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

1duosnuely Joyny vd-HIN

fg)%
S

O

R HE

,NS

N4

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Annu Rev Med. 2009 ; 60: 417-430. doi:10.1146/annurev.med.60.041707.170303.

MRI-Guided Focused Ultrasound Surgery

Ferenc A. Jolesz
Department of Radiology, Brigham and Women'’s Hospital, Harvard Medical School, Boston,
Massachusetts 02115; jolesz@bwh.harvard.edu

Abstract

MRI-guided focused ultrasound (MRgFUS) surgery is a noninvasive thermal ablation method that
uses magnetic resonance imaging (MRI) for target definition, treatment planning, and closed-loop
control of energy deposition. Integrating FUS and MRI as a therapy delivery system allows us to
localize, target, and monitor in real time, and thus to ablate targeted tissue without damaging
normal structures. This precision makes MRgFUS an attractive alternative to surgical resection or
radiation therapy of benign and malignant tumors. Already approved for the treatment of uterine
fibroids, MRgFUS is in ongoing clinical trials for the treatment of breast, liver, prostate, and brain
cancer and for the palliation of pain in bone metastasis. In addition to thermal ablation, FUS, with
or without the use of microbubbles, can temporarily change vascular or cell membrane
permeability and release or activate various compounds for targeted drug delivery or gene therapy.
A disruptive technology, MRgFUS provides new therapeutic approaches and may cause major
changes in patient management and several medical disciplines.
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INTRODUCTION

In the past decade, three new minimally invasive procedures surfaced: thermal ablations,
high-intensity focused ultrasound (HIFU), and magnetic resonance imaging (MRI)—guided
interventions. Each has the potential to transform or replace invasive tumor surgeries.
Thermal ablations using surgically or percutaneously inserted probes became an alternative
to surgical resections (1, 2). In the early 1990s, MRI guidance for interventions and
surgeries was introduced (3) and became well accepted intraoperatively in neurosurgery
(3-7), primarily for maximizing the effectiveness of resections of low-grade glioma (8).
MRI-based thermometry was also introduced for monitoring thermal ablations and
controlling energy deposition (9). Finally, after half of a century of research and technology
development efforts, HIFU or focused ultrasound (FUS) surgery became recognized as a
noninvasive extracorporeal thermal ablation method and has been tested for the ablative
treatment of benign lesions and malignancies (10, 11).
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For guiding and monitoring HIFU ablation, MRI offers clear advantages over other imaging
modalities. First, with its unparalleled soft tissue contrast, MRI provides high-resolution
imaging in any orientation for planning treatment and evaluating treatment effects. In
contrast, ultrasound (US) imaging, without the ability to clearly define tumor margins, may
limit application of HIFU technology. Second, MRI is the only currently available technique
with proven capabilities to create quantitative temperature maps. MRI thermal imaging is
the only method that provides a means to ensure that, without effects to surrounding tissues,
the proper US exposures are being applied for a safe and effective ablation of the target
volume. Without these essential features that MRI possesses, US-guided HIFU will have a
relatively narrow application area and, in most cases, will not be competitive with surgery.

Combining thermal ablation using advanced acoustic transducer technology with the
anatomic, functional, and thermal guidance possible with MRI methods allows accurate
targeting, real-time temperature monitoring, and closed-loop control of energy deposition.
The result of this integration is arguably the most complex image-guided and controlled
therapy delivery system available today: MRI-guided focused ultrasound (MRgFUS)
(12-14). So far, only MRI offers the best combination of tumor margin detection, depictions
of details of surrounding anatomy, and the monitoring of temperature changes during
therapy (15, 16). Using intraoperative MRI, MRgFUS offers far more accurate target
definition than US or a surgeon’s direct visualization.

Although the cost of integrated therapy delivery systems is high, it can be offset by the
elimination of the need for an operating room, the absence of expensive hospitalization and
anesthesia, and a reduced complication rate. An MRgFUS system provides safe, real-time-
monitored, controlled, and repeatable treatment for benign tumors that does not necessitate
an aggressive approach. For malignancies, it can be used either for complete in situ tissue
destruction or for debulking prior to chemo- or radiation therapy. As such, MRgFUS is safe
and effective for noninvasive surgery that can replace invasive surgery and ionizing
radiation-based therapies, such as radiosurgery or brachytherapy, and can provide treatment
for patients for whom invasive surgery or radiation may not be options. The feasibility and
effectiveness of MRgFUS are being tested in several clinical applications, which include the
ablation of benign and malignant tumors and palliative therapy of bone pain due to
metastasis (12-14). Nonthermal effects of FUS are also being utilized for various novel
clinical applications from targeted drug delivery to gene therapy (17, 18). Because of these
multiple uses, future advances of this method will likely have a major impact on several
medical fields, such as surgery, oncology, and radiation therapy. This article reviews this
innovative and potentially revolutionary technology and future developments that can
expand its use.

THERMAL ABLATIONS

If live tissue is heated beyond the threshold for protein denaturation (57-60°C) for a few
seconds, coagulation necrosis occurs. Lower temperatures can also kill tissues if the
exposure time is lengthened. Freezing below —20°C, especially if it is repeated multiple
times, results in irreversible cell damage. Because heating or cooling above or below these
critical levels is not selective and kills both normal and neoplastic cells, thermal ablations
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are comparable to surgery rather than to more selective hyperthermia. The safe and effective
use of heat or cold has required improvements in energy-delivery technologies and in
treatment monitoring. Technical difficulties, particularly the lack of small, percutaneously
introducible probes that ablate relatively large tissue volumes, slowed down clinical
introduction. The development of energy-delivery devices significantly advanced thermal
ablation applications by allowing percutaneous treatment, especially with MRI guidance
(19-23). Heat-conducting probes and the way they deposit and distribute energy, however,
are suboptimal. Using a single source of heat or cold limits the size and shape of the
resulting thermal tissue injury. This then necessitates long exposures to increase the ablation
volume, which result in a relatively shallow temperature gradient within the treated volume
that causes uncertainty in tissue-killing effects and ambiguity about the demarcation zone
between irreversible tissue death and reversible tissue damage. The resulting geometry may
not exactly correspond to the size and shape of the treated tumor. The lesion size cannot be
increased indefinitely because of the developing steady state between the rate of energy
deposition and heat sink effects influenced mainly by perfusion and blood flow. These
limitations can cause either undertreatment with insufficient results or overtreatment with
higher complication rates.

In thermal ablations, therefore—to achieve the threshold of cell destruction inside the
targeted tumor volume and to remain safely away from this threshold outside that volume—
spatial and temporal monitoring of temperature distribution within the targeted tumor
volume is important. A temperature-sensitive imaging method is required. If image-based
quantitative thermometry is available, it enables feedback or closed-loop control of energy
deposition. As part of MRgFUS, this ability allows the complete ablation of the gross target
volume (GTV), which includes the tumor with additional margins as deemed appropriate by
the treating physician, while sparing the nontargeted tissue. As in radiosurgery, to optimize
energy delivery, preoperative treatment planning is essential, but unlike radiosurgery,
MRgFUS can be monitored and controlled in real time by MRI thermometry (12-16).
Thermal ablation also enables immediate evaluation of the treatment response and allows
repeated treatments.

NONINVASIVE ENERGY DELIVERY BY FOCUSED ULTRASOUND

Among the thermal ablations, FUS is the only noninvasive technique in which the energy
penetrates the body without significant absorption until the beam reaches the focal spot. If
correctly targeted, a high-energy acoustic beam completely coagulates targeted tissue and
causes no tissue damage outside the treated volume. In each transmission of the acoustic
beam, only a very limited volume (the focal volume) is heated to coagulation level; hence,
heat buildup is very short (seconds), implying negligible effect by perfusion and diffusion
and steep thermal gradients. The focal volumes are tightly packed or even overlap, assuring
homogeneous ablative temperatures and confluent regions of cell killing within the entire
target volume. Use of short exposures also reduces, or even eliminates, the effects of
perfusion and blood flow on the resulting lesion shape. Using this strategy, however,
multiple locations are sequentially targeted. This results in a relatively long treatment time
to ablate larger tissue volumes because of the need to wait for the tissue to cool between
sonications. However, with the application of strategies to increase the heated volume and
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optimization of target order, large volumes of several hundred cubic centimeters can be
ablated in a clinically realistic time. Common strategies to increase the focal volume per
sonication include dynamically steering the focal point using positioning systems or phased-
array transducers.

In FUS therapy delivery systems, acoustic energy is generated by piezoelectric transducers
that, depending on the application, are typically operated between 200 kHz and 4 Mhz. Such
transducers are a flexible platform for which one can produce a wide range of devices that
are tailored for particular applications. The simplest focused devices use a single-element
spherically curved transducer or a flat transducer with a spherically curved acoustic lens.
Such transducers are moved mechanically (sometimes with robots) to ablate multiple
locations, and they can either be fairly large, to allow high powers that permit focusing deep
within the body, or relatively small to fit on an intracavitary (e.g., transurethral or
transrectal) device.

Greater control over the acoustic field can be achieved by transducers that consist of
multiple elements with individual driving signals. Such phased arrays can steer the focal
point electronically by modulating the phase of the individual driving signals. They are
useful to target different locations and to increase the focal volume per sonication, and could
eliminate the need for mechanical motion. Another strategy to increase the focal volume
with such arrays is to simultaneously create multiple focal points. Commercially available
FUS systems have phased-array transducers with several hundreds to thousands of
piezoelectric elements. The higher number of elements provides greater flexibility in both
targeting and shaping the focus, a useful aspect for the treatment of larger or complex tumor
volumes. The ability to steer the focal point in real time may also permit the treatment of
moving organs without inducing imaging artifacts.

Phased arrays can be used for correcting or compensating for phase distortions due to tissue
inhomogeneities or bone (24-26). An example of this is a device designed to ablate brain
tumors through the intact skull. This device, now being tested, uses a hemispherical array
and a lower operating frequency (<1 MHz) to penetrate the skull without overheating
(24-26). The hemispheric transducer evenly distributes the acoustic energy over the skull
surface, and the phases of the elements adjust to correct for the severe aberrations induced
by the skull bone in addition to beam steering. The aberration corrections are achieved using
acoustic models based on X-ray computed tomography (CT) scans of the skull.

Following initial research (27-28), Insightec (Haifa, Israel) developed the Exablate 2000 and
later the Exablate 3000 and 4000 systems. The Exablate 2000 was the first commercial
MRg-FUS therapy delivery system and the first to be approved by the U.S. Food and Drug
Administration (FDA). It is approved for the treatment of uterine fibroids and is being tested
for numerous other applications. Though not yet commercially available, MRgFUS systems
are also being developed by Philips, Siemens, and SuperSonic Imagine (Aix en Provence,
France).
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IMAGE GUIDANCE AND CONTROL: MRI VERSUS ULTRASOUND

As a noninvasive procedure, FUS requires image guidance for each step of the procedure:
anatomic imaging for accurate target localization, tumor margin, and surrounding anatomy
definition (to plan the safe trajectory of FUS beam through acoustic windows); thermal
imaging to verify the focal coordinate before ablation and to monitor the temperature
elevation to ensure a sufficient thermal dose is delivered only to the focal zone; and post-
treatment imaging to verify the ablation. Only if all of these conditions are met can a
complete and safe treatment be performed. US imaging, which has been used for guidance,
does not currently fulfill these requirements. In most cases, especially in malignancies,
diagnostic US is not sensitive enough to detect exact tumor margins, and it may fail to
identify essential anatomical details, such as the exact location of nerves. Bone and air cause
serious artifacts that can impede visualization. The ability to localize the thermal spot at low
energy levels requires thermal sensitivity that is currently possible only with MRI (29).
Efforts to develop other noninvasive techniques to visualize the focus have not materialized
to a useful level. Although tissue temperature is accepted as a surrogate measure of tissue
viability, direct measurement of tissue viability by functional or metabolic nuclear tracers is
not yet performed. MRI is able to measure tissue temperature with sensitivities of better than
+ 2°C, whereas US imaging cannot measure temperature with needed accuracies and
sensitivities, despite a significant research effort.

At present, without sufficient thermal sensitivity of US imaging, the focal spot cannot be
localized and the temperature elevations cannot be measured. Because of the limitations of
US guidance, neither the thoroughness of treatment nor the safety of normal tissue can be
guaranteed.

Treatment Planning

US image-guided FUS has been applied for the treatment of benign and malignant tumors
with some success in China but without widespread acceptance elsewhere (10, 11). Many
advocates of US guidance believe that MRI is needed only for temperature monitoring and
that a temperature-sensitive US method will eventually be developed. However, the
localization of tumor margins and the three-dimensional definition of the targeted tumor
volume are the most essential requirements for noninvasive image-guided thermal therapies.
Localization defines the exact spatial extent of the targeted tissue and demonstrates the
related critical anatomic structures around it. For both purposes, MRI is superior to US as a
diagnostic imaging method. For example, in prostate cancer diagnosis, compared to
transrectal US, MRI has improved the evaluation of cancer location, size, and extent, and
has allowed concurrent evaluation of the details of prostate, periprostatic, and pelvic
anatomy (30, 31). In determining the extent of breast cancer, contrast-enhanced diagnostic
MRI was proven to be more sensitive than all other imaging techniques. In addition, MRI
can detect intraductal spread more accurately than other imaging modalities. MRI appears to
be indispensable for accurate tumor localization in radiation therapy or for minimizing local
recurrence (32) in breast-conserving surgery. MRI can also be used to reduce high re-
excision rates for lumpectomies and margin-positive partial mastectomies (33).
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High-resolution MRI of the prostate and breast at the higher field strength of 3T can further
improve the quality and usefulness of imaging not only for diagnosis but also for surgical
and ablation therapy. Increased signal-to-noise allows imaging at higher resolution, which
may improve the definition of tumor margins over 1.5 T (34, 35). Additional advantages of
higher field strength, such as improved sensitivity of temperature measurements (which can
enable multi-slice or three-dimensional thermometry) well justify the integration of FUS
with 3-T MRls.

Despite the ever-improving ability of MRI to detect cancerous tissue, the full extent of most
malignant tumors is not revealed by MRI because of ill-defined tumor margins and the
method’s limited sensitivity to relatively small amounts of any disseminated tumor cells
infiltrating normal tissue. The direct consequence of this inaccurate target definition is the
frequent failure of surgical and thermal therapy methods. Molecular imaging with tumor-
seeking contrast agents or biomarkers may improve detection of tumors and better define
their margins, resulting in better targeting and, in some cases, complete removal.

Treatment Monitoring

While other strategies are being tested, MRgFUS clinical applications to date involve
targeted tissue volumes being sonicated with the intensity of US at between 500 and 20,000
W/cm? and a duration of 1-60 s. Shorter times are preferred to circumvent perfusion cooling
effects that increase over time. After each sonication, a cooling period lasts until the
temperature returns to baseline. This prevents the buildup of heat in the nontargeted tissue
volume (beam path zone). Using MRI thermometry, the focal spot is visible on the images
and the temperature rise and cooling are measurable. Therefore, the spatiotemporal control
of the sonication by MRI guidance is precise, predictable, and reproducible. Before the
actual treatment, MRI defines the target by detecting the focal spot with a noncoagulative
low-power test pulse. When targeting is accomplished, the power level can be increased to
achieve irreversible tissue damage by protein denaturation and capillary bed destruction.
Sequential imaging steps follow the progressive tissue coagulation by overlapping focal
spots. The coagulative effect is instant and the related tissue phase transitions are detectable
by MRI with contrast administration immediately after the sonication ceases (27).

In addition to image guidance, it is important to be in constant contact with the patient. In
most situations, the patient is awake, though sedated, during the procedure and can notify
the doctor about unanticipated heating-related pain before irreversible damage is done. He or
she holds a panic button that can instantly stop the treatment if discomfort or pain occurs.

CLINICAL APPLICATIONS OF MRgFUS ABLATION

Complete excision or local destruction of cancer without associated injury of the
surrounding normal tissue is a preferred, though difficult to achieve, goal of invasive
surgery, minimally invasive thermal ablation, and radiation therapy. Ideally, in concept, the
entire tissue volume within the tumor boundaries should be completely removed by the
surgeon or destroyed in situ by ionizing radiation, heat, or cold. Normal tissue outside the
margins should be left intact, and its function should be preserved. Using the invasive
approaches of open surgeries or probe-delivered thermal ablations, this “ideal surgery”
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cannot be accomplished. Radiotherapy or radiosurgery, even in its most advanced form—for
example, intensity-modulated radiation therapy—cannot entirely fulfill these requirements.
No real-time feedback on tissue viability exists, so the radiation dose must be set statistically
on the basis of accumulated experience, which is influenced by the nonresponding (hypoxic)
parts of the tumors. By contrast, MRgFUS can fulfill these requirements and has the
following advantages over radiosurgery and radiotherapy: Because it provides real-time
feedback on tissue viability, the treatment is personalized, avoiding overtreatment; it is not
cumulative and can be repeated as many times as necessary; secondary tumor formation, a
rare complication following radiosurgery and radiotherapy, is unlikely following FUS; and,
owing to advanced phased-array technology that can modify the shape and size of the focal
spot, the thermal gradients of FUS can be much narrower than the dose-fall curves in
radiosurgery. MRgFUS is also more precise and can cause less damage to adjacent
structures.

MRgFUS should be the treatment of choice for benign tumors that have well-defined
boundaries and do not infiltrate normal-functioning tissues. These tumors do not necessarily
require complete tissue destruction; in most cases, decreases in tumor volume are a
satisfactory outcome. Repeated FUS treatments can control occasional regrowth. The first
clinical application of MRgFUS was the treatment of benign breast fibroadenoma (36). After
this successful feasibility trial and significant improvements in acoustic technology,
MRgFUS was utilized for the treatment of benign uterine fibroids (37) (Figure 1). Without
the invasiveness of hysterectomy, myomectomy, or uterine artery embolization, the
procedure offers symptom relief, most likely related to tumor volume decrease and
hemodynamic changes. No hospitalization and few to no days of missed work or days in bed
are required. Multicenter clinical trials and commercial use of the method have confirmed its
efficacy and safety (38-40). Larger fibroids can be pretreated with gonadotropin-releasing
hormone analogues to cause a temporary decrease in volume and vascularity. After this
pretreatment, MRgFUS produces larger nonperfused volumes of thermal ablation at a
similar energy input (41). The effect of MRgFUS treatment of uterine fibroids on fertility is
currently being studied.

Although MRgFUS can be the treatment of choice for benign tumors, its highest impact is
anticipated in treating cancer. Like open surgeries, MRgFUS can be used for complete
removal (destruction) or only for debulking, depending on how well-defined the tumor
margins are on MRI. Breast cancer, in most cases, is very well seen with high-resolution
contrast-enhanced MRI, making it a good application for noninvasive MRgFUS. MRI
defines the extent of invasive breast cancer and can guide the FUS beams on the target. In
the absence of bone or gas and complex anatomy, technically, breast cancer treatment by
MRgFUS is relatively simple. A lumpectomy is not major surgery but is still invasive and
can be cosmetically unappealing. MRgFUS offers a breast-conserving focal treatment with
less cosmetic deformity that can be followed by adjuvant chemotherapy or radiation. Since
the original work (42-44), ongoing clinical trials have demonstrated the feasibility of
complete ablation of the tumors by MRgFUS in most cases (45).

For the treatment of primary and metastatic liver tumors, thermal ablations are alternatives
to surgical resection. Current techniques, such as radiofrequency, microwave, and
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cryoablations, are still invasive. The use of FUS to ablate tumors deep in the liver offers the
first completely noninvasive alternative to these techniques that has been tested with US
imaging guidance, mostly in China (10, 46). The MRI-guided treatment requires general
anesthesia and forced apnea to overcome liver motion during temperature measurement by
MRI and to allow accurate targeting (47, 48). Because of the presence of the ribcage around
the liver, acoustic windows are limited. Larger phased arrays, around the entire abdomen,
may be necessary for reaching all locations, using only the intercostal spaces to deliver the
energy. With a high number of phased-array elements and MRI-based tracking and gating of
the liver, the acoustic beams can be synchronized with the moving organ to eventually allow
treatment of freely breathing patients.

Motivated by the relative success of US-guided FUS for the treatment of localized prostate
cancer (49) and by the rise in the number of men diagnosed early with prostate cancer,
academic and industrial preparations for MRg-FUS are under way using both endourethral
and endorectal transducers. High-field MRI has a significant advantage over US in defining
the tumor, a necessary step to deliver focal therapy that does not treat the entire prostate and
that depicts critical structures such as the neurovascular bundle. Nevertheless, the greatest
advantage of MRI guidance in the prostate is real-time thermal mapping and monitoring,
which assure not only complete tissue necrosis but also the safety of the procedure (avoiding
the heating of rectal mucosa, urinary sphincter, and neurovascular bundle). Focal tumor
ablation is very appealing, but it is mainly based on MRI data that may be misleading about
the extent of tumor involvement, since prostate cancer is most likely multifocal. As a result,
MRI findings have to be confirmed and complemented by multiple biopsies targeted not
only to the MRI-identified tumor but to the normal-looking prostate as well. Imaging
techniques must be improved to better define the targeted focal prostate lesion. This
improvement can be provided by newly developed molecular imaging methods and further
advances in MRI technology (31).

For the palliation of pain caused by bone metastases (50), MRgFUS can be an effective
noninvasive solution. Bone absorbs 50 times more acoustic energy than soft tissues, and the
FUS treatment raises bone temperature significantly. Due to irreversible heat-induced
denervation, the heating of the periosteum and the bone around the metastasis results in a
loss of pain sensation. The ablation of the metastasis itself is also possible, but because of
the presence of bone around the tumor, its role in heat absorption makes planning and
execution of bone tumor treatment different from the sonication of other bone tumors that
are surrounded only by soft tissue.

Because it is “trackless,” without an invasive trajectory to the target, FUS seems an ideal
solution for brain tumor surgery (51, 52). However, penetration of US through the bony
skull represents a challenge. Craniotomy makes this potentially noninvasive method
invasive and, therefore, intensive research efforts have been made to resolve US penetration
and focusing through the intact skull and develop a FUS system for brain treatments. Several
successful attempts have been made to treat malignant brain tumors through the open skull
without (51) and with MRI-guidance (53).
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US penetrates the skull with significant loss of energy, but if focusing can be done, enough
energy remains to achieve ablation. The beams, however, are distorted by the skull owing to
varying irregular bone thickness. Using full hemispheric phased arrays around the head, the
focus can be restored by adjusting the driving phase of each phased-array element according
to the thickness of the underlying bone (24-26, 54). Both Insightec (Haifa, Israel) and
SuperSonic Imagine (Aix en Provence, France) are developing an MRgFUS system for brain
treatment. The Insightec system with a 1000-element phased array (Exablate 4000) is in a
phase I clinical trial for the treatment of primary and metastatic malignancies of the brain
(Figure 2).

Because most glioma is infiltrative and, in most cases, tumor coexists with normal-
functioning brain tissue, neither conventional nor FUS surgery can completely remove or
destroy the entire tumor. For well-defined metastasis or benign brain tumors, however, FUS
as an ablative treatment has more potential. Real-time control of temperature provides a safe
and controllable method and precise step-by-step coagulation that can be done close to
nerves, cortical and subcortical structures, and other critical structures. Benign tumors that
are inoperable because of inaccessible location (e.g., brainstem) or because of closeness to
cranial nerves (e.g., skull base tumors) may be better approached by well-targeted and real-
time-controlled MRgFUS than through the use of a GammakKnife or radiosurgery with a
linear accelerator.

FUS lesions can be made at selected areas of the brain for functional neurosurgical
applications such as movement disorders, epilepsy, or pain (55). MRI-based anatomical
targeting will most likely represent an improvement over currently used stereotactic
methods. Anatomically accurate targeting, however, in most cases, will not be sufficient for
functional neurosurgery, where functional localization is necessary. Before permanent
lesions are made, stimulation and/or electrophysiology are required. Through MRgFUS,
however, this “functional testing” might be possible. Localized acoustic energy delivery can
block nerve conduction; thus, “local acoustic anesthesia” can be used for pain control and
the treatment of spasticity (56). The FUS-induced nerve block may be reversible (57; K.
Hynynen, V. Colucci, G. Strichartz, et al., unpublished results). Evidence also exists for
reversible stimulation at lower power levels (58). Although these are functional effects in
peripheral nerves, it is possible that FUS affects the function of the central neural pathways
in the brain (59). If developed in the future, this method can be applied to functional testing
and mapping, once it has better localization and targeting abilities and once its ability to
reach deeper subcortical regions is comparable to that of other noninvasive methods, such as
transcranial magnetic stimulation.

CLINICAL USE OF NONTHERMAL MECHANISMS OF FUS

The nonthermal effects of FUS are rather complex and include multiple acoustic-mechanical
mechanisms related to microbubble generation (cavitation), mechanical force in the focal
zone (radiation pressure), and ultrasound-induced flow of fluids in the acoustic field
(acoustic streaming) (60).
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Acoustic cavitation occurs only in the presence of gas-containing microbubbles that are
generated in fluid or in tissues by acoustic pressure waves or are administered intravenously
in FDA-approved US imaging contrast agents. FUS can cause oscillation of the bubbles and
can store energy that releases abruptly in the form of shock waves when the bubbles implode
(inertial cavitation). Cavitation has less predictable effects than heating; it is a complex and
nonlinear phenomenon that can lead to tissue destruction or hemorrhage.

At lower energy levels, cavitation may cause reversible increases in vascular and cell
membrane permeability (61). This mechanism can be used for targeted delivery of large
molecules through vascular barriers such as those separating the blood and brain or the
blood and urine (62-63; K. Fischer, N. McDannold, Y. Zhang, et al., unpublished results).
Cavitation can be used for tissue destruction, but unlike thermal effects, its mechanisms are
difficult to control. Nevertheless, it can be used in combination with heating to enhance the
size of thermal ablations and at lower power without increasing the temperature. For the
MRgFUS treatment of larger uterine fibroids, this “cavitation-enhanced ablation” is
currently being tested under a research protocol.

Because current drug delivery methods are not selective, the most promising future clinical
application of MRgFUS is targeted drug delivery. MRgFUS could be used to release drugs
at a preferred target. Today, even when drugs are applied locally with maximal efficiency at
the target tissue, systemic toxicity can result. With MRgFUS, preferred targeting can occur
even with systemic administration and without toxicity because drugs can be encapsulated in
gascontaining bubbles or liposomes and attached to nanoparticles before being administered
systemically. The release can be induced locally by the rupture of the drug-containing
bubbles or can be activated by heat or the mechanical oscillation of intravascular
microbubbles. Lacking the systemic toxicity associated with current systemic drug delivery
methods, MRgFUS is promising even for local targeted delivery of highly concentrated
antibiotics, chemotherapeutic agents, and antibodies for multiple clinical applications (17,
18, 65-67). In addition, molecular targeting of drugs with the combination of
nanotechnology and FUS can be used for cell-specific therapy (68-69).

FUS’s ability to enhance the delivery of large molecules (up to the size of DNA) through
vascular and membrane barriers can also be utilized for multiple applications. Sonoporation,
a method using the energy released from the collapse of microbubbles, causes transient
increases of cell membrane permeability, enabling the delivery of extracellular molecules
into the cell (61, 70). If FUS is applied in the presence of microbubbles, it can temporarily
disrupt the blood-brain barrier (BBB) (63, 71), allowing the penetration of large molecules
such as peptides, proteins, drugs, and genes to reach image-selected regions of the brain.
Now that noninvasive transskull sonication is possible (71), this targeted drug delivery
method may move into clinical practice relatively fast. Experimental results demonstrate the
ability to drive large-molecule drugs like Herceptin and doxorubicin (72, 73) through the
BBB without damage to brain tissue, which may allow the use of these drugs to treat
primary and metastatic brain tumors. The enhanced delivery of antibodies through the BBB
may have diagnostic or therapeutic applications in Parkinson’s and Alzheimer’s diseases
(74, 75). The targeted delivery of tissue-protective drugs, growth factors, and genes may
find clinical use in stroke and spinal cord injury.
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Nonthermal mechanical effects of FUS can enhance thrombolysis (76) and, in combination
with thrombolytic drugs, may be even more effective (77-79). Acoustic cavitation, however,
can cause tissue damage, primarily hemorrhage, that might prevent clinical implementation.
Stable cavitation has been proposed as a mechanism for enhancing the effect of thrombolytic
agents in resolving blood clots (79). Transcranial MRgFUS has the potential to treat
ischemic stroke (80), but the risk of associated cavitation-induced hemorrhage is great (81).
FUS with and without microbubbles can be used to close arteries and veins noninvasively
(82-84) to induce hemostasis and possibly to treat arteriovenous malformations (85).
Mechanical tissue liquefaction (86) and dissolution of intracerebral hematoma into fluid are
other possible uses of MRgFUS.

CONCLUSIONS

MRgFUS is an advanced image-guided and controlled therapy method for noninvasive
ablation and the targeted delivery of drugs. It is an alternative to surgery or radiation
therapy. A disruptive technology, MRgFUS can lead to profound changes in the
management of various disease conditions and may transform several medical fields.
MRgFUS is performed on an outpatient basis and, in most cases, without general anesthesia.
It holds great potential for improved outcomes, shorter hospitalizations, faster recovery, and
a reduced economic burden on societies for health care.

Early experiences with MRgFUS treatment give good reason to conclude that, without MRI-
guided localization, targeting, and MRI thermometry, the method is inadequate, especially
for treating tumors.

Today the primary use of MRgFUS is thermal ablation of benign and malignant tumors. In
the future, however, nonthermal effects of US will offer new therapeutic platforms, such as
targeted drug delivery and gene therapy. Further advances in acoustic technology and high-
field MRI will likely result in better target definition, improved accuracy, and shorter
treatment times.

At an early stage in its development, MRg-FUS’s safety and efficacy to address specific
diseases must be demonstrated through rigorous clinical trials that are scrutinized by
regulatory agencies including the FDA. In the future, insurance companies must accept
MRgFUS as standard treatment. Physicians and patients may need to be made more aware
of its advantages over conventional treatments.
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Figurel.
Pre- and post-MRgFUS imaging of uterine fibroid. (a) Sagittal T2W image of the uterus shows a single dominant uterine

fibroid, measuring 5.5 cm in AP dimension. (b) Sagittal T1W image after intravenous administration of gadolinium shows
homogeneous nonenhancing tissue in the area of treatment. This corresponds to the area of thermal necrosis. (c) Sagittal T2W
image 24 months after MRgFUS shows the fibroid, now reduced in size (measuring 4.8 cm in AP dimension). (d) Sagittal T2W
image at 36 months after MRgFUS shows continued shrinkage, with the AP dimension now measuring 3.8 cm. Note also the
entire uterus is shrinking. MRgFUS is an effective, noninvasive, FDA-approved treatment for benign uterine fibroids.
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Figure2.
Commercial system for MRgFUS treatment of brain tumors (Exablate 4000, Insightec, Haifa, Israel). (a) MR thermometry

image showing focal heating during a clinical MRgFUS brain tumor treatment. (b) T2-weighted MRI with the focal heating
superimposed. Exablate 4000 uses a hemispherical 1000-element phased-array transducer to sonicate through the intact skull,
providing a completely noninvasive ablation method. The region between the scalp and the transducer is filled with chilled,
degassed water to provide acoustic coupling and cooling. The phased array is used to steer the focal point to different locations
and to correct skull-induced aberrations.
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