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Abstract

Focused ultrasound (FUS) is a noninvasive thermal therapy that utilizes energy
generated from ultrasound waves to ablate a small target area. The ability of FUS
to heat tumors to ablative temperatures in a very precise manner, thereby sparing
surrounding tissues, has been equated to surgery with the advantages of reduced
tissue trauma and recovery time. FUS may also be used to induce moderate
temperature hyperthermia to enhance effects of radiation, chemotherapy, and
potentially immunotherapy. The combination of magnetic resonance guidance
with FUS (MRgFUS) provides the ability to plan, monitor, and steer treatments
in near real-time, further contributing to the safety and effectiveness profile of
FUS. Regulatory clearance for noninvasive palliative treatment of bone
metastases has been realized. Additional palliative and curative treatments for
a wide range of oncologic conditions including prostate, breast, gynecologic,
gastrointestinal and brain cancers, and soft tissue tumors are in active
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development. This chapter provides an overview of MRgFUS including
biological effects and physical parameters description. A comprehensive review
of all currently approved and evolving oncological applications of MRgFUS
then follows. Finally, an overview is provided of wide ranging leading edge
research helping to define future applications for the field including the role of
MRgFUS in multimodality cancer therapy.
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Abbreviations

AE Adverse events

AVM Arteriovenous malformation

BBB Blood brain barrier

BPI Brief pain inventory

BPI-QoL Brief pain inventory-Quality of life

CE European conformity

CR Complete response

CT Computed tomography

DCE-MRI Dynamic contrast-enhanced magnetic resonance imaging
DNA Deoxyribonucleic acid

ECD Endorectal cooling device

FDA Food and drug administration

FUS Focused ultrasound

HCC Hepatocellular carcinoma

HIFU High-intensity focused ultrasound

IBMCWP International bone metastasis consensus working party
EF International index of erectile function

IPSS International prostate symptom score

MDA MD Anderson criteria

MR Magnetic resonance

MRgFUS Magnetic resonance guided focused ultrasound
MR-HIFU Magnetic resonance high-intensity focused ultrasound
MRT MR thermometry

NPV Non-perfused volume

NR No response

NRS Numerical rating scale
OMED Changes in analgesic intake
OR Overall response

PD Progressive disease

PP Pain progression
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PR Partial response

PSA Prostate specific antigen

QLQ-BM22 European Organization for Research and Treatment of Cancer—
Quality of life questionnaire for patients with bone metastases

QoL Quality of life

RF Radio frequency

RR Recurrence

UA Ultrasound applicator

USgFUS Ultrasound guided focused ultrasound
VAS Visual analog scale

1 Introduction

Thermal medicine is an emerging field that is based upon therapeutic manipulation
of temperature. Thermal therapy may be performed with very cold temperatures—
cryotherapy (<—40 °C), or with one of three distinct protocols of elevated tem-
perature: fever-range hyperthermia around 39-41 °C lasting several hours; mod-
erate hyperthermia around 41-45 °C for 30-60 min; and high-temperature thermal
ablation, usually 50-85 °C with heat typically applied to each area of the target for
several seconds (Stauffer 2005). The biologic effects expected from these different
temperature ranges vary widely. At fever-range temperatures, blood perfusion,
permeability of tumor microvasculature, and cellular metabolic rate are increased,
potentially enhancing drug uptake and local activity as well as stimulation of
immune response (Xu et al. 2007; Dewhirst et al. 2012). At moderately higher
temperatures of 41-45 °C, the primary goal is to enhance other forms of therapy
such as radiation or chemotherapy through a number of overlapping effects on cells,
vasculature and tumor physiology. Since higher perfusion improves tissue oxy-
genation and pH, this increases sensitivity to radiation (Vujaskovic et al. 2000),
while the elevated temperature inhibits repair of sub-lethal radiation damage. The
radiobiology of heat combinations with radiation are described in detail in
numerous publications (Dewhirst et al. 2012, 2005; Sneed et al. 2010; Hall and
Giaccia 2006). Combined with chemotherapy, moderate hyperthermia increases
cellular metabolism and nutrient consumption, thus enhancing cellular uptake of
locally concentrated drug (Dahl 1995; Hahn 1979). In addition to enhancing the
local toxicity of systemically administered chemotherapeutics, local hyperthermia
has been shown to increase the extravasation of drug out of leaky tumor
microvasculature and thereby increase local concentration of bioavailable drug
around tumor cells (Dewhirst et al. 2012). This effect may be magnified using
nanoparticle drug carriers such as temperature sensitive liposomes that release drug
rapidly within the transit time through a heated tumor, potentially increasing total
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drug delivery by 20-30 fold (Kong et al. 2000). For temperatures above 48 °C, the
effects on tissue are more direct, with protein denaturation, coagulation and tissue
necrosis following immediately after the heat insult. Besides thermal ablation,
mechanical effects such as cavitation and radiation forces may also induce damage
(Hectors et al. 2016).

Thermal Oncology concerns the treatment of cancer with heat or cold. Optimum
selection of one of the thermal treatment protocols defined above depends on
location and extent of the tumor target. For large or irregularly shaped tumors
extending out into surrounding host tissues, it may be most appropriate to apply
moderate hyperthermia to a large region that encompasses all imageable tumor
including a margin, and rely on synergism of heat with radiation and/or
chemotherapy to accomplish differential tumor kill over a course of fractionated
treatments. For a well-circumscribed lesion in a region of non-critical tissue with
some biological reserve (i.e. liver, muscle, fat), an aggressive heating approach may
be more appropriate that can ablate the entire tumor target with only a thin rim of
surrounding margin. In such cases, focal ablation can accomplish effective thermal
surgery in a single treatment session. For this strategy, a high degree of control of
power deposition is required to produce ablative temperatures within the target
while avoiding overheating of surrounding critical normal tissues.

Numerous reviews clearly describe the capabilities and limitations of available
electromagnetic and ultrasonic heating technologies (Stauffer 2005; Diederich and
Hynynen 1999; Hynynen 1990; Hynynen and McDannold 2004; Lee 1995; Van
Rhoon 2013). Generally, the long wavelength associated with radiofrequency and
microwave heating devices prohibits a tight focus in tissue in lieu of a regional
concentration of heat. On the contrary, typical clinical ultrasound systems have
large multi-transducer arrays on the surface and are able to produce a 1-2 mm
diameter by 3—7 mm long focal region at depth in the body. Each focused ultra-
sound exposure is known as sonication. The high intensity focus quickly ablates
tissue (<10-20 s) so that the focal point can be shifted and the process iterated to
produce overlapping ablation zones that eventually combine into one large ablated
tissue volume (Fig. 1). Because heating only occurs where the ultrasound waves
converge, the surrounding tissue remains unaffected. This procedure is known as
high-intensity focused ultrasound (HIFU) ablation or simply focused ultrasound
(FUS) ablation.

The ability to target tissues deep within the human body depends on the fre-
quency and intensity of the ultrasound wave and the tissue properties through which
the wave must travel. Lower frequency acoustic waves are better suited to penetrate
deep into tissue, but may require more energy to cause thermal tissue ablation;
while higher frequency waves cause heating more easily, but tend to get absorbed
more readily and therefore cannot penetrate into deep tissues. Such parameters can
be manipulated during FUS treatment to maximize energy delivery to the targeted
tissue. Another consideration for planning FUS treatment is the scattering of
ultrasound waves when travelling through different mediums. Most human tissues,
with the exception of bone and fat, have the same acoustic properties as water: for
this reason liquid gel is used to couple extracorporeal ultrasound transducers to
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Transducer

Fig. 1 Schematic of a FUS procedure, a method of focusing sound waves to create heat at a focal
spot at depth in the body. The tissue temperature at the focal spot is elevated to nearly 85 °C in a
matter of seconds, resulting in tissue destruction, while the tissue outside the heat focus remains
unharmed

human skin. Similarly, bone absorbs a high amount of ultrasound energy, which
can lead to unwanted heating along the bone surface while missing the target tissue
(Avedian et al. 2011). These factors must be accounted for when planning and
implementing FUS treatment.

Because thermal ablation of human soft tissue produces an immediate radical
change in tissue properties from the host tissue, the ablation volume can be visu-
alized during treatment via non-invasive imaging. Dependent on location in the
body, the most commonly used approaches are ultrasound and magnetic resonance
imaging (Copelan et al. 2015). Real time monitoring of lesion formation provides
immediate feedback to control movement of the ultrasound focus for successive
ablation events and also offers non-invasive verification of the cumulative extent of
necrosis. Initially, ultrasound was the primary method for image guided ablation.
Due to advances in quality and availability of high resolution MR systems, recent
clinical work is shifting quickly to 1.5 and 3 T magnets for higher resolution
definition of anatomy, metabolic status, and tissue temperature for real-time guid-
ance of ablation procedures (Copelan et al. 2015; Woodrum et al. 2015; Kim 2015).
Images of treatment planning and real-time temperature guidance are provided in
Fig. 2.

Given the wide-ranging applicability of FUS, numerous extracorporeal and
intracorporeal devices (e.g. transrectal, transurethral, intravascular, interstitial, etc.)
have been designed to optimize application-specific treatment delivery. Today,
custom tailored tools for specific organs or clinical situations are available for brain,
breast, prostate, abdominal organs, and bone. These approaches take advantage of
unique devices in order to achieve the best comfort and positioning of the patient as
well as to obtain an effective FUS. At present, three MR-guided systems are
available:
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Fig. 2 Examples of treatment planning/guidance systems for MRgFUS. a Treatment planning/
guidance for the Exablate Neuro system. Planning screens allow the operator to set treatment
parameters, monitor beam path of the transducer array, thermal lesion location, time/temperature
graphs, and ultrasound frequency spectrum (Image courtesy of the INSIGHTEC Ltd.) b Treatment
guidance for the Sonalleve MR-HIFU system demonstrating the “Therapy Wizard” on the left and
monitoring slices in the imaging panel. This system allows the operator to monitor real-time
temperature rise at the target, as well as in near-field and far-field regions (Image courtesy of
Philips)
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Table 1 Summary of ongoing clinical trials on MR-guided FUS for oncological applications

Trial

NCT00981578

NCTO01091883

NCTO01586273

NCTO01693770

NCTO01833806

NCT01834937

NCTO01964677

NCT02616016

NCT02718404

NCT01620359

NCT02407613
NCTO01226576

NCTO01657942

NCT01686958

NCT00147056

NCTO01473485

NCT01698437

NCT02343991

NCT02181075
NCTO01786850

Site

Bone
metastases

Bone
metastases
Bone
metastases

Bone
metastases

Bone
metastases
Bone
metastases
Bone
metastases

Bone
metastases

Bone
metastases

Breast

Breast

Prostate

Prostate

Prostate

Brain

Brain

Brain

Brain

Liver

Pancreas

Patients

50

60

64

18

70

50

12

10

41

200

10
80

40

30

10

10

10

10

28

Device

ExAblate

ExAblate

Sonalleve

ExAblate

ExAblate

ExAblate

Sonalleve

Sonalleve

Sonalleve

ExAblate

Sonalleve
ExAblate

ExAblate

TULSA-PRO

ExAblate
neuro

ExAblate
neuro
ExAblate
neuro
ExAblate
neuro
Sonalleve
ExAblate

Phase

Phase I

Phase III

Phase 11

Phase /I

Phase IV

Phase IV

Phase 11

Phase 11

Phase 11

Phase 11

Phase /I
Phase 11

Phase 1

Phase I

Phase I

Phase I

Phase 1

Phase 1

Phase I
Phase 11

Countries
(centers)

United States (5)

Israel (1)

Korea (1), The

Netherlands (1),

UK (1)
Italy (1)

United States (7)
United States (4)

United Kingdom

1
Canada (1)

Italy (1)

Germany (1)

Netherlands (1)
Canada (1),
Israel (1), Italy
(1), Singapore
(1), UK (1)

United States (6)

United States
(1), Canada (1),
Germany (1)

United States (2)

Canada (1)
Switzerland (1)
Canada (1)

UK (1)
Ttaly (1)

Primary
outcome
Safety

Safety

Pain
palliation

Safety
and pain
palliation
Pain
palliation
Safety

Pain
palliation
Pain
palliation
Pain
palliation

Safety
and
efficacy
Efficacy

Safety
and
efficacy

Safety
and
efficacy

Safety
Safety
Safety
Safety
Safety
Feasibility

Efficacy
(continued)
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Table 1 (continued)

Trial Site Patients = Device Phase Countries Primary
(centers) outcome

NCT01965002 ' Soft 30 ExAblate Phase I/II  United States (1) = Safety
Tissue

NCT02076906  Solid 14 Sonalleve Phase I  United States (1)  Safety
tumors

NCT02536183  Solid 34 Sonalleve Phase I  United States (1) Safety
tumors

NCT02557854  Solid 14 Sonalleve Phase I  United States (1)  Safety
tumors

NCTO02714621 Gynae 35 Sonalleve Phase II | UK (1) Pain
metastases palliation

NCT02528175 Rectum 20 Sonalleve Phase I | Canada (1) Safety

e The Exablate MRgFUS system (INSIGHTEC Ltd., Haifa, Israel), which
received the CE Mark and US Food and Drug Administration (FDA) approval
for treatment of fibroids in 2002 and 2004, and palliative treatment of bone
metastases in 2007 and 2012, respectively. Clinical studies are currently
ongoing in prostate (phase I/Il), breast (phase II), brain (phase I), soft tissue
(phase I/IT) and pancreas (phase II).

e The Sonalleve MR-HIFU system (Koninklijke Philips Electronics N.V., Eind-
hoven, The Netherlands), received CE Mark for the palliative treatment of bone
metastases in 2011. FDA studies for palliative treatment of bone metastases
from breast cancer are in phase II/III clinical trials. Clinical studies are currently
ongoing in breast (phase I/II), liver (phase I), soft tissue (phase I), rectum (phase
II) and gynae metastases (phase I).

e The TULSA-PRO system (Profound Medical Inc., Toronto ON, Canada)
received the CE Mark for treatment of prostate cancer in 2016.

The following sections review the results of ongoing clinical trials (Table 1) in the
primary clinical sites of application while describing existing equipment systems for
MR-guided FUS (MRgFUS), also known as MR-HIFU. The majority of MRgFUS
procedures aim for ablation or thermal surgery, however ultrasound transducers can
operate at a lower intensity to produce therapeutic hyperthermia (40-45 °C) in the
target, which is an adjuvant technique to enhance the therapeutic response of radia-
tion and/or chemotherapy (De Haas-Kock et al. 2009). The chapter ends with an
overview of ongoing research that will help define future applications for the field.
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2 Clinical Applications of MRgFUS
2.1 Bone Metastases

Bone metastases are the most common source of pain in cancer patients (Berenson
et al. 2006). Autopsy studies have shown that up to 85% of patients with breast,
prostate and lung cancer have bone metastases at the time of death, where breast
and prostate cancer patients often have survival measured in years. Based on strong
clinical evidence from phase I, II and III clinical trials, MRgFUS has received both
CE and FDA approvals for management of bone metastases-related pain. The
therapeutic goals of such clinical studies included pain palliation, tumor reduction,
prevention of impending pathologic fractures, and/or tumor decompression
(Rodrigues et al. 2015). The denervation of the periosteum, which contains
pain-reporting nerve fibers, is considered a major factor in pain palliation percep-
tion (Catane et al. 2007). This explains the rapid relief following FUS treatment
which is characterized by significantly higher power deposition in the periosteum
and bone relative to surrounding soft tissues. Tumor debulking caused by thermal
ablation also plays a role since it diminishes the pressure on the adjacent tissue
(Napoli et al. 2013; Hurwitz et al. 2014).

Several hundred patients have been treated who have exhausted, declined, or are
unsuitable for other pain palliation methods. The success of the treatment can be
evaluated based on changes in pain and quality of life scores, as well as decrease in
pain medication usage. These include the Brief Pain Inventory (BPI), a validated
11-point scale for the evaluation of pain (0 = no pain, 10 = unbearable pain) in
cancer patients (Cleeland and Ryan 1994), which has two different names:
numerical rating scale (NRS) and visual analog scale (VAS). Quality of Life
(QoL) is considered an important secondary endpoint in the majority of clinical
studies that address painful bone metastases, and is equally evaluated in a 11-point
scale (Rosenthal and Callstrom 2012) using tools such as the Brief Pain Inventory
(BPI-QoL) (Cleeland and Ryan 1994) or QLQ-BM22, a questionnaire developed by
the European Organization for Research and Treatment of Cancer (Chow et al.
2009). The majority of studies associated response with a > 2-point decrease in
pain at the treated site without increase in analgesic intake. Finally, the MD
Anderson (MDA) criteria has been used to evaluate treatment efficacy via local
tumor control (Costelloe et al. 2010). Quantitatively, these criteria define partial
response (PR) as a decrease of >50% in the sum of the perpendicular measure-
ments of a lesion, and progressive disease (PD) as an increase of >25% in this
sum. A secondary measure is change in tumor size.

Liberman et al. in (2009) published the first multicenter clinical study on the use
of MRgFUS for pain palliation of bone metastases. This report incorporated pre-
viously reported results (Catane et al. 2007) and (Gianfelice et al. 2008), and
comprised of 31 patients with 32 bone lesions. Three-month follow-up was
available for 25 out of 31 patients. A significant reduction in pain (>2 points) was
reported by 72% of patients, with 36% reporting a VAS score of 0. The average
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VAS score decreased from 5.9 prior to treatment to 1.8 at the three-month
follow-up, with 52% of patients reporting substantial pain relief within three days.
24% of patients had no response and one patient experienced worsened pain levels.
A reduction in opioid usage was reported in 67% of patients with recorded medi-
cation data. No major complications were noted.

In 2013, Napoli et al. reported a prospective, single-arm research study with 18
patients treated with MRgFUS for painful bone metastases (Napoli et al. 2013). The
pain severity score changed significantly from a baseline average of 7.1-1.1 at
three-month follow-up. A score of O for pain severity, without medication intake,
was reported by 72% of patients at final follow-up, consistent with a complete
response to treatment. Computed tomography (CT) examinations demonstrated
increased bone density with restoration of cortical borders in five patients (28%).
According to the MDA criteria (Costelloe et al. 2010), a complete response to
treatment was observed in two patients (11%), a partial response in four patients
(22%), stable disease in 10 patients (56%) and progressive disease in two patients
(11%). No treatment-related adverse events were recorded during the study.

The results of a multicenter phase III clinical trial on bone tumors were published
by Hurwitz et al. (2014). 147 patients with metastatic bone pain, refractory to other
pain interventions often including radiation, were randomized to MRgFUS treatment
or placebo treatment. Patients randomized to placebo underwent the same procedure
as those receiving MRgFUS treatment but without energy deposition. The pain
response rates three months after treatment were 64% in the MRgFUS treated arm
versus 20% in the placebo arm. Complete pain relief was observed in 23% of treated
patients, compared to 6% of patients who received placebo treatment. Approxi-
mately two-thirds of responders experienced significant pain relief—as defined by a
decrease in worst NRS score of 2 points or more—within three days of treatment,
establishing the ability of MRgFUS to induce fast pain response. This response was
accompanied by a similarly rapid improvement in patient function scores. The most
common complication was pain during MRgFUS treatment (32%) and major
complications occurred in 3% of treated patients: two patients had pathological
fractures and one patient had third-degree skin burn. However, one fracture was
outside the treated area, and the skin burn was due to a violation of the inclusion
criteria protocol. Furthermore, the majority of adverse events (60%) were transient
and resolved on the treatment day and 51 patients (46%) had no adverse events.

The phase III trial as reported by Hurwitz et al. was subject to a retrospective
analysis of the safety of combination MRgFUS with active systemic chemotherapy
(Meyer et al. 2014). Chemotherapy data were available for 104 patients and patients
were followed for three months. Ninety patients were treated without chemother-
apy, and 14 were treated with chemotherapy. There was no significant difference
between the response rates of the chemotherapy group (71%) and the
non-chemotherapy group (68%) with p = 0.78. The overall adverse event rates
were 57% for chemotherapy patients and 45% for non-chemotherapy patients
(p = 0.38), whereas the sonication pain was 50% and 28% for the same groups
(p = 0.11), respectively. Remaining adverse event rates were not significantly
different (p = 0.17).
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Several single-arm trials have since been published supporting the safety and
efficacy demonstrated in the phase III clinical trial. A prospective multicenter study
with 72 patients was performed to evaluate the efficacy of MRgFUS for pain
palliation of bone metastasis in patients who had exhausted radiotherapy or refused
other therapeutic options (Zaccagna et al. 2014). Thirty four patients (47%) reported
complete response to treatment and discontinued medications. Twenty nine patients
(40%) experienced a pain score reduction >2 points, consistent with partial
response. The remaining 9 patients (13%) had recurrence after treatment. Signifi-
cant differences between baseline (VAS = 6) and follow-up (VAS = 2) average
values and medication intake were observed. Similarly, a significant difference was
found for QLQ-BM22 between baseline and follow-up. No treatment-related
adverse events were recorded. Bazzocchi et al. (2015) evaluated the clinical out-
come of 64 patients (90 lesions) with painful bone metastases that were treated with
MRgFUS. The treated lesions ranged between 1 and 14 cm. On a lesion-based
approach, average VAS score at baseline was 5.3 decreasing to 2.7 at one month,
and to 1.8 after 12 months. Two treatment-related adverse events (3%) were
reported: a single case of small skin burn and one case of prostate inflammation in a
patient treated to the ischiopubic ramus. More recently, Gu et al. treated 23 patients
with painful bone metastases with NRS >4 and that have not received radio-
therapy or chemotherapy for pain palliation at least two weeks prior to MRgFUS
treatment (Gu et al. 2015). Adverse events included pain in therapeutic area (13%),
which relieved spontaneous within one week and numbness in lower limb (4%) that
relieved after physiotherapy. Before treatment the average NRS was 6.0, which
decreased to 3.7 and 2.2 at the one-week and three-month follow up, respectively.
In the same timeframe, the average BPI-QoL score decreased from 39 to 27 and 21;
and the QLQ-BM22 score decreased from 52 to 44 and 39, respectively. The
clinical benefits of pain palliation and patient’s quality of life improved and were
sustained after treatment at least to three months.

Further studies have introduced innovative approaches to treatment delivery. In
2014, Huisman and colleagues reported the first experience with volumetric
MRgFUS for palliative treatment of painful bone metastases in 11 patients, a tech-
nique intended to reduce treatment time (Huisman et al. 2014). Three days after
treatment, the pain score NRS decreased significantly from baseline median of § to 6
correlating with a response in six patients (55%). At one-month follow-up, which was
available for nine patients, there was no pain recurrence, pain scores decreased sig-
nificantly compared to baseline, and six patients (67%) obtained pain response. No
treatment-related major complications were observed. More recently, Joo etal. (2015)
evaluated the safety and effectiveness of a novel MRgFUS Conformal Bone System
for the palliation of painful bone metastases. As opposed to table mounted systems,
this applicator can be positioned on the target area with the patient in any position
thereby optimizing patient comfort. Six painful metastatic bone lesions in five patients
were treated and all patients showed significant pain relief within two weeks. Two
patients experienced complete pain reduction that lasted for one year. The size of the
enhancing soft tissue mass in metastatic lesions decreased, and new bone formation
was seen on follow-up images (Fig. 3). No severe adverse events occurred.
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Fig. 3 Patient imaging before and after MRgFUS treatment for bone metastases. Comparison of
a DCE-MRI before treatment and b at 90 days after treatment—note the decrease in size of the
enhancing mass. Comparison of ¢ CT before treatment and d at 90 days after treatment—note the
new bone formation (arrow). e Further new bone formation (arrow) was seen on CT at one year
post-treatment. Adapted with permission from Joo et al. (2015)

In summary, MRgFUS provides fast and durable relief of painful bone metas-
tases as well as improved function in patients who failed or who are not candidates
for radiation (Table 2). Given the impact of these clinically significant results,
coupled with a favorable side effect profile, MRgFUS can now be considered a
viable treatment option for painful bone metastases. Further studies are underway to
assess the role of MRgFUS as a first-line therapy for patients with bone metastases
(Table 1).

2.2 Breast Cancer

The first feasibility studies for use of MRgFUS in treatment of breast cancer date
back over 15 years. Initial rates of complete or near complete ablation were
20-50%, but with ongoing refinement of the technique, more impressive results are
now being reported. The first case report of MRgFUS for treatment of breast cancer
was reported by Huber and colleagues (2001). The investigators described their
experience with a patient who underwent MRgFUS five days prior to breast con-
servation surgery. Gianfelice and colleagues were the first to report on the accuracy
of MRgFUS for treatment of a series of breast cancer patients, according to a
treat-and-resect protocol. Twelve patients with invasive breast cancer were treated
with two MRgFUS systems prior to surgery (Gianfelice et al. 2003). Histopatho-
logical analysis of resected tumor revealed a mean of 88% of cancer tissue necrosed
in nine patients treated with the second generation system. However, residual tumor
was noted at the periphery of the tumor in all patients, indicating the need for larger
ablation margins in the range of 5 mm around the MR defined tumor. The complete
list of studies can be found in Table 3.

Noting the importance of defining treatment effect with imaging, these investi-
gators subsequently assessed the value of DCE-MRI parameters to monitor residual
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umor following MRgFUS treatment of breast tumors. DCE-MRI data were acquired
before and after the MRgFUS treatment of 17 patients with breast tumors <3.5 cm.
Tumors were surgically resected and the presence of residual tumor was determined
by histopathological analysis. The percentage of residual tumor was correlated with
three DCE-MRI parameters measured at the maximally enhancing site of each
tumor. Notably, complete necrosis or less than 10% residual tumor was observed in
76% lesions at the time of surgery including 23% with complete response.
Allowing for a seven day post-treatment delay, a good correlation was found
between the DCE-MRI parameters and the percentage of residual viable tumor
determined by histopathology. The authors concluded the results suggest that
parameters from DCE-MRI data can provide a reliable non-invasive method for
assessing residual tumor following MRgFUS treatment of breast tumors (Gianfelice
et al. 2003).

In a follow-up report on 24 women with a single biopsy proven breast carcinoma
who were not surgical candidates, MRgFUS was used as an adjunct to tamoxifen.
Biopsy was performed after six month follow-up and retreatment with MRgFUS
was performed if residual tumor was present, in which case a second biopsy was
performed one month later. Treatment was well tolerated with only one
second-degree skin burn associated with treatment. Overall, 79% had negative
biopsy results after one or two treatment sessions. The presence of enhancement or
lack thereof on follow-up MR imaging appeared to correlate well with biopsy
findings (Gianfelice et al. 2003). Zippel et al. reported the results of a phase I trial
with use of the same MRgFUS system with similar results (Zippel and Papa 2005).
They treated 10 patients followed by lumpectomy one week later with complete
necrosis noted in two patients. Khiat et al. (2000) further assessed tumor eradication
and the effect of post-treatment delay for evaluation of MR images on the presence
of residual cancer. Twenty-five patients with 26 tumors underwent histopatholog-
ical analyses following MRgFUS showed no residual cancer in eight lesions (31%)
and <10% residual cancer in 11 lesions (42%). They too recommended an interval
of approximately seven days to determine the effectiveness of MRgFUS. More
recently Napoli have reported a complete response rate of 90% and partial response
rate of 10% in 10 patients treated with a 3 T system (Napoli et al. 2013), with a
successful example shown in Fig. 4.

In follow-up to an initial feasibility report (Furusawa et al. 2006), Furusawa and
colleagues published their experience with 21 cases of biopsy-proven invasive and
noninvasive ductal carcinoma of the breast treated by MRgFUS. Median tumor size
was 15 mm ranging from 5 to 50 mm. Seventeen patients received a single treat-
ment and four patients were treated twice. With median follow-up of 14 months,
one patient experienced local recurrence, with the remaining patients demonstrating
no evidence of radiographic recurrence. Treatment was well tolerated, with skin
burns in two patients (Furusawa et al. 2007). Furusawa subsequently has reported
an update on an expanded cohort of 87 patients treated since 2005. The main
inclusion criteria were biopsy-proven breast cancer up to 15 mm in size and
well-demarcated mass seen in DCE-MRI. Postoperative needle biopsy was per-
formed again within three weeks after ablation. The median age was 56 years and
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Fig. 4 Patient with breast cancer. a Gadolinium-enhanced T1 gradient recalled echo fat-saturated
axial image shows the malignant highly vascular nodule. b After MRgFUS treatment, no residual
enhancement of ablated lesion is detectable. Reprinted with permission from Napoli et al. (2013)

the average tumor size was 11 mm. With a median follow-up period of 68 months,
no severe adverse events were noted. Local recurrence developed seven years after
the initial treatment in only one invasive breast cancer case. There were no distant
recurrences noted (Furusawa et al. 2015).

MRgFUS appears to be a promising method for replacing some surgical breast
procedures with potential cosmetic benefits in very carefully selected patients. Two
phase I/IT clinical trials are current accruing patients for further confirmation of
safety and effectiveness of this noninvasive procedure (Table 1).

2.3 Prostate Cancer

The most extensive clinical use of FUS has been for prostate cancer. Techniques
include transrectal and transurethral approaches, with either whole gland or focal
ablation. Of the tens of thousands of patients treated to date, almost all have been
treated using ultrasound guidance, with regulatory approvals achieved in Europe,
Asia, and recently in the United States. Although only a small fraction of prostate
patients have been treated with MR guidance (Table 4), MR offers significant
advantages over ultrasound guidance. These advantages include much better
defined targeting with DCE-MRI and real-time temperature guidance to ensure
adequate tumor ablation while protecting critical normal tissues such as urethra,
bladder neck, rectum, and neurovascular bundles.

To date, five preliminary feasibility studies of MRgFUS for treatment of prostate
cancer have been published, all involving eight or fewer patients treated with
transurethral (Siddiqui et al. 2010; Chopra et al. 2012) or transrectal approach
(Lindner et al. 2012; Napoli et al. 2013; Ghai et al. 2015). Taken together, these
studies have demonstrated the ability of MRgFUS to effectively treat the intended
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1. Prostate 3. Rectal Wall
2. UA 4, ECD Tt

T
Sub-lethal Late cell kill Acute cell kill

Fig. 5 Example MRI findings through the prostate mid-gland. a Treatment planning transverse
MR image, showing the TULSA-PRO device in a patient: transurethral Ultrasound Applicator
(UA) and Endorectal Cooling Device (ECD). b Maximum temperature measured during
ultrasound treatment using real-time MR thermometry; the acute cell kill target temperature
(> 55 °C) was shaped accurately and precisely to the treatment plan (black contour). ¢ DCE-MRI
image acquired immediately after treatment, demonstrating the hypointense region of non-perfused
prostate tissue concordant with the acute ablative temperatures on MR thermometry. d Corre-
sponding location in the prostate at 12-month follow-up, showing 85% reduced prostate volume.
Image courtesy of Profound Medical Inc

targeted areas with few or no adverse effects. More recently, Chin et al. reported a
series of 30 patients treated with a 3T MR guided transurethral system (Fig. 5). At
the 12-months follow-up, a 14% complete and 55% partial response rates were
noted with median PSA declining from 5.8 ng/ml pre-treatment to 0.8 ng/ml at
12 months. Urinary IPSS score improved slightly from 8 to 5 over the same period
with no change in sexual function as measured by the IIEF. One major adverse
event (epididymitis) was noted with all other toxicities scored as minor including
50% hematuria, 33% urinary tract infections, and 27% acute urinary retention (Chin
et al. 2016).

At present, two phase I and one multi-institutional phase II study have been
opened to assess the use of MRgFUS partial gland ablation in subjects with low or
low-intermediate risk prostate cancer (Table 1). In the latter (NCT01226576), 80
patients with cTlc and cT2a, NO, MO, PSA <10 ng/ml and Gleason score 6 or 7
who may currently be on watchful waiting or active surveillance and not in need of
imminent radical therapy are eligible. Up to two cancerous lesions may be identified
for MRgFUS ablation in the prostate with each tumor not exceeding more than
10 mm in maximal linear dimension.

2.4 Brain Cancer

MRgFUS has great potential for treating brain tumors, because the technique could
be used to ablate targeted tissue without injuring the normal brain. The main
challenge for FUS in the brain is the high energy absorption in bone, which leads to
excessive heating in the skull and adjacent brain parenchyma (Kobus and
McDannold 2015). In addition, local variations in the skull thickness acts as
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defocusing lens (Hynynen 2010). Despite these challenges, several advances have
now accelerated the development of transcranial MRgFUS. First, it was discovered
that a relatively sharp focus can be produced through intact skull using a low
frequency phased array (Sun and Hynynen 1998; Hynynen and Jolesz 1998)
coupled with software that compensates for skull-induced distortions of FUS
(Aubry et al. 2003). The skull heating problem can be overcome using a phased
array applicator with large surface areas that spread the ultrasound energy over
much of the skull (Sun and Hynynen 1999; Clement et al. 2000). Second, modern
medical imaging can provide enough information to allow precise focusing non-
invasively (Clement and Hynynen 2002; Pernot et al. 2003). The development of
sophisticated MR imaging sequences permit high-resolution visualization of brain
targets, as well as real-time tissue temperature maps, thus allowing real-time
monitoring and guidance for FUS (McDannold and Jolesz 2000; Hynynen et al.
2000; Ishihara et al. 1995; Odeen et al. 2014).

In 2006, Ram and colleagues reported a phase I clinical study to treat three
patients with recurrent glioblastoma multiforme (Ram et al. 2006). Prior to
MRgFUS treatment, patients underwent a standard craniotomy over the tumor area
to create the bony window necessary for penetration of the ultrasound waves.
Histological analysis in one patient showed sharp delineation between viable tumor
and thermocoagulated tumor at the treated site. One patient made an uneventful
recovery, but nine months later showed evidence of tumor progression and died of
her disease 10 months after the MRgFUS treatment. The remaining two patients
were still alive after 33 and 38 months. Two adverse events were reported, a mild
left hemiparesis that developed three days after treatment in one patient and mild
transient worsening of preexisting dysphasia in another patient.

McDannold et al. (2010) published their experience with a dedicated MRgFUS
system for brain applications (512 elements, 670 kHz) in three patients with
high-grade glioma. All patients underwent the procedure under conscious sedation
and tolerated the procedure well. Their results suggest that it is feasible to heat
tumors in the brain without overheating the tissue at the brain surface and without
performing a craniotomy. However, the targetable regions may be limited to
deep and central locations in the brain. Nonetheless, these are precisely the loca-
tions where surgery is challenging or not an option. After this experience several
technical adjustments were implemented (Lipsman et al. 2014), leading to an
improved system with a conformal hemispherical shape (Fig. 6). This system has
now been used to treat more than 200 patients with a range of neurological dis-
orders through precise thermal ablation. No severe adverse events have been
observed and the device has received regulatory approvals for treatment of
movement disorders (essential tremor and Parkinson’s tremor) and neuropathic
pain in several countries (Foley et al. 2015).

Motivated by the excellent results in non-oncological applications, Coluccia and
colleagues reported a case report to demonstrate feasibility and safety in a patient
with recurrent glioblastoma (Coluccia et al. 2014). The patient received local
anesthesia for the positioning of a stereotactic frame. Post-operative MR images
showed well circumscribed areas of non-enhancing volumes at the location of
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Fig. 6 a Commercially available transcranial MRgFUS system, which integrates a 650 kHz
hemispheric array with 1024 ultrasound transducers into a clinical MRI system. The patient’s head
is fixed to the system in a stereotactic frame and a diaphragm placed around the patient’s scalp
before filling the transducer with degassed water to allow ultrasound waves to propagate into the
head (Courtesy of INSIGHTEC Ltd.). b Treatment planning is based on initial MRI scans, with
modelling to plan the dynamic scanning of heat focus for contiguous heating of large tissue
volumes (Courtesy of IT’IS Foundation, Ziirich, Switzerland)

sonicated tumor tissue. No adverse events were reported. While the total ablation
volume is substantial (0.7 cc), it is still relatively small, i.e., 10% of the enhancing
tumor volume (6.5 cc), and not sufficient for significant cytoreduction as is the key
for sustained tumor control. Nonetheless, this result demonstrated, for the first time,
the feasibility of using noninvasive transcranial MRgFUS to safely ablate brain
tumor tissue.

2.5 Liver Cancer

Invasive thermal ablations with radio frequency (RF) or laser-probes have been
shown to increase local tumor control and survival in patients with primary or
metastatic liver tumors (Lin 2009). The use of FUS to ablate tumors deep in the
liver offers the first completely noninvasive alternative to these techniques and it
has been widely tested with US imaging guidance (USgFUS), mostly in China (Wu
2006; Wu et al. 2004). In a clinical trial with 55 patients with large (average 8 cm)
hepatocellular carcinoma (HCC), Wu et al. demonstrated a complete ablation rate
up to 69% without major complications, overall survival rates of 62% at 12 months
and 35% at 18 months (Wu et al. 2004). Leslie et al. (2008) reported a phase Il
efficacy trial that showed USgFUS to be feasible. Using USgFUS, Xu et al. (2011)
reported a two-year survival rate of 80% in patients with stage Ib HCC, 51% in
stage Ila, and 47% in stage Illa. In patients with unresectable HCC receiving
USgFUS, it was demonstrated one- and three-year survival rates of 88% and 62%,
respectively (Ng et al. 2011). Chan and colleagues evaluated the feasibility of
USgFUS and patient survival in 27 patients with recurrent HCC (average tumor size
of 1.8 cm) after first-line therapy with either hepatectomy or RF ablation at a
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median follow-up of 28 months. Complete tumor ablation was obtained in 85% of
the patients. The three-year overall survival rate was 70% (Chan et al. 2013).

The principal feasibility of USgFUS ablation has been proven and extensively
validated for parenchymal abdominal organs; introduction of MR-guidance in this
field should thus be considered a natural evolution of this modality. There are only
occasional reports of MRgFUS ablation in abdominal organs, mostly on animal
models of liver tissue (Kopelman et al. 2006; Courivaud et al. 2014), with clinical
trials in humans still ongoing (Table 1). Human treatments have been implemented
so far with suspended respiration, which requires intubation and anesthesia. This
respiratory gating approach overcomes liver motion during MR temperature mea-
surement and also allows accurate targeting (Okada et al. 2006; Tokuda et al. 2008).
More recently, real-time liver motion compensation has been developed and tested
both in animal models (Quesson et al. 2011; Zachiu et al. 2015; Wijlemans et al.
2015; Holbrook et al. 2014) and in healthy volunteers (Napoli et al. 2013),
potentially providing a chance for more accurate MRI guidance of liver ablation.
Another difficulty in using FUS for abdominal targets is the presence of intervening
anatomy such as ribs and bowel, which limit the acoustic window. To overcome
this problem, sonications are delivered only between the ribs (Quesson et al. 2010;
Zhou 2011).

So far, only single case reports were documented on the use of MRgFUS for
treatment of liver cancer for a patient with HCC that refused RF ablation (Okada
et al. 2006). The tumor measured about 15 mm in diameter and was located in the
lateral segment of the liver, where there was no rib or bowel loop in the path of the
ultrasound beam. Using respiratory gating, the tumor was completely ablated. In
2013, Napoli et al. performed a successful MRgFUS ablation in one patient with
unifocal HCC, who was not eligible for other treatment options (Napoli et al. 2013).
Post-treatment follow-up revealed a decrease of a-fetoprotein compared to baseline
levels. Treatment efficacy was evaluated with DCE-MRI, revealing an extensive
decrease of contrast uptake from tumor after MRgFUS ablation compared to
baseline examination, correlating with significant reduction of symptom severity.
More recently, Anzidei et al. (2014) presented a study designed to evaluate the
feasibility and safety of MRgFUS for treatment of solid tumors in the upper
abdomen, including one patient with HCC. Treatment response was evaluated by
assessing the non-perfused volume (NPV) of ablated tissue at MR and the degree of
pain severity. Immediately after treatment and at one-month follow-up, the lesion
showed complete ablation (100% NPV); six-month follow-up images showed a
small focus of recurrent tumor tissue along the lateral edge of the ablation zone,
with a NPV of 85%. Histological analysis after liver transplantation showed fibrosis
in the ablated area with minimal local tumor recurrence.

In summary, MRgFUS for liver lesions is still at an early stage due to the limited
therapeutic window through the ribcage and complications from respiratory motion.
Nonetheless, the aforementioned case studies indicate that MRgFUS for liver
ablation is feasible. The integration of recent technology will allow the use of a
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higher number of phased-array elements and MRI-based tracking and gating, which
will permit the acoustic beams to be synchronized with the moving organ to allow
treatment of freely breathing patients.

2.6 Pancreatic Cancer

Anzidei and colleagues have reported the results of a pilot study with six patients
assessing feasibility, safety, pain palliation, and potential for local tumor control
with MRgFUS for pancreatic cancer (Anzidei et al. 2014). Outcome assessments
with a follow-up between three and six months were based on imaging for
response, yielding a 83% complete and 17% partial response rates. The VAS scale
was used to assess pain and it decreased from an average of 7.3 pre-treatment to 3.8
one month post-treatment, which was consistent with a clinically meaningful
improvement in pain. More recently, Jove-Vidal and colleagues reported encour-
aging results with USgFUS in 45 patients with unresected tumors treated between
2008 and 2015 with 83% overall response rate as assessed at eight weeks, with an
encouraging median survival of 16 months and overall survival of 34% at five-year
follow-up. The toxicity profile included the following major complications: severe
pancreatitis (4%), third-degree skin burn that required plastic surgery (4%), and
duodenal perforation (2%). These early results with USgFUS await validation
including with use of MR-guided techniques (Vidal-Jove et al. 2016).

2.7 Soft Tissue Tumors

MRgFUS clinical studies for soft-tissue tumors are limited. In 2015, Ghanouni and
colleagues reported a clinical study with seven patients with desmoid tumors, two
patients with arteriovenous malformation (AVM) and one patient with a sarcoma in
the thigh (Ghanouni et al. 2015). The average NPV for desmoid tumors
(42-1010 cc) was 58%, whereas the sarcoma (20 cc) was 97%. Five of the desmoid
tumor patients were included in a subsequent multicenter trial with 15 patients
(Ghanouni et al. 2016). The median viable targeted tumor volume decreased 63%,
corresponding to a decrease from 105 to 54 ml in volume. Pain response was also
assessed, with a significant pain reduction (NRS) from 6 to 1 after MRgFUS
treatment. Only minor complications were observed. The authors concluded that
MRgFUS may safely and effectively treat extra-abdominal desmoid tumors.
Further studies are required to assess the role of MRgFUS as first-line therapy in
patients with soft tissue tumors. There are currently three clinical trials open for
accrual, including a phase I/Il study to determine the safety and efficacy of
MRgFUS in the treatment of soft tissue tumors of the extremities (NCT01965002)
and a phase I study to determine if MRgFUS is safe and feasible for treatment of
children with refractory or relapsed solid tumors (NCT02076906). The last clinical
study is a multimodality approach that aims to determine whether Doxil (liposomal
doxorubicin) given prior to MRgFUS hyperthermia is safe for the treatment of
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pediatric and young adult patients with recurrent and refractory solid tumors
(NCTO02557854). A preliminary report of this trial included seven tumors in six
patients with osteosarcoma (n = 3), Ewing sarcoma (n = 3) and neurofibrosarcoma
(n =1). The MR thermometry (MRT) quality results of lower extremities was
sufficient to control MRgFUS hyperthermia, but motion compensation or breath
may be required to achieve reliable MRT in pelvic and abdominal tumors in
pediatric patients (Laetsch et al. 2016).

2.8 Cervical Cancer

The first MRgFUS application to receive clinical certification was the treatment of
uterine fibroids that received CE Mark in 2002 and FDA approval in 2004 (Dick
and Gedroyc 2010). Despite the success in treating these benign neoplasms of the
uterus (Clark et al. 2014), only one clinical case of treating cervical carcinoma with
MRgFUS has been reported. Machtinger et al. (2008) presented a case report for
pain relief in a 29-year-old patient suffering from recurrent cervical carcinoma. This
patient failed traditional treatments and underwent two MRgFUS treatments two
weeks apart, resulting in a substantial decrease in pelvic pain. No adverse events
were reported during the procedure or during the follow-up. The patient remained
free of pain for four months after treatment. A 35 patient pilot study started in 2016
to determine whether or not it is feasible to use MRgFUS to treat symptomatic pain
and bleeding from recurrent gynecological malignancies with an acceptable safety
profile (NCT02714621).

2.9 Colorectal Cancer

The colon and rectum sites are particularly difficult to heat with noninvasive
focused ultrasound due to the shadowing effect of the sacral bone. In 2004,
researchers in China published a study suggesting that USgFUS ablation combined
with radiation could be safe and effective in patients with rectal carcinoma
(Jun-Qun et al. 2004). Later, in 2011, researchers in London reported a single case
of advanced, recurrent rectal carcinoma treated with transrectal focused ultrasound
(Monzon et al. 2011). These limited clinical results have been supplemented with
promising preclinical studies. A recent preclinical study showed that FUS along
with gold nanoparticles and pulsed light, could shrink tumors (Sazgarnia et al.
2013), and another preclinical study suggested that FUS can enhance the targeted
delivery of chemotherapy (Park et al. 2013).

Clearly, recurrent rectal cancer is a vexing clinical problem and current
retreatment protocols have limited efficacy (Ahmed et al. 2014). With this in mind,
a clinical trial was designed to test the hypothesis that MRgFUS hyperthermia is
technically feasible and can be safely used in combination with concurrent reirra-
diation and chemotherapy for the treatment of recurrent rectal cancer without
increased side-effects (NCT02528175). The first report from this trial includes a
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patient with rectal recurrence in the pelvic sidewall. During MRgFUS, the patient
was under conscious sedation, and provided verbal feedback to the physician to
decide when to pause the treatment. The patient did not report pain, and has no
adverse effects after 90 days of follow-up. Therapeutic temperatures were achieved
with no treatment-related toxicity (Chu et al. 2016).

2.10 Emerging Clinical Applications of MRgFUS

MRgFUS treatment of renal disease must overcome many similar challenges as
reported for treatment of liver cancer due to their similar location in the ribcage
(Quesson et al. 2011). For this reason, the clinical trial NCT01197820 addressed the
technical feasibility of MRgFUS for treatment of both liver and kidney with a focus
on challenges related to organ motion. The safety and feasibility of USgFUS was
previously established in 2003 (Wu et al. 2003) and later in 2005 (Illing et al.
2005), but the ablation of liver tumors was achieved more consistently than for
kidney tumors: 100% versus 67%, assessed radiologically. The primary reason
relates to higher blood perfusion in kidneys, which carries away heat more effi-
ciently than in liver (Quesson et al. 2011). A recent preclinical study reported the
use of MRgFUS to create renal lesions on six mechanically-ventilated pigs (Saeed
et al. 2016). Histopathology examinations and DCE-MRI showed presence of
coagulative necrosis, interstitial hemorrhage and vascular damage in the renal target
lesions. The authors suggested that in order to address the high blood perfusion in
kidneys, the MRgFUS could be used to mediate vascular occlusion prior to tar-
geting the tumor.

One of the most recent target applications for MRgFUS is head and neck cancer.
Although there are no current clinical results, Lee and colleagues published the
clinical protocol of a pilot study to assess safety, toxicity and feasibility of
MRgFUS in the head and neck region (Lee et al. 2016). This prospective trial plans
to recruit 10 patients to undergo MRgFUS prior to palliative radiotherapy. The
authors hypothesize that treatment will cause de-vascularization and necrosis of the
targeted lesion by heating the tissue to 55-90 °C during approximately 30 s. Also, a
margin of 1 cm will be left between the ablation zone and neighboring critical
structures. Serious adverse events and toxicity will be evaluated at 1, 7, 14, 30,
90 days follow-up, and post-MR imaging will be performed. In addition, clinical
studies are under consideration to examine the use of MRgFUS to enhance standard
chemo-radiotherapy treatments of locally advanced, unresectable head and neck
tumors.

Pre-clinical work has been completed or is ongoing for several additional clinical
applications. Because of diaphragm movement and air content of ventilated lungs,
lung tumors have never been treated with FUS (Wolfram et al. 2014). However,
Lesser et al. proposed flooding one lung to produce a suitable acoustic pathway to
treat lung tumors with MRgFUS. This approach was investigated in in vivo pig
models and in ex vivo human tissues (Wolfram et al. 2014; Lesser et al. 2016). In
other site, Karakitosis et al. presented a feasibility study to induce thermal ablation
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in the vertebral body and intervertebral discs using MRgFUS. The study demon-
strated that the heating pattern could induce thermal ablation in the target, with no
damage in adjacent critical structures such as nerves (Karakitsios et al. 2016). The
feasibility of esophageal thermal ablation using intraluminal MRgFUS has also
been demonstrated in a preclinical setting (Melodelima et al. 2005).

3 Future Directions

Increasing clinical interest in MRgFUS has fueled continued development of the
modality for a variety of clinical applications. Future directions within the field are
expected to utilize ongoing research in both the MR and ultrasound fields to further
leverage current advancements. These advancements are in various stages of
development or early clinical adoption and are expected to benefit the field of
MRgFUS for oncological applications.

3.1 Targeted Drug Delivery

A variety of applications using MRgFUS for targeted drug delivery have recently
been presented in the literature. The applications generally focus on areas that are
amenable to both MR and US imaging, and that have also presented historical
challenges for delivery of therapeutics. One such area is the localized delivery of
therapeutic agents across the blood brain barrier (BBB). Delivery of therapeutics
from the vasculature to brain extracellular fluid is greatly limited by the presence of
tight junctions, which restrict passage of molecules larger than 400 Da or those that
form greater than eight hydrogen bonds with water. These exclusions rule out direct
passage of over 99% of therapeutic drugs (Pardridge 2005). However, as ultrasound
waves propagate through tissue, they interact with dissolved gases in a process
known as cavitation, leading to the formation of gas-filled microbubbles that has
been shown to temporarily increase BBB permeability (De Smet et al. 2013; Liu
et al. 2012; Diaz et al. 2014; Nance et al. 2014; Marquet et al. 2011). Using this
approach, Nance et al. (2014) demonstrated in rats that MRgFUS enables delivery
of 60 nm nanoparticles across the BBB when disrupted by microbubble cavitation,
making localized delivery of drugs to the brain feasible. This approach has also
been demonstrated in non-human primates (Marquet et al. 2011), and a
first-in-humans clinical trial is currently underway for the delivery of doxorubicin to
solid brain tumors (NCT02343991). In addition, it has been shown in a preclinical
setting (via both MRI and histological analyses) that the BBB reverts to its original
structure without permanent damage within four hours after the end of the soni-
cation (Tung et al. 2011).

Targeted drug delivery can be achieved using MRgFUS by encapsulating the
drug of choice within either a temperature or acoustic pressure sensitive carrier.
These carriers can be injected systemically, but release their contents only when
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triggered within the targeted area. Temperature-sensitive liposomes have been
fabricated to deliver anticancer drugs at moderate temperatures (Ponce et al. 2006;
Escoffre et al. 2013; Zagar et al. 2014). After systemic injection, these liposomes
aggregate within the tumor space either as a function of the enhanced permeation
and retention effect, or through passive targeting with the conjugation of
tumor-specific peptides on the surface of the carrier (Ponce et al. 2006). Localized
hyperthermia using MRgFUS can then be used to generate localized release of the
chemotherapeutics. Similarly, drugs can be conjugated or encapsulated within
ultrasound-sensitive microbubbles or nanoemulsions, and their localized release
triggered with focused ultrasound (Rapoport et al. 2013; Eisenbrey et al. 2010,
2015). These results have demonstrated significant advantages in preclinical cancer
models (Cochran et al. 2011; Zhu et al. 2016), and eventual clinical trials are
expected.

Similar approaches using the combination of MRgFUS and microbubble cavi-
tation have been used in gene transfection applications. Gene therapy translation
has generally suffered from low overall delivery and transfection efficiencies
(Al-Dosari and Gao 2009). Using the bioeffects described above, different groups
have shown improved delivery and transfection efficiencies using the combination
MRgFUS and microbubble cavitation. This work is currently in preclinical stages
and covers a wide range of applications including improved gene transfection in the
spinal cord (Weber-Adrian et al. 2015), treatment of cardiovascular disease (Chen
et al. 2013), and solid tumors (Carson et al. 2011). These encouraging results are
expected to translate to pilot clinical trials in the near future.

3.2 Image Optimization

3.2.1 Image Fusion

As imaging modalities, the inherent strengths and limitations of MR and ultrasound
make them natural adjuncts in diagnostic imaging. MR suffers from relatively low
temporal resolution making guidance difficult in soft tissues prone to respiratory
motion such as the liver and kidneys (Napoli et al. 2013). USgFUS for liver and
renal tumors is more prevalent in the literature in part due to the favorable cost and
ability of ultrasound image guidance to effectively deal with organ motion (Sch-
lesinger et al. 2013). However, hepatic lesions visible on MR may not be seen on
ultrasound imaging, particularly lesions less than 2 cm and those closer to the
diaphragm (Lee et al. 2010), limiting the ability to ablate these masses with
USgFUS. Image fusion systems may be an alternative to these limitations. These
systems use co-registration of MR or CT image stacks with real-time ultrasound
data using magnetic sensors attached to the ultrasound transducer and a stationary
reference center stationed near the patient (Ewertsen et al. 2013). Electromagnetic
needle tracking systems can also be implemented for MR/US fusion guided pro-
cedures and have been used for a variety of interventions including liver and kidney
mass biopsy and ablation and targeted prostate biopsy (Ewertsen et al. 2013). These
approaches have improved confidence in targeting technically challenging lesions
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(Kang and Rhim 2015) and should be applicable to FUS therapies in the future. As
an alternative, but similar approach, MR compatible ultrasound transducers have
also been developed enabling real-time MR/US hybrid guidance (Petrusca et al.
2013). This approach would benefit from the inclusion of both the real-time motion
compensation of ultrasound guidance and MR-thermometry treatment monitoring.

3.2.2 Synergistic MR and US Contrast Agents

Multimodality contrast agents are expected to be useful for MRgFUS. These agents
will enable better image guidance and monitoring by improving visualization of
targeted regions on both modalities. Additionally, inclusion of ultrasound contrast
agents or nanoemulsions have been shown to lower cavitation thresholds in FUS,
thereby selectively sensitizing areas of interest to tissue heating (Kopechek et al.
2014; Farny et al. 2010). Multimodality contrast agents for ultrasound and MR
imaging have been developed consisting of microbubbles with either iron oxide or
gadolinium in the shell (Teraphongphom et al. 2015). More recently, these particles
have been modified to include doxorubicin for potential targeted cancer therapy
(Teraphongphom 2016). An example of this work is provided in Fig. 7, showing
attachment of iron oxide nanoparticles conjugated to a poly-lactic acid microbubble
on transmission electron microscopy, and these same multi-modality agents on
fluorescence microscopy showing the presence of doxorubicin (in red) within the
shell of the microbubble. While these particles are still in early preclinical studies,
their potential clinical impact may be significant in that they combine both the
therapeutic and imaging benefits described above.

3.3 Multimodality MRgFUS Treatments

Perhaps the greatest benefits of MRgFUS in oncology remain to be realized through
its integration in multimodality oncologic care. Many cancer patients are treated
with combinations of surgery, radiation, and chemotherapy; yet there is a paucity of
research exploring the integration of ablative therapies such as MRgFUS with other
anti-cancer therapies. Beyond the utility of MRgFUS for targeted drug delivery and
opening the blood brain barrier, MRgFUS may also augment effects of standard
approaches to chemotherapy through enhanced effects mediated at the heated—but
non-ablated—rim of tissue adjacent to the ablation zone. Moderate temperature
elevation in this tumor margin should significantly enhance the effects of radio-
therapy, including complementary tumor cell killing based on stage of the cell
cycle, pH, degree of hypoxia, and repair inhibition of radiation induced DNA
damage (Hurwitz and Stauffer 2014). Benefits seen in randomized studies com-
bining hyperthermia and radiation or chemotherapy for many tumor types point to
the promise of similar benefits with thermal therapy induced with MRgFUS
(Hurwitz and Stauffer 2014). Likewise, hyperthermia has been shown in preclinical
models to have multiple anti-tumor effects mediated through augmentation of
immune response across the cancer-immunity cycle (Toraya-Brown and Fiering
2014). Tumor antigen spillage with MRgFUS ablation is one of many ways this
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Fig. 7 Poly-lactic acid ultrasound contrast agents loaded with iron oxide nanoparticles which are
visible on transmission electron microscopy (a) and doxorubicin which is visible on fluorescence
microscopy (b) for targeted drug delivery with MRgFUS (Courtesy of Dr. Nutte Teraphongphom).
¢ Schematic representation of substance delivery using ultrasound-targeted microbubble destruc-
tion. An ultrasound contrast agent with an attached or incorporated bioactive substance is
administered into the vasculature and will distribute throughout the capillaries. Ultrasound can
then destroy microbubbles in the target region, thus releasing the transported substance into the
surrounding tissue [Reprinted with permission (Bekeredjian et al. 2005)]

modality may work across the therapeutic temperature profile to make
immunotherapy more effective. In addition, the aforementioned mechanical effects
combined with thermal effects can induce vasoconstriction or even hemostasis. This
strategy is being considered as a noninvasive method to cut off the blood supply to
tumors, effectively starving them of vital nutrients and making them more vul-
nerable to other treatments (Goertz 2015).

Finally, new techniques are in development that should shorten treatment time.
Strategies to accomplish this important goal include the injection of microbubbles
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to increase the absorption of acoustic energy, optimized scanning algorithms, and
also the use of spiral sonications; all techniques that should reduce the time of
MRgFUS treatments.

4 Concluding Remarks

Without doubt, the next decade will see rapid advances in both clinical and tech-
nological application of MR-guided focused ultrasound. As results from preclinical
models translate to clinical trials, clinicians will have a powerful new tool for
expand treatment capabilities for their cancer patients who may not want or cannot
tolerate an operation. MRgFUS may also serve as a powerful adjuvant or enhancer
to other treatments, including gene therapy, radiation therapy, chemotherapy, and
immunotherapy. Larger studies with longer follow-up will help characterize the
long-term clinical and radiological effects, allowing better comparisons with
approved modalities. Despite impressive temperature (0.1 °C) and spatial (1 mm
diameter) accuracy, the most dramatic advances for MRgFUS will be technical.
Currently, the typical procedure length for MRgFUS is of the order of 2—4 h. With
evolving software, off-line analysis of tumor anatomy and its surroundings, as well
as experience, procedure length will be significantly shortened. In summary,
MRgFUS is a rapidly emerging technology offering a non-invasive treatment option
either as monotherapy or in combination with other anti-neoplastic modalities.
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