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Abstract

MR guided focused ultrasound is a new, minimally invasive method of targeted tissue thermal
ablation that may be of use to treat central neuropathic pain, essential tremor, Parkinson tremor,
and brain tumors. The system has also been used to temporarily disrupt the blood-brain barrier to
allow targeted drug delivery to brain tumors. This article reviews the physical principles of MR
guided focused ultrasound and discusses current and potential applications of this exciting
technology.

Introduction

MR guided focused ultrasound (MRgFUS) is a minimally invasive method of targeted tissue
thermal ablation. MRgFUS can also be used for its nonthermal, mechanical effects, e.g.
mechanical disruption of blood clots, and for its nonthermal, nonmechanical effects on the
excitability of brain cells, i.e. neuromodulation. In all of these approaches, MR imaging is
used to localize the target, verify thermal ablation during the procedure, and assess the
treatment effects. MRgFUS is used for the treatment of symptomatic uterine fibroids(1) and
painful osseous metastases(2), and is under investigation for the treatment of primary
cancers in the breast(3) and prostate gland(4). A transcranial MRgFUS system has been
developed for treatment of brain lesions through an intact skull(5). This system is used to
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treat patients with central neuropathic pain(6,7), essential tremor(8), Parkinson tremor(9),
and tumors in the brain(10). The system has also been used to temporarily disrupt the
bloodbrain barrier to allow targeted drug delivery to the brain in a preclinical study(11). This
transcranial MRgFUS system thus has the potential to revolutionize not only functional
neurosurgery(12), but also the neurosurgical and pharmacological treatment of brain tumors.

This article will review the physics of transcranial MRgFUS, the typical treatment protocol,
and the potential neurological applications, with a focus on imaging findings. Our ultimate
goal is to assist the diagnostic radiologist and neurosurgeon to become familiar with the
typical imaging patterns after MRgFUS in order to add meaningful value in the
multidisciplinary teams caring for patients treated with MRgFUS.

MRgFUS Physical Principles

Equipment

All treatments were done with the transcranial MR guided focused ultrasound (TcMRgFUS)
system (ExAblate 4000, InSightec, Tirat Carmel, Israel) shown in Figure 1. At our
institution, it integrates with a GE MRI scanner (Milwaukee, WI) operating at 3T, while it
can also be coupled to a 1.5T system. The FUS system consists of a 30 cm diameter,
hemispheric, 1,024-element phased array transducer operating at 650 kHz. A separate low
frequency system operating at 220 kHz is being tested. The device includes a treatment
workstation, a front-end electronics unit, an equipment cabinet and a water circulation/
cooling/degassing system. The transducer helmet is housed in a manually operated
positioning system and integrated into an MRI table.

Ultrasound focusing

Because of the obstacle it represents to the transmission of ultrasound, the skull creates a
number of challenges for targeting the brain with focused ultrasound. Bone attenuates
ultrasound energy 20 times more efficiently than soft tissues, with much of that due to
absorption, and thus the skull has the potential to heat significantly when exposed to focused
ultrasound. The transducer is designed such that there is low intensity over a large area at the
transducer surface. Although geometric focusing of the beam results in amplification to
achieve a high intensity at a small focal spot, the intensity is still relatively low at the skull
as the multiple beams intersect the cranium in different locations, minimizing focal heating
on the skull. Despite this distribution of energy, circulating chilled water around the head
remains critical to ensure the cranium and adjacent soft tissues do not heat significantly. In
addition to attenuation due to the thickness of the bone, there is loss of intensity due to
reflections within the trabeculae of the bone and at the interfaces between bone and soft
tissue.

The second major issue with the skull is its heterogeneous thickness and density. The speed
of sound through bone is higher than that through soft tissues. Since skull thickness is quite
variable, the phase of the individual ultrasound beams vary from one another once they pass
through different parts of the skull (Figure 2). Because the beams from each transducer
element are no longer in phase, they do not sum coherently at the focus. To mitigate this
effect, the phase change for each beam path through the skull is estimated and corrected for,
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with the result being a more coherent summation of energy at the target(13). Phase
correction terms are estimated from a CT scan acquired before the treatment. The CT is
registered to the MR acquired at the time of treatment. Phase correction terms are estimated
from the path of each ray crossing the skull from the transducer elements to the focus. Phase
offsets can also be used to steer the beam within a small range of a few millimeters. For
larger changes in focal spot position, the transducer is physically moved, while the patient
stays fixed in a frame that is mounted to the MR table and is only in contact with the
transducer system though the flexible membrane and water.

Although there is some degree of freedom in the position of the focal spot through moving
the transducer and/or electronic focusing, the treatment envelope is at this point still limited
to the center of the brain. When the transducer is moved too far in any direction, incidence
angles of the beam on the skull are too large. Reflections at these large incidence angles
reduce the number of elements that can contribute effectively to the focal spot. The skull
base is also a limitation to the treatment envelope. Treatment too near the skull base could
result in excessive skull heating(14). Therefore, lesions adjacent to the skull base and to the
calvarium cannot currently be treated using MRgFUS.

MR thermal imaging

The intensity at the focal spot may vary between different patients because of a variety of
factors: physical factors, such skull thickness and density; technical factors, such as the
accuracy of the phase correction; and physiological factors, such as tissue perfusion. As a
result, temperature monitoring at the focal spot is critical to verify targeting and adequate
heating to achieve ablation.

Many MR parameters change with temperature, including the T1 and T2 decay rates, the
proton density, the diffusion coefficient, and the proton resonance frequency. Because it is
reversible and linear over the temperature range of interest and easily measured, the change
in the proton resonance frequency is the most commonly used parameter for monitoring
temperature. The basis for the proton resonance frequency shift is the change in hydrogen
bonding seen with temperature. In water, hydrogen bonding pulls the electron cloud away
from the protons, so that the protons see a slightly higher magnetic field and precess around
the main field a little faster. With a temperature rise, some of those bonds will stretch and
break, allowing the electron cloud to shield the protons a little more, reducing the resonance
frequency of those protons. On imaging, the average resonance frequency in the voxels is
reduced with the temperature rise.

In practice, the change in resonance frequency can be seen in the phase of gradient echo
images. Since there are many sources of image phase shifts including field inhomogeneity
and susceptibility effects, the temperature-induced change can be isolated by subtracting the
phase of a baseline image acquired before the temperature rise. In the simplest
implementation, subtracting the phase of the baseline image removes all of the other sources
of phase, leaving only the phase that is changing with temperature. An example thermal MR
image is shown in Figure 3. MR thermal imaging can be performed in any scan plane, with a
sagittal temperature image shown in Figure 3d. As seen in this image, the skull base is
located in the far field of the ultrasound beam, but does not heat appreciably(14). When
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considering other applications, such as treatment of cortical epilepsy, the heating of the skull
base will be a greater concern due to the proximity to the targeted cortical gray matter.

Also evident in the thermal maps of Figure 3 is the small size of the focal spot, which is
desirable in applications requiring high precision, such as when targeting specific nuclei in
the thalamus. When considering other applications such as brain tumors, the small size of
the focal spot will mean numerous sonications will be needed in order to build up a sizable
treatment area.

Cavitation detection

MR-ARFI

Cavitation is the creation and/or collapse of bubbles in tissue. Cavitation is to be avoided
because the collapse of bubbles can create large local temperature changes and/or
mechanical effects that are undesirable. The likelihood of cavitation increases as the
ultrasound frequency decreases. The frequency of 650 kHz was chosen to be low enough to
mitigate the severity of the phase aberrations through the skull, while not being so low as to
induce cavitation. Nonetheless, cavitation is monitored. Passive cavitation detectors are
located inside the transducer (not visible in Figure 2). These are transducer elements that do
not transmit ultrasound, but simply listen to ultrasound. The frequency spectrum is displayed
adjacent to the temperature monitoring, as shown in Figure 3c. In this plot, all frequency
components are below the cavitation threshold dotted line shown.

MR-based acoustic radiation force imaging (MR-ARFI) is a new imaging method that will
compliment MR-temperature imaging for the precise location of the ablation target(15-17).
MR-ARFI may be useful for calibrating the location of the focal spot in the beginning of the
procedure. The method relies on the fact that the ultrasound beam imparts a force on the
tissue that is proportional to the intensity of the ultrasound beam, and thus greatest at the
focus. This force will result in a displacement of the tissue at the focus, shown in Figure 4a.
When the ultrasound beam is coincident with a magnetic field gradient, water protons will
accumulate a change in phase. Subtraction of images with and without the application of the
ultrasound beam reveals the radiation force induced phase in the image in Figure 4d.

Typical patient treatment protocol

Prior to the treatment day, pre-treatment planning images are obtained. These include a CT
scan of the entire cranium (0.625 mm slice thickness, helical acquisition, bone kernel, no
tilt) and an MRI obtained to define the target. These pre-treatment MR images are registered
to the treatment day MRI for delineation of the target.

On the treatment day, the patient’s head is fully shaved, cleaned with alcohol and examined
for pre-existing scars or other lesions. An MR compatible stereotactic frame is affixed to the
head using screws placed after injection of local anesthesia. The screws are placed as low as
possible over the lateral orbits, just above the eyebrows, and in the occipital bone at or
below the level of the external occipital protuberance. A circular elastic membrane with a
central opening is stretched to fit tightly around the head and placed as low as possible on
top of the stereotactic frame. While the patient is being prepared, the TCMRgFUS device is
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tested using a gel phantom to ensure proper function. The patient then is positioned supine
on the MR table entering the magnet bore. The stereotactic frame is locked to the base plate
of the ultrasound transducer on the MR table to maintain a constant relationship between the
patient and the transducer. The elastic membrane is fixed to the transducer to achieve a
water-tight seal.

The transducer helmet is positioned such that the geometric focus of the transducer is
centered on the target zone, using the pre-operative imaging for guidance. Chilled, degassed
water is circulated around the patient’s head to allow for acoustic coupling of the ultrasound
beam to the head and to cool the scalp between sonications. The patient’s vital signs are
monitored during the treatment. An intravenous line is placed for administration of fluid or
medications. Light sedation is sometimes administered. A Foley catheter is recommended
due to the length of the procedure. Compression stockings are placed to prevent deep venous
thrombosis in the lower limbs. The patient’s body temperature is maintained with warming
blankets during the procedure. The patient is able to terminate the procedure because of pain
or any other reason using a “stop sonication” button.

MR imaging begins with a three-plane localizer, using the body coil. This is followed by a
tracking scan that automatically registers the transducer home position using tracking coils
embedded in the transducer housing. A scan is then used to determine the central frequency,
which is then fixed for to minimize shifts in thermal imaging used for localization of the
target. MR imaging, typically including sagittal, axial and coronal T2-weighted fast spin
echo imaging, is then performed to confirm the target center. If necessary, the location of the
transducer is then readjusted so that the geometric center of the hemispheric transducer is on
the target.

The CT images are overlaid on the MR images and used to co-register the current MRI to
the previously acquired MR images to assist in precise targeting (Figure 5a and b). Data
from the CT scan is also used to provide phase offsets for the transducer elements to
compensate for the different density and thickness of the cranium between each transducer
element and the intracranial target. The amplitude of the energy from each transducer
element is also modified to result in equal acoustic intensity at the skull surface. The
treatment planning images are also used to delineate a safe sonication pathway, using CT
images to mark intracranial calcifications in the choroid plexus, falx cerebri, basal ganglia or
vessels, and using the MR images to demarcate “no pass” regions around the sinuses and
any air trapped between the elastic membrane and the scalp (Figure 5c¢ and d), because of the
risk of ultrasound absorption and heating in these locations. Fiducial markers are placed on
the images along the ventricular and cortical margins to aid in movement detection.

Targeting can be based on an overlaid atlas, or use measurements from an internal reference
line. For example, for treatment of essential tremor, one approach for targeting the ventral
intermediate nucleus of the thalamus is by measuring 6—7 mm anterior to the posterior
commissure and 11 mm laterally from the edge of the third ventricle, at the level of the
intercommissural plane connecting the anterior and posterior commissures (Figure 5e). The
treatment plan is assessed to confirm that at least 700 elements of the transducer are active,
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and that the skull area to be sonicated is at least 250 cm?, allowing adequate distribution of
ultrasound energy over the skull.

Treatment begins with short, low energy sonications performed in the targeted area with
sub-therapeutic heating in the 40 — 45°C range. The focus is electronically steered to the
point of maximal heating, as assessed in three different planes and frequency directions,
correcting any remaining targeting discrepancy. The acoustic power is then slowly increased
over several 10-20 second sonications in a verification stage where the size and shape of the
sonication spot is evaluated, with temperatures kept between 46 — 50°C. Further treatment to
temperatures of 51 — 55°C may generate clinical feedback. This is followed by a higher
temperature treatment regime designed to achieve a sufficient thermal dose to achieve
thermocoagulation, targeting a 55-60°C peak temperature. Lesion size depends on technical
factors such as the time after treatment and the MR imaging method used for measurement,
but peak temperatures of 55-60°C typically produce a 4-5 mm diameter region of ablation
on T2 weighted MRI obtained the day after treatment. Optimal coverage of the target and
clinical feedback from patients both play a role in determining the final peak temperatures.
Patients are clinically evaluated after every sonication to assess for symptom suppression
and side effects.

Total treatment time spent on the MR table, including positioning, imaging, planning, and
sonications is typically three hours. After treatment, the patient is removed from the
transducer, and the stereotactic frame is removed. The patient is then returned to the MR
table and post-treatment MR images using a head coil are obtained to assess the lesion
location and size. A neurological exam is performed after the procedure, and the patient is
then monitored in the hospital overnight for any adverse events, with discharge planned for
the following morning.

MRgHIFU Applications

Movement disorders and neuropathic pain

Transcranial MRgFUS has been successfully used for the treatment of movement disorders,
including essential tremor(8) and Parkinson tremor(9), as well as for the treatment of
neuropathic pain(6). All of these are disabling conditions that interfere significantly with
patients’ quality of life(18) and may be medically refractory. Essential tremor is particularly
frequent with an estimated prevalence of 0.3% to 5.55%(19-21). Medically refractory
essential tremor can be addressed by lesioning a specific nucleus of the thalamus (ventralis
intermedius nucleus (Vim) for tremor(8) and centrolateral thalamus for neuropathic pain(6)).
In three recent pilot clinical trials in patients with essential tremor, the Vim nucleus of the
thalamus on the contralateral side of their dominant hand was selected as the target for
transcranial MRgFUS lesioning(8,22,23). Twenty-seven of 30 patients were successfully
treated. With up to 12 months of follow-up in the largest trial, the studies reported
significant improvements in tremor, disability and quality of life. Complications related to
MRgFUS thalamotomy included paresthesias of the face or fingers, which persisted at 12
months in 5 of 19 patients, persistent dysesthesia of the index finger in one patient, and
transient unsteadiness, ataxia, dysmetria, grip weakness, and slurred speech, all of which
resolved within a month. Stereotactic radiofrequency thalamotomy and deep brain
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stimulation (DBS) are also effective methods for treating essential tremor, with RF
thalamotomy resulting in tremor relief in 73-93% and DBS successfully eliminating tremor
in 42-90%(24,25). Tolerance to thalamic DBS has been reported in up to 30% of patients.
Both RF thalamotomy and DBS require a craniotomy. These procedures may be
complicated by paresthesias in 20% at 12 months, intracranial hemorrhage (1-3%),
neurological deficits in 1-2%, and infection in 5-10%(26,27). Stereotactic radiosurgery is
also used for treatment of tremor, with studies reporting clinical improvement in 70—
90%(28,29). Radiosurgery is limited by delayed onset of effect and does not allow for
immediate verification of targeting, which may limit effectiveness or result in complications
depending on the accuracy of targeting. Reported side effects include paresthesia,
hemiparesis, speech impairment, and hemorrhage, with complication rates reported between
1.3-8.7%(30).

Typical imaging findings can be observed at the transcranial MRgFUS target site(31)(Figure
6). At 24 hours, a lesion can be seen with restricted diffusion and low ADC values at its
center (Zone 2). On T2-weighted imaging, Zone 1 is hypointense, surrounded by a strongly
hyperintense Zone 2 demarcated by a hypointense rim. Zones 1 and 2 represent coagulation
necrosis and cytotoxic edema(32-34). Finally, the poorly marginated, slightly hyperintense
Zone 3 at the periphery represents vasogenic edema(34,35). Zone 3 is typically seen
between 24 hours and 1 week, and then resolves. Zones 1 and 2 evolve into a round or oval
cavity at 1 week and 1 month, and collapse by 3 months. Small amounts of blood products
but no frank hemorrhage are seen at the target site immediately after the MRgFUS treatment
and afterwards. A few patients displayed very mild and transient enhancement at the target
site at 24 hours, likely resulting from the reversible alteration of the blood-brain barrier
caused by the MRgFUS treatment(36). Enhancement reappeared by 1 week and peaked at 1
month, possibly related to neovascularization(37).

The imaging pattern and histology of MRgFUS lesions resembles what is seen for other
thermal lesioning modalities like stereotactic radiofrequency thalamotomies, but are quite
different from those observed with gammaknife radiosurgery(33,38). MRgFUS has many
potential advantages over stereotactic radiofrequency thalamotomies and stereotactic
radiosurgery as a transcranial, non-radiation lesioning method. MRgFUS is characterized by
a sharp thermal gradient, creating a more focal effect as compared to the broader gradient of
radiation dose. Theoretically, MRgFUS produces a sharply delineated lesion from
homogeneous thermal dose, while radiofrequency heating dissipates with distance from a
central lesioning electrode. One imaging manifestation of this observation is that there is
usually more vasogenic edema around radiofrequency lesions compared to MRgFUS
lesions(33). Compared to MRgFUS and radiofrequency ablation, stereotactic radiosurgery
has the disadvantage of latent treatment effects and the possibility of more extensive tissue
damage beyond the intended target(33).

On diffusion tensor imaging, continuous decreased fractional anisotropy (FA) can be seen
over time at the site of thalamotomy, but also distant from it, in the following regions or
structures: ipsilateral precentral and postcentral subcortical white matter in the hand knob
area, corticospinal tract in the ipsilateral centrum semi-ovale, posterior arm of the ipsilateral
internal capsule and ipsilateral cerebral peduncle, contralateral middle cerebellar peduncle,
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and bilateral superior vermis (39). It is hypothesized that this decrease of FA values over
time represents a degeneration of neuronal circuits, triggered by the thalamic lesion induced
by the MRgFUS treatment. Two circuits involving the structures listed above and thought to
contribute to the essential tremor pathophysiology are the Guillain-Mollaret triangle(40-45)
and the dento-rubro-thalamo-cortical tract(46,47).

The clinical response of the tremor to the MRgFUS was influenced by the size of the lesion,
including the surrounding vasogenic edema(31). Tremor improvement slightly receded after
the vasogenic edema surrounding the lesion resolved, but there was nevertheless persistent
clinical improvement 1 year after the MRgFUS treatment. In most cases, the lesion
collapsed at 3 months(31), while in other cases, the lesion persisted to one year(7). Also, we
observed a correlation between the slope of FA decrease over time and the degree of clinical
improvement of essential tremor(39).

Trigeminal neuralgia is a clinical condition consisting of a temporary paroxysmal pain in the
trigeminal nerve distribution typically confined to one side of the face(48). Patients with
trigeminal neuralgia are treated with drugs including gabapentin, carbamazepine, baclofen
and pregabalin. If medical treatment fails, patients are referred for neurosurgical
microvascular decompression(49), as the pain is thought to be caused by vascular
impingement on the trigeminal nerve. Percutaneous injection and radiofrequency ablation
have also been used as treatment modalities, as well as stereotactic radiosurgery(48).
Stereotactic radiosurgery typically targets the root entry zone, and it has been demonstrated
in human cadavers that MRgFUS can also be used for this purpose(50). This application
remains to be validated in patients. Imaging findings after MRgFUS lesioning of the root
entry zone of the trigeminal nerve show increased T2-signal and transient enhancement(50).

Intracranial hemorrhage and ischemic stroke

Each year in the United States, 40,000 patients suffer an intracranial hemorrhage, and a third
of them die within the first 30 days, usually because of mass effect and herniation caused by
the intracranial hematoma(51-53). The treatment of intracranial hemorrhage is medical,
with surgical evacuation of the hematoma reserved for cerebellar hemorrhage that causes
rapid neurologic deterioration, brainstem compression, or hydrocephalus, and sometimes
also for large supratentorial hematoma(54). Because of the concern that surgical evacuation
may damage the surrounding normal brain parenchyma, minimally invasive clot evacuation
techniques utilizing endoscopic or stereotactic aspiration have been proposed, with a typical
therapeutic window spanning up to 48 hours after onset(55-57). The Minimally-Invasive
Surgery plus rtPA for Intracerebral Hemorrhage Evacuation (MISTIE) trial demonstrated
that stereotactic catheter aspiration followed by tPA administration resulted in a 50%
reduction in clot volume without significantly increasing the incidence of adverse events
versus 6% in the medical arm(58). The Clot Lysis Evaluating Accelerated Resolution of
Intraventricular Hemorrhage (CLEAR-IVH) clinical trial showed that intraventricular tPA
administration accelerates clot lysis, improving cereobrospinal fluid drainage and reduces
hydrocephalus(59). MRgFUS is considered as a potential noninvasive treatment modality
for intracranial hemorrhage, due to its ability to break down clot by inertial cavitation and
mechanical forces(60).
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The imaging appearance of intracranial hematomas and its dependence on time is well
known. However, this classical description is suboptimal for MRgFUS sonothrombolysis,
because of the considered time window, which is a matter of hours (as mentioned above),
not days, weeks or months, and because of the need to differentiate between solid and liquid
phases rather than oxygenation state of hemoglobin(61-63).

In a phantom study using human blood, the pre-sonication clot was hyperintense on T1- and
hypointense on T2- and T2*-weighted MR images, due to the conversion of hemoglobin to
deoxyhemoglobin with retraction of the clot. After sonication, the T1 signal was grossly
unchanged while the T2 and T2* signal was increased. On T2-weighted images, the
postsonication samples looked like serum, corresponding to the near complete hemolytic
release of hemoglobin degradation products in the extracellular fluid, as seen on
histology(64). T2-weighted imaging is the optimum imaging sequence for intraoperative
monitoring of MRgFUS sonothrombolysis of intracranial hemorrhage. T2* may represent an
alternative but is more difficult to use intraoperatively because of susceptibility artifacts.

Clinical use of ultrasound to augment the use of tPA has been widely used in the treatment
of acute ischemic stroke. In a meta-analysis of 9 trials (416 patients), Tsivgoulis et al.
showed higher recanalization rates in patients receiving transcranial doppler and tPA
(37.2%) compared with tPA alone (17.2%)(65). It is conceivable that MRgFUS might help
increase these recanalization rates even higher, because it can be focused on clots in
proximal arteries and facilitate the quick dissolution of such clots (Figure 7). There are
obviously major logistic hurdles that will need to be overcome so that MRgFUS treatment of
ischemic stroke can be implemented in a timely fashion without delaying stroke treatment,
respecting the fundamental principle that “time is brain”.

Treatment of brain tumors

Thermal ablation of gliomas was performed in three patients who had local recurrence after
standard surgical resection and radiation therapy(32). These FUS procedures were carried
out through a craniotomy to create an acoustic window, with 50% of the enhancing tumor
volume ablated in one patient, and resolution of nearly all tumoral enhancement in a second.
Complications included off-target ablation in the midbrain resulting in hemiparesis. Another
three patients with inoperable gliomas were treated with FUS through an intact cranium(10).
Because of power limitations of this version of the device, ablative temperatures were not
achieved. A modified version of this device, operating at a lower frequency, was used in a
fourth patient, but treatment was complicated by intracranial hemorrhage and death.
Cavitation was thought to be a likely cause for the intracranial hemorrhage. Recently, a
patient with a metastatic brain tumor and another patient with recurrent glioblastoma
successfully received limited treatment with the mid-frequency tcMRgFUS device(66,67).

In addition to thermal therapy, focused ultrasound can also be used to non-invasively and
transiently disrupt the blood brain barrier(68). Most systemically administered drugs cannot
cross the blood-brain barrier (BBB), which both limits transport of molecules based on their
size, polarity and hydrophilicity, and also actively removes chemotherapeutic agents from
the brain(69-72). Methods have been explored to enhance delivery of therapeutic agents to
tumors in the brain, including chemical modification of the agents so that they cross the
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BBB(70), intratumoral injection, convection-enhanced delivery, and combined intra-arterial
delivery of drugs with osmotic agents that can globally disrupt the BBB(71,73,74).

BBB permeability is consistently enhanced through mechanical effects of focused
ultrasound on injected microbubbles(75,76). When exposed to ultrasound waves, the
intravascular microbubbles generate mechanical forces on the vessel walls that focally open
the BBB(72,74,77,78). The ultrasound intensity needed to disrupt the BBB in the presence
of microbubbles is much less than what is needed for thermal ablation, so there is no
significant heating of the skull with this approach, and no significant injury to the brain
parenchyma or vasculature(11,77,79,80).

Studies using experimental animal tumor models have demonstrated the ability of focused
ultrasound to increase the concentration of therapeutic agents in the brain. After focused
ultrasound mediated disruption of the BBB in rat brain, doxorubicin crossed into the brain
parenchyma(81) and delayed the growth of implanted gliomas(73). The antibody
trastuzumab was delivered to the brain after BBB disruption in rats(76), and resulted in
decreased volume of implanted HER2/neu positive breast cancer metastases and improved
survival. Similar FUS-mediated methods of BBB opening have increased delivery of
BCNU(82) and temozolomide(83) to rat brains implanted with glioblastomas, resulting in
decreased tumor size and prolonged survival.

These methods have been extended to primates, with FUS used to safely, reproducibly, and
focally disrupt the BBB in rhesus macaques, potentially allowing for non-invasive and
repeated delivery of drugs to the human brain(11). This may be particularly useful in the
treatment of malignant gliomas, which, because of its infiltration into the brain parenchyma,
has not responded well to conventional treatment methods(5,12,84).

For tumor applications, the high frequency MRgFUS system has too small of a treatment
envelope as tumors are not confined to the central region of the brain. Successful application
of MRgFUS will require expansion of the treatment envelope through the use of low
frequency MRgFUS. Ongoing work to improve cavitation detection and avoidance with the
low frequency system is underway.

Limitations

MR guided focused ultrasound is approved in the United States as a technique for the
treatment of uterine fibroids and of painful osseous metastases. Although the transcranial
MRgFUS system has been Conformité Européene-approved for the treatment of essential
tremor, Parkinson disease and neuropathic pain, it has been applied clinically to the fields of
stereotactic and functional neurosurgery in a limited number of institutions. Although
ongoing clinical trials in the United States are investigating transcranial MRgFUS for the
treatment of Parkinson disease, for the ablation of brain metastases, and for the delivery of
chemotherapy to glioblastomas by opening the blood-brain barrier, the feasibility of
tcMRgFUS for these applications has not been confirmed.
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MR guided focused ultrasound is a nascent technology with current and potential
intracranial applications including functional neurosurgery, relief of neuropathic pain, tumor
ablation, drug delivery, and thrombolysis. There is an ongoing randomized, placebo
controlled Phase 3 study using MRgFUS to treat essential tremor, and similar testing is
needed to validate these and other neuro applications of MRgFUS. In addition, improved
imaging techniques must be developed to aid in targeting and evaluation of clinical
outcomes.
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Transducer Array

Circulating
Chilled Water

Figure 1.
Photograph and schematic of the InSightec Exablate transcranial focused ultrasound system.

A membrane holds in the water between the transducer and the patient head. The patient is
fixed to the table by the frame, while the transducer can move independently in order to
place the target as close as possible to the geometric center of the hemisphere.
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Figure2.
Two example beams traveling through water, a simplified bone model with a single elevated

velocity, then soft tissue to the target. The increased speed of sound through bone results in
a change in wavelength. These two beams pass through different lengths of bone, resulting
in differences in phase when the beams hit the target. Such differences in phase mean that
the beams do not add constructively and the resulting temperature rise is lower than it could
be. Phase aberration correction methods estimate this phase and apply the negative of it to
each transducer element.
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Acoustic Spectrum
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Figure 3.
MR temperature maps in a and d derived from the change in proton resonant frequency seen

with temperature. The skull is overlaid on the temperature image in green. A cross hair is
placed at the location of the focal spot, with the maximum temperature within a 3x3 region
of interest plotted in b), along with the average in the 3x3 pixel region of interest. These
curves demonstrate an exponential rise in temperature during the sonication, and the
exponential decay in temperature after the sonication is ended.
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Figure 4.
a) MR-ARFI relies on the acoustic radiation force at the focus displacing the spins. This

displacement is encoded into the phase of the spins b) and c) and therefore the phase of the
image d). These images were collected in an ex vivo porcine brain as described in Kaye et
al.
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Figure5.
Treatment planning images. Sagittal MR images acquired before treatment (a) and on the

treatment day (b) are co-registered using the CT overlay (in green). The anterior and
posterior commissures are marked in red. “No pass” zones in blue mark intrancranial
calcifications in the choroid plexus, pineal gland, falx, basal ganglia or vessels on the CT
(c), as is air in the sinuses, and air trapped between the membrane and scalp is marked on
the treatment day MRI (d). Anatomic measurements for targeting the Vim nucleus of the
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thalamus provide a starting point for essential tremor treatments (e), with final targeting
confirmed using intra-procedural neurological feedback from the awake patient.
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Figure®6.
Conventional MR imaging features after MRgFUS lesioning of the left ventralis intermedius

nucleus (Vim) of the thalamus in a right-handed patient with essential tremor. The MRgFUS
lesion appears on T2-weighted images at 24 hours and initially restricts diffusion. It
demonstrates faint enhancement at 1 month, and the cavity collapses by 3 months. Blood
product staining is seen immediately after the MRgFUS treatment and persists over time.
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Figure?7.
A clot was induced in the M1 segment of the right middle cerebral artery by injecting

thrombin through an endovascular microcatheter introduced through the femoral artery in a
fresh human cadaver, and flow in the arteries was maintained by a saline pumping system.

MRgFUS targeted the right M1 clot (arrows) and with a total of 4 sonications, the clot was
completely sonothrombolyzed over 10 minutes.
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