since inertial
cavitation can be difficult to predict and control in practice. Future work with acoustic
emission monitoring®* is needed to determine whether inertial cavitation is necessary to
induce such lesions. At the time of these experiments, we did not have the ability to monitor
acoustic emission in our setup for small-animal MRI.

This study has several other limitations. Visual evoked potential measurements are a
somewhat blunt metric for evaluating visual function. While our VEP findings were
supported by our histological findings of an absence of major nerve damage, more sensitive

J Neurosurg. Author manuscript; available in PMC 2014 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

McDannold et al.

Page 11

tests, such as visual field mapping, may elucidate minor functional deficits that may have
been missed. For this reason, we can only conclude that the major function of the optic
nerve was conserved after the sonications. Future work is needed to rule out more subtle
functional deficits that may be produced by damaging a small number of fibers. Similarly,
future studies should evaluate in more detail whether delayed fiber loss in the optic nerve
occurs after sonication adjacent to the optic tract or chiasm. For example, one could measure
axonal density in the transverse sections of the optic nerve. In the present study, we obtained
longitudinal sections in most cases; thus, such quantification was impossible.

Another limitation of our study is the fact that we did not have any online guidance for the
sonications. Our targeting accuracy was only about + 1 mm, and we had significant
uncertainty in our in vivo exposure level estimates. Methods such as MR temperature
imaging?* or MR acoustic radiation force imaging3® can be used to localize the focal point
before ablation, and passive cavitation imaging1® may be useful to ensure that cavitation
activity is occurring at the target. With an ability to confirm the position of the focus before
we ablate, we anticipate that we could achieve a precision equal to or even surpassing that of
proton beam or other radiosurgery methods.

The effects of the skull probably created great uncertainty in our in vivo pressure estimates.
In particular, reflections and standing waves within the small rat skull probably added a
great deal of uncertainty to our experiments. Techniques that have been developed in other
context, such as using pulse trains instead of continuous 10-msec bursts*6 or rapidly
modulating the acoustic frequency or phase,>* could mitigate this uncertainty and would be
worth investigating in the future. The use of a phased array transducer and treatment
planning methods to tailor the ultrasound exposures to minimize reflections from the skull
base and on large blood vessels may also help to produce a more consistent outcome.

Future work is also needed to determine whether these exposures can be safely delivered to
deep brain targets without damaging tissue in the acoustic beam path. Here, the length of the
focal region was similar to the thickness of the rat brain, and damage along the beam path
was observed—sometimes along the entire thickness of the brain but, surprisingly, not in the
cortex. While this issue will not occur in the larger human brain, tests are nevertheless
needed to ensure that beam path effects do not occur; therefore, tests in a primate model may
be necessary. In particular, effects in large blood vessels, which may have a lower inertial
cavitation threshold,>2 should be explored. The technique should also be studied in tumors,
which often have pathological blood vessels and will have a heterogeneous microbubble
concentration. Recent work evaluating similar exposures in a glioma model is promising in
this regard.® Finally, the long-term effects of these lesions should be evaluated. Ablating
tissue via vascular destruction may create a risk for later hemorrhage. While we did not
observe such effects here, more extensive studies in different brain targets, in tumors, and in
tissue previously treated with other therapies (radiation, chemotherapy, and so forth) should
be performed to ensure that the technique does not create a risk for later vascular issues.

J Neurosurg. Author manuscript; available in PMC 2014 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

McDannold et al.

Page 12

Conclusions

In summary, functional and histopathological analysis suggest that pulsed sonication
combined with a USCA can be used to ablate brain targets at the skull base directly adjacent
to the optic tract or chiasm while preserving major visual function. Histological evaluation
revealed that the lesions were produced via destruction of the vasculature and subsequent
ischemia in downstream tissues. White matter structures appeared to be more resistant to the
ultrasound-induced effects, presumably because of a paucity of blood vessels compared with
those in gray matter. This work is encouraging in developing a noninvasive alternative to
resection that can ablate tissues while preserving surrounding nerve structures, especially for
vascular targets, such as tumors, near the skull base. While future work is necessary to
determine whether more subtle functional damage results from such exposures and to
evaluate the safety profile of this method of noninvasive tissue ablation, the technique is a
promising and unique means of noninvasively ablating deep brain structures.
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Fig. 1.
A: Experimental setup. B: Photograph of rat with implanted epidural electrodes before a

VEP recording session. Placement of the electrodes left the region above the optic chiasm or
tract (arrow) intact for sonication. C: Sagittal contrast-enhanced T1-weighted FSE image
obtained in a rat with a lesion at the skull base next to the optic tract (circled). There was an
artifact in the image in the vicinity of the electrodes (arrow), but it did not affect the
sonicated area. Bar = 1 cm.

J Neurosurg. Author manuscript; available in PMC 2014 November 01.



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

McDannold et al. Page 17

Fig. 2.
Magnetic resonance images of lesions immediately after sonication at 174 kPa combined

with 20 pl/kg USCA. The lesions were somewhat heterogeneous in appearance, but in
general were hypointense on T2*-weighted imaging (A-B), hyper-intense on T2-weighted
imaging (C-D), and enhancing on T1-weighted FSE imaging after injection of MRI contrast
(E-F). This was one of the larger lesions produced, with MRI-evident effects reaching down
to the dorsal brain surface. Upper images, axial views; lower images, coronal views. Bar = 1
cm.
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Fig. 3.

Phgotographs of formalin-fixed brains showing the lesions produced in 3 rats. A: The edge of
the lesion was approximately 1 mm from the optic chiasm. B: The edge of the lesion just
touched the optic tract, and some hemorrhage was evident in the space around the tract. C:
The lesion was targeted directly on the tract itself. This targeting uncertainty was thought to
be due to the effect of the rat skull, which can deflect the ultrasound field depending on the
incident angle between the skull surface and the beam. Bar = 1 cm.
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Fig. 4.
Photomicrographs of sections stained with H & E (purple) and LFB (blue) showing

histological findings 24-48 hours after sonication. Portion of a lesion that overlapped the
edge of the optic tract (A—C). The gray matter portion was a necrotic lesion with numerous
sites with extravasated erythrocytes. The optic tract itself was largely unaffected. A
hemorrhagic region in the optic tract was found on a different section in this example (C). A
large lesion in a different animal that directly overlapped the optic tract (OT) at the point
where it exited the chiasm (D-F). In a section dorsal to the optic tract, a large continuous
necrotic lesion with numerous sites of microhemorrhage was observed in the gray matter
(outline, D and E). There was damage to a blood vessel with associated hemorrhage and
rarefaction of the fibers in a small area of the optic tract (F). However, only a few peripheral
fibers in the descending part of the optic tract appeared damaged (arrow, E) without signs of
demyelination. Sections from a different animal showing damage in the chiasm (G-1).
Rarefied fibers were found in the edge of the tract (G—H). Markedly rarefied fibers were
found at the chiasm edge in a more ventral section (), with a few that were necrotic and
demyelinated (purple fibers). Compared with the gray matter portion of the lesions, damage
in the tract was substantially less; myelin preservation (blue) was observed in most fibers.
Panels B, E, and H are magnified views of insets in A, D, and G, respectively. Panels C and
| are different sections of the brains featured in A and G, respectively. Panel F is a magnified
view of the area indicated by the arrow in E.
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Fig. 5.

PP?otomicrographs showing histological features in 3 animals 3—4 weeks after sonication. A—
C: In this example, the lesion observed on MRI adjacent to the chiasm was largely resolved
at 3 weeks, and fibers in the optic nerves, chiasm, and tract (OT) appeared normal. D-F: In
this animal, the lesion developed into a fluid-filled cyst. The optic nerve (ON), chiasm, and
adjacent optic tract were unaffected. G-1: Coronal section of a third animal. In this case,
macrophages and histiocytes almost completely resorbed the damaged tissues, resulting in
shrinkage of the affected area and enlargement of the ventricle. Transverse sections of optic
nerves (1) showed no evident abnormalities. Panels B, E, and H are magnified views of
insets in A, D, and G, respectively. Panels C, F, and | are views of different sections in the
same 3 respective brains. H & E and LFB (A-F); H & E (G-I).
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Fig. 6.
Photomicrographs showing histological features of the optic nerve and retina 4 weeks after

sonication. A-F: Longitudinal optic nerve sections stained with H & E (A and D),
Bielschowsky silver impregnation (B and E), and LFB (C and F). Optic nerves showed
normal axonal size and fiber distribution. No demyelination or axonal loss was observed. G—
L: Retinal histological features in sections stained with cresyl violet. No degenerative
changes were apparent, and the retinal ganglion cell layer appears normal without any
evident cell loss. The apparent separation of the retina from the epithelium, enlarged inter-
and intracellular spaces, and lack of cellular detail were observed in both treated (FUS) and
control (No FUS) eyes and were presumably artifacts resulting from formalin fixation. GCL
= ganglion cell layer; IPL = inner plexiform layer; INL = inner nuclear layer; OPL = outer
plexiform layer; ONL = outer nuclear layer; R&CL = photoreceptor layer: rods and cones.
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Fig. 7.
Example VEP measurements acquired from 4 animals before and at different times (48

hours—3 weeks) after sonication (174 kPa and 20 ul/kg USCA) in 1 hemisphere on or
adjacent to the optic tract. Each row of traces was obtained in 1 animal. A location on or
adjacent to the optic tract in 1 hemisphere was sonicated; the other hemisphere served as a
control. Thin blue lines are single measurements (average of recordings obtained during 256
light flashes). Thick red lines or thick blue lines show the average of these 3 measurements.
While there was variation in the shape of the curves from animal to animal, it is clear that
the measurements in these animals were not substantially changed because of the
sonications.
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Fig. 8.
The mean difference (A) between post- and pre-FUS magnitudes of early components in the

VEP measurement as a function of time for all animals in this study (means + SDs). No
significant differences (p > 0.05) were found between the pre- and post-FUS measurements
at any time point. Measurements obtained in sonicated animals appear in red; those made in
control animals appear in blue.
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Fig. 9.
The mean difference (A) between post- and pre-FUS latencies of early components in the

VEP measurement as a function of time for all animals tested (means + SDs). No significant
differences (p > 0.05) were found between the pre- and post-FUS measurements at any time
point. Measurements obtained in sonicated animals appear in red; those made in control

animals appear in blue.
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Fig. 10.
Scatterplots of post- versus pre-FUS measurements of the magnitude of the first VEP

components (N1-P1) for all of the rats (nonsonicated control hemisphere, left; sonicated
hemisphere, right). Overall, there was no significant difference (p > 0.05). However, a
substantial decline in magnitude was observed for 1 animal (outlier in right plot).
Histological features for this example are shown in Fig. 4A—C. The hemisphere with more
robust signal in the pre-FUS measurement was selected for sonication. This choice is
evident by the increased variability in the plot on the left of the measurements made for the
control hemisphere (means + SDs).
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Fig. 11.
Visual evoked potential measurements from the animal that demonstrated a functional

deficit 48 hours after FUS. A clear decrement is observed in the VEP magnitude in the
sonicated hemisphere, but the control measurement was unchanged. Histological features for
this animal are shown in Fig. 4A-C.
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