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Objectives: Upon completion of this article, the reader will be
able to describe the physical properties of high-intensity
focused ultrasound (HIFU) as well as its utility in oncologic
therapy.
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High-intensity focused ultrasound (HIFU) therapy, also
known as focused ultrasound surgery (FUS), is a noninvasive
technology that delivers ultrasound (US) waves via an extra-
corporeal or endocavitary approach to specific targets within
the human body. HIFU therapy results in targeted thermal
ablation of tissue without injury to the surrounding struc-
tures, and over the past 10 years it has increasingly gained
clinical interest as a novel tool for image-guided ablation.

The safety and feasibility of HIFU have been tested for the
ablation of both benign and malignant tumors, including
uterine leiomyomas as well as tumors of the prostate, pan-
creas, liver, breast, kidney, brain, and bone. Additional HIFU
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Abstract Image-guided high-intensity focused ultrasound (HIFU) is an innovative therapeutic
technology, permitting extracorporeal or endocavitary delivery of targeted thermal
ablation whileminimizing injury to the surrounding structures.While ultrasound-guided
HIFU was the original image-guided system, MR-guided HIFU has many inherent
advantages, including superior depiction of anatomic detail and superb real-time
thermometry during thermoablation sessions, and it has recently demonstrated
promising results in the treatment of both benign and malignant tumors. HIFU has
been employed in the management of prostate cancer, hepatocellular carcinoma,
uterine leiomyomas, and breast tumors, and has been associated with success in limited
studies for palliative pain management in pancreatic cancer and bone tumors.
Nonthermal HIFU bioeffects, including immune system modulation and targeted
drug/gene therapy, are currently being explored in the preclinical realm, with an
emphasis on leveraging these therapeutic effects in the care of the oncology patient.
Although still in its early stages, the wide spectrum of therapeutic capabilities of HIFU
offers great potential in the field of image-guided oncologic therapy.
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bioeffects beyond thermoablation include US-mediated tis-
sue sensitization to radiation and chemotherapy, and US-
mediated local drug and gene delivery to tumors. These areas
of ongoing research remain of great interest in terms of their
oncologic treatment potential.

History of HIFU Therapy

In 1927, Wood and Loomis first described the thermal
properties of high-intensity US. Subsequently, in 1942,
Lynn et al described the use of a focused US generator capable
of producing focal thermal injury to ex vivo liver specimens as
well as the brains of animals through the intervening scalp,
skull, andmeningeswithout incidental injury to the skin.1,2 In
the 1950s, the Fry brothers developed a transcranial HIFU
system that could be used after craniotomy to target deep-
seated areas of the brain in primates, furthering interest in
HIFU ablation to treat movement disorders like Parkinson
syndrome.3 Several of the earliest studies on HIFU ablation
therapy in humans, under US guidance, were performed on
the prostate and were reported in the early 1990s by Mar-
berger and coworkers and Madersbacher et al; with subse-
quent advancements in imaging guidance, both US and
magnetic resonance imaging (MRI), having allowed for treat-
ment of a wide range of benign and malignant tumors.4,5

Ultrasound Thermal Ablation: Physical
Properties

The physical properties of high-intensity US waves permit
precisely targeted energy deposition. As long as a medium is
present, sound can transport energy in the form of waves. US

is a form of sound at higher frequency (>20,000 Hz) than the
human ear can detect. Although radiofrequency and micro-
wave ablation require an electrode or antenna for energy
delivery, HIFUmay traverse biologic tissues for delivery to the
target, with energy accumulation maximized in the target
area and minimized within intervening tissues. High-inten-
sity US generally refers to USwith an intensity of greater than
5 W/cm2, which is capable of producing coagulation necrosis
of tissue and is most often utilized for HIFU ablation. In
contrast, low-intensity US (0.125–3 W/cm2) leads to nonde-
structive heating and is in the range used for physiotherapy.6

US may result in various reactions when insonated into
biological tissue. Among these reactions, thermal ablation
and acoustic cavitation are, at present, the most clinically
relevant.

HIFU thermal effects are secondary to the absorption of US
waves. Frictional heat results fromvibrations and/or rotations
of molecules secondary to the USwaves. Protein denaturation
and coagulation necrosis typically occur at 56°C with an
exposure length of 1 second, whereas a temperature of
greater than 43°C for 1 hour may render the tissue more
susceptible to chemotherapy and radiation.7–9 The tempera-
ture elevation of biological tissue secondary to US absorption
is linearly proportional to the sonic intensity.10

HIFU as an Ablation Tool

HIFU, possessing average spatial intensities in the range of
100 to 10,000 W/cm2, is utilized for local ablation of tumors.
When HIFU is deposited in a focal area with the intention of
coagulation necrosis, the induced thermal lesions are well
circumscribed with an intermediate zone between the intact
and destroyed cells, which is only several cell layers thick. The
surrounding tissue typically remains unaffected due to the
low acoustic energy density in these areas. It is this surgical-
like precision that led to the name, “focused ultrasound
surgery.”

The classic thermal lesion has a cigar shape that parallels
the direction of the US propagation (►Fig. 1). These lesions
are typically 1.5 to 2 mm in width and 1.5 to 2 cm in length
when produced by a typical 1.5 MHzHIFU field.9–11Given the
small size of these thermal lesions relative to most tumors
undergoing treatment, individual thermal lesions must be
closely juxtaposedwithout intervening viable tissue to form a
complete ablation zone; this process can be quite time
consuming. Simultaneous development of multiple ablative
focal points as well as fast electronic scanning of the focus can
lead to an increased size of the focal region, allowing for a
decreased overall treatment time (►Fig. 2).12 This technique
will be further described later. As sonic attenuation is low at
lower US frequencies and energy is more sharply focused at
higher US frequencies, frequencies may be adjusted to tailor
therapy.

Transducer Technology

Specialized transducers composed of piezo-active materials
with specific acoustic properties designed for high-power US

Fig. 1 Classical thermal lesion formed by focused US surgery (US
absorption only) on porcine liver specimen. (a) Cigar-shaped thermal
lesion is formed at focal zone of US wave pathway (two overlaid
triangles) following HIFU single exposure. (b) Final thermal lesion after
stacking each single lesion. Single lesions are much smaller than
clinically common tumors and therefore each thermal lesion should be
stacked compactly without leaving intervening viable tissue. This lesion
can cover the entire pathological lesion as well as having a very sharp
margin that could be controlled easily. (Reprinted with permission from
Kim YS, Rhim H, Choi MJ, Lim HK, Choi D. High-intensity focused
ultrasound therapy: an overview for radiologists. Korean J Radiol 2008;
9(4):291–302.)
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application are utilized for HIFU thermoablation. Typically,
HIFU transducers produce acoustic intensities in the target
tissue of 100 to 10,000 W/cm2, whereas diagnostic trans-
ducers deliver intensities in the range of 0.0001 to 0.1000 W/
cm2. The piezo-activematerials oscillate upon the application
of an alternating voltage, thereby generating US waves.13

The simplest and cheapest transducer design is a self-
focusing spherical-shaped piezo-ceramic transducer with a
defined aperture and focal length. More sophisticated
phased-array transducers consist of a large number of
transducer elements for which the electrical signals ap-
plied to each element can be varied.14 With these more
complex systems, beam steering and beam-forming capa-
bilities are feasible, with the acoustic fields produced by
individual elements coalesced to produce a single focus
maneuvered through a clinically relevant volume, or with
the ability to create several foci simultaneously. Both
techniques increase the overall ablation volume compared
with simpler transducer systems.

Specific designs for phased-array transducers range from
256-element phased-arrays for treatment of large deep-
seated tissue volumes to 1,000 elements in endorectal trans-
ducers for high-resolution treatment of the prostate.15,16

Imaging Guidance

A reliable imaging method for image-guided therapies is
mandated for safe, accurate thermoablation. Diagnostic US
and MRI are the two imaging modalities utilized to guide
HIFU therapy. Both methods have unique advantages and
limitations.

Ultrasound
The majority of HIFU treatments used worldwide are per-
formed under US guidance.17 US-guided HIFU (US-HIFU)
provides real-time image-guided therapy, as the diagnostic
and therapeutic USfields are superimposed. Additionally, this
option is economically favorable, as small flexible devices
with distinctly lower relative purchase and maintenance
costs are available.

Disadvantages of US-HIFU are the inability to adequately
assess and control lesion formation. Hyperechoic changes on
B-mode US that occur during heating can obscure both the
treated target and surrounding anatomy. Additional disad-
vantages of US-HIFU include relatively poor tissue-contrast, a
limited field of view, and deterioration of the image quality as
treatment progresses.

Fig. 2 Ways a phased-array transducer can be used include producing multiple focal spots to increase the ablated volume per sonication, steering
the focal point to different locations, and correcting for aberrations caused by tissue structures in the ultrasound beam path. (Reprinted with
permission from Tempany et al.12)
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Real-time thermometry, lesion detection, and focal spot
corrections in the setting of target obscuration are not as
sophisticated compared with MR-guided techniques. There
are, however, recent studies demonstrating promising
results for US-based thermometry and US focal spot cor-
rections. Integration of a focused US therapy transducer for
hyperthermia with a microwave array for noninvasive
temperature monitoring has been described in phantoms,
with self-registering dual mode US arrays providing imme-
diate and spatially accurate temperature feedback in ex
vivo porcine liver models.18–20 Indirect temperature mon-
itoring techniques capitalizing on the temperature depen-
dence of backscattered US power during sonications have
also been described.18–20 Jensen et al demonstrated passive
acoustic mapping of broadband and harmonic emissions to
significantly outperform conventional B-mode imaging, as
both a detector of lesion occurrence and as a method of
mapping the position of the ablated tissue, in freshly
excised bovine livers.21

Magnetic Resonance Imaging
MR-guided HIFU (MR-HIFU) was developed, in part, due to
the need for three-dimensional treatment planning and
continuous real-time monitoring of thermal damage in the
target zone. This modality has demonstrated success in the
treatment of various benign and malignant tumors.22

MRI monitoring is superior to US as a guidance tool for
HIFU therapy for several reasons. MRI provides morphologi-
cal images for planning and targeting with exquisite anatom-
ical resolution. This modality also provides excellent tissue
contrast. Additionally, MRI offers superb real-time thermom-
etry, allowing for measurement of temperature changes and
cumulative thermal dose, enabling predictions of the extent
of tissue damage.23

The most commonly employed MR thermometry tech-
nique is the proton resonance frequency (PRF) shift method,
which takes advantage of the linear relationship between
temperature elevations in tissue and MR phase shifts. This
permits temperature mapping utilizing phase differences.24

Limitations of conventional MR thermometry are its suscep-
tibility to motion artifacts due to the need for image subtrac-
tion and its inability to monitor temperature changes in fat.25

Recent MR-HIFU technical developments include acoustic
radiation force imaging for focal spot identification and
motion correction as well as multi-echo hybrid PRF/T1 pulse
sequences that can measure temperature simultaneously in
fat- and water-based tissues.26,27

At the end of treatment, contrast-enhanced T1 imaging
can be performed to evaluate for a lack of enhancement in the
area of treatment.

Ongoing challenges to the widespread implementation of
MR-HIFU for thermoablation include the need for an MR-
compatible HIFU unit, the price of the MR scanner, and the
duration of treatment sessions.

HIFU Clinical Platforms
Extracorporeal US-HIFU systems were the first devices uti-
lized for HIFU thermoablation and are therefore the devices

associated with the most longstanding HIFU experience. The
most widely used clinical extracorporeal device is the Model
JC focused US system (Haifu Technology Co. Ltd., Chongqing,
China), which has been used in East Asia since 1997.28 This
device consists of the following: a real-time diagnostic US
device; integrated therapeutic transducers; a six-direction
movement system allowing movement of the integrated
transducer along the X, Y, and Z planes; a moving table
allowing the patient’s body to be moved over the therapeutic
transducer for better tumor localization and targeting; com-
puter units for automated control; an US generator that
produces the high-intensity US; and a degassed water circu-
lation unit. The HIFU-2001 (Sumo Corporation Ltd., Kowloon,
Hong Kong) and the FEP-BY system are alternative extracor-
poreal US-HIFU systems that are also more popular in Asia
than in Europe and North America. These devices are being
used for the treatment of several different types of cancer,
including liver, renal, and pancreatic tumors.29

Given that prostate cancer is the most frequently diag-
nosed cancer in men in the United States and Europe,
specialized HIFU devices have been developed for the treat-
ment of prostate cancer and other pelvic pathologies. Two
commercially available intracavitary US-HIFU clinical devices
are Ablatherm (EDAP TMS, Lyon, France) and Sonablate 500
(Focus Surgery, Indianapolis, IN), both developed in the
1990s. While Ablatherm possesses a robot-controlled treat-
ment probe with dual US transducers, Sonablate utilizes a
single transducer with split beam technology, thereby in-
creasing the size of the focal zone and allowing simultaneous
treatment and imaging. Both of these devices are US guided
and utilize a single movable probe. While both have been
employed in trials for the treatment of prostate cancer, each
has the potential to be used in the management of other
pelvic malignancies.30

MR-HIFU platforms are recently developed systems. Com-
mercially available MR-HIFU systems include the ExAblate
(InSightec, Ltd., Tirat Carmel, Israel) and the Sonalleve (Philips
Medical Systems, Vantaa, Finland) systems.

The ExAblate (InSightec, Ltd.) is the system currently
approved for clinical use in the United States. This system
has been primarily employed for ablation of symptomatic
uterine leiomyoma.31 It consists of an MR-compatible US
transducer delivering therapy via point-by-point sonication
under real-time MR imaging guidance. The MR guidance
permits treatment planning and temperature monitoring at
treatment sites based on PRF shift MR thermometry as
described earlier.24

With increasing clinical experience and expertise, techni-
cal limitations of MR-HIFU ablation were recognized. Proce-
dural times have typically been long, especially for the
treatment of large lesions. This is secondary to the small
size of the individual focal points implemented for point-by-
point sonication and the cooling times required between
individual sonications. Untreated viable tissue between adja-
cent ablation points may also result as a consequence of this
point-by-point methodology of ablation.32,33 Recently devel-
oped techniques of electronic steering of the US focus along
predefined trajectories, and the use of phased-array
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transducers and driving electronics that allow rapid temporal
switching of the focal point location, address this limitation
and enable rapid volumetric sonications.34–36 Additionally,
local tissue characteristics, including US attenuation and
tissue perfusion, can lead to unpredictable over- or under-
treatment of target tissue.37 Real-timeMR thermometrywith
thermal feedback algorithms permit intraprocedural modifi-
cation of sonication parameters, thereby leading to a spatio-
temporally controlled temperature profile, demonstrated
both in phantoms and in vivo.38–41 These technical advance-
ments in MR-HIFU therapy may improve safety and the
accuracy of intraprocedural treatment monitoring.33,42

The Sonalleve MR-HIFU system (Philips Medical Systems)
implements volumetric thermal feedback, providing ablation
control, and MR thermometry monitoring of the anatomic
target region comprising both the near and far field. With
volumetric ablation, the HIFU transducer transmits continu-
ous energy in concentric circles using various sized treatment
cells (►Fig. 3).43 When volumetric heating is performed with
thermal feedback, eachvolumetric ablation is programmed to
achieve ablative temperatures, and the duration of sonication
is determined by the system and subsequently modified
according to the mean cell temperature.43 The system also
displays real-time temperature data with a colorized temper-
ature scale superimposed on gray-scale MR anatomic images,
allowing thermal monitoring of the target and anatomic near
and far fields (►Fig. 4). Accurate and predictable thermoa-
blation with this MR-HIFU system has been demonstrated in
the treatment of uterine leiomyoma.43

Clinical Experience with HIFU Ablation to
Date

Prostate
Prostate tumors are, worldwide, the most common entity
treated with HIFU. Two decades ago, benign prostate hyper-
plasia was the major pathology managedwith HIFU, whereas
today increasing attention is focused on the treatment of
prostate cancer. Aside from skin cancer, prostate cancer is the

most frequently diagnosed cancer in American men, and
remains the second most common cause of cancer-related
death.44Given the prostate’s proximity to the rectal surface at
a depth of 1 to 4 cm from the anus, and the fact that its
position is minimally affected by respiratory motion, it is in
many ways an ideal target for HIFU.

Prior studies have demonstrated that up to 29% of patients
undergoing radical prostatectomy for screening-detected
prostate cancer have indolent disease at pathological exami-
nation.45,46 Similarly, up to 16.4% of patients diagnosed with
prostate cancer may be candidates for more conservative
management based on the widely used modified “Epstein”
criteria: prostate-specific antigen (PSA) level � 10 ng/mL
and/or PSA density � 0.15 ng/mL/g; clinical stage cT1 or
cT2a; one-third or less of biopsy cores positive for cancer;
and absence of Gleason pattern 4 or 5 tumor on biopsy.45 As
definitive methods of treatment including radical prostatec-
tomy and radiation are associated with substantial morbidity
(incontinence, impotence, anorectal dysfunction), low-risk
patients may be better managed with more conservative
therapy, such as active surveillance, or focal therapy including
HIFU.47 In a study assessing 310menwith prostate cancer and
modified “Epstein” criteria placing them in the “very low-risk
disease” group, only 9.0% of the men opted for active surveil-
lance; 61% underwent radical prostatectomy, 23% underwent
radiation therapy, and 7% underwent androgen-deprivation
therapy.45 Invasive thermoablation with HIFU has the poten-
tial to be an attractive alternative for these patients.

Blana et al reported results among 140 patients who
underwent whole gland ablation with US-HIFU, with 8-year
overall survival and cancer-specific survival rates of 83 and
98%, respectively.48 Ahmed et al employed a focal therapy
approach for the treatment of prostate cancer with US-HIFU
and demonstrated a decreased rate of complications, al-
though with a variable degree of oncological control.49

Given the added advantages of ablation control and ther-
mometry monitoring, there are several reasons to hypothe-
size thatMR-HIFUwill achieve equally, if notmore, efficacious
focal tumor therapy while reducing the risk of complications.

Fig. 3 MR-guided HIFU volumetric ablation. (a) Schematic of HIFU transducer and beam, applying focused acoustic energy in concentric circles
within a treatment cell. (b) Treatment cells 4, 8, or 12 mm in diameter, with a ratio of cell diameter to length of�1:2.5. (Reprinted with permission
from Venkatesan et al.43)
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As it is often difficult to identify critical structures including
the urethra and neurovascular bundles with US guidance,
MR-HIFU for prostatic cancer has recently been pursued as an
alternative form of therapy. As MRI is able to readily identify
critical structures, it may potentially avoid injury to these
structures. Additional advantages of real-time thermometry
are its ability to confirm the adequacy of thermal dose
delivered to the target, in contrast to US-guided therapy for
which treatment effects at the target site may only demon-
strate vague hyperechoic changes.

Napoli et al described the treatment of patients with
biopsy-proven unifocal prostate cancer who underwent
transrectal MR-HIFU; resultant pathologic specimens dem-
onstrated extensive coagulative necrosis at the ablation site
with surrounding healthy tissue demonstrating only in-
flammatory changes (►Fig. 5).50 Two systems are commer-

cially available. The ExAblate system (InSightec, Ltd)
utilizes an endorectal probe and combines a phased-array
US transducer, an imaging coil, and a cooling system,
whereas the Sonalleve system (Philips Medical Systems)
utilizes a transurethral applicator. While the transrectal
approach may offer a greater degree of flexibility and
shaping of the target volume, the transurethral approach
is less likely to result in rectal injury andmay lead to a faster
procedure overall.

Preliminary experience with salvage HIFU for local recur-
rence following radiation therapy has demonstrated success.
In 2008, Zacharakis el al reported that at a mean follow-up of
7 months after salvage HIFU for local recurrence, 71% of
patients had no evidence of disease.51 Uchida et al demon-
strated that in patients with recurrence after external beam
radiation therapy, brachytherapy, or proton therapy, salvage

Fig. 4 Intraprocedural MR-guided HIFU monitoring and MR imaging and histopathologic findings after leiomyoma ablation with MR-guided HIFU.
(a–d) Graphic user interface displays multiplanar three-dimensional T2-weighted imaging and overlaid temperature maps (a–b) and overlaid
thermal dose estimates (c–d) during sonication of an anterior intramural leiomyoma within the body of the uterus. Accumulated thermal dose
information in the treated volume is displayed at the end of each sonication as a thermal dose estimate. These thermal doses are reported in
CEM43, with 30 CEM43 (beige polygon, c–d) corresponding to onset of tissue alteration and 240 CEM43 (white polygon, c–d) representing
predicted territory of complete necrosis. Both 30 CEM43 and 240 CEM43 thermal dose estimates are updated after each sonication. (e–f) Sagittal
(e) and coronal (f) contrast-enhanced MR images after HIFU show nonenhancing treated region (black arrows). (g) Bivalved gross uterine
specimen shows hemorrhagic necrosis in the area of treatment (white arrow). (h–j) Low-magnification (4 � ) histologic images of margin (h),
high-magnification (10 � ) images of margin (j), and high-magnification images of the center of the ablation zone (j) confirm necrosis (asterisk)
and narrow zone of transition (white arrows) between viable and necrotic HIFU-treated tissue. (Reprinted with permission from Venkatesan
et al.43)
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HIFU was associated with biochemical disease-free survival
rates in low- and intermediate-risk groups of 100 and 86%,
respectively.52

Long-term cancer recurrence rates following radical pros-
tatectomy range from 17 to 29%.53 While radiation therapy is
widely utilized for the management of recurrence, two
studies demonstrated success with HIFU, with patients able
to return home earlier following treatment.54,55

The most common complications associated with HIFU
ablation of prostate cancer include urinary tract infections,
urethral strictures, rectourethral fistula, erectile dysfunction,
and urinary incontinence.56–59 Continued maturation of ex-
perience with US- and MR-HIFU may decrease the rate of
these complications in the future.

Uterus
Uterine leiomyomas, also known as fibroids, may result in
pelvic pain and pressure, mass effect on the bladder or bowel
leading to frequent urination and/or constipation, and exces-
sive menstrual bleeding. Fibroids may be present in as many
as 70 to 80% of women by the age of 50.60,61 Surveys have
established that as many as 79% of women desire treatments
that avoid invasive surgery. Additionally, 43% of women
younger than 40 years desire preserved fertility. As many
as 28% of patients with fibroids have symptoms severe
enough to warrant treatment.62

Many studies evaluating fibroid treatments have exam-
ined improvements in symptom severity. The Uterine Fibroid
Symptom and health-related Quality of Life questionnaire
(UFS-QOL) is a validated instrument to quantify bleeding,
bulk, and other symptoms arising from fibroids.62 It consists
of an 8-item symptom severity scale, and 29 health-related
quality of life items; the score can be used to evaluate

symptom severity and appropriateness for MR-HIFU
treatment.

Studies have also described radiological endpoints. A
primary measurement of treatment success is nonenhance-
ment within the fibroid on postgadolinium MR images ob-
tained immediately after the therapeutic portion of the
procedure. This nonperfused volume (NPV) ratio correlates
with symptomatic improvement and fibroid involution.63

Recent clinical studies describe clinical experience with
MR-HIFU. The ExAblate system (InSightec, Ltd) was approved
by the FDA in 2004 for use in the United States, and obtained
CE mark approval in Europe for treatment of symptomatic
uterine fibroids. Conditions of use of the ExAblate system
include a requirement that patients be pre- or peri-meno-
pausal, and that “patients should have completed child
bearing.”64 This reflects the unknown effect of MR-HIFU on
pregnancy and concerns that the procedure might weaken or
damage the uterine wall and predispose to uterine rupture.

Nevertheless, studies evaluating pregnancy outcomes fol-
lowing MR-HIFU have been promising. One study demon-
strated 54 pregnancies in 51 women after MR-HIFU.65 In a
series of 22 pregnancies after previous MR-HIFU, 14 patients
underwent subsequent uncomplicated vaginal deliveries and
8 underwent uncomplicated cesarean sections.65

Several factors make some fibroids more amenable to
treatment than others. Anatomic location is critical; anteri-
orly located fibroids are preferable, while posteriorly located
fibroids (more than 12 cm from the anterior abdominal wall)
are difficult to treat, as they are positioned beyond the range
at which heating from HIFU can be successfully achieved.64 It
has been recommended that treatment is pursued for fibroids
under 10 cm in size.66 However, Kim et al suggested a one-
layer ablation strategy for fibroids over 10 cm, by placing all

Fig. 5 A 68-year-old man with low-risk organ confined prostate cancer (prostate-specific antigen nadir, 8; Gleason score, 6–3 þ 3) indicated to
radical prostatectomy was included in a phase I trial for MR-guided HIFU treatment before surgery. (a) At treatment time, prostate cancer was
visible at 3 T MR images that were used for treatment planning. The system automatically generates a lesion-specific sonication program that
spares normal prostate parenchyma for focal ablation. More importantly, the system spares the rectal wall, preventing local parietal damage
through active intrarectal cooling and real-time temperature mapping at treatment. (b) Immediately after treatment, gadolinium-enhanced T1-
weighted image was acquired for treatment efficacy and safety control. The ablated volume appears as a nonperfusing area (yellow arrow) with
intact adjacent rectal wall. Surgery after MR-guided FUS treatment was performed without treatment-related complications or operator
difficulties. (Reprinted with permission from Napoli et al.50)
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the treatment cells in one coronal plane, and using larger 16-
mm cells to treat the central portions of the tumor and
smaller cells to treat the outer portions of the tumor.67

Generally, treatment volume should not exceed 500 cm3, as
it will necessitate an excessively long single-session treat-
ment.64 However, a fibroid greater than 500 cm3 could be
treated during multiple sessions. Peripherally calcified fib-
roids reflect the US beam and are therefore typically not
treatable.64 Fibroids that are T2-hyperintense at baseline are
difficult to heat, which may be considered a relative contra-
indication.68 Overall, pre-procedure imaging offers critical
information on leiomyoma treatment eligibility as well as the
likelihood of successful posttreatment outcomes.

Several studies have indicated that HIFU treatment results in
significant improvement in bulk and bleeding symptoms. In
2003, Stewart et al performedoneof thefirst feasibility studiesof
MR-HIFU for uterinefibroids. Fifty-fivewomenwere treated and
the authors reported sufficient necrosis volume with no major
complications.69 One of the largest clinical studies reported to
date involved a cohort of 359womenwith symptomatic fibroids
who underwent MR-HIFU at seven sites worldwide.69,70 Tar-
geted symptom reduction rates were reported to be 71% at
6 months and 51% at 12 months, with results from this study
leading to subsequent regulatory approval of the device.69

Several studies have replicated these impressive results.
Funaki et al examined 91 patients with fibroids treated with
MR-HIFU and demonstrated significantly decreased symp-
tom severity during a 24-month follow-up period.71Napoli et
al reported their experience with the treatment of 75 symp-
tomatic patients with a total of 89 fibroids. Contrast-en-
hanced MRIs were obtained at 3, 6, and 12 months to
evaluate reduction in the NPV ratio, fibroid volume, and
diameter. At 12 months, fibroid size decreased to a mean
diameter of 41.2 mm (28.4%) and a volume of 54.6 mm3

(45.9%) (►Fig. 6). All patients displayed mild to moderate

reduction in leiomyoma size with significant reduction in
fibroid-related symptoms and a reported higher quality of
life.50 In contrast, Hindley et al reported volume reduction
rates of tumors of 13.5% at 6 months, associated with non-
enhancing volume that remainedwithin the treatedfibroid.72

The reintervention rate for MR-HIFU after 2 years of
follow-up has been reported at 17.6%.71 This is in contrast
to the cumulative 5-year probability of reoperation for recur-
rent leiomyoma after myomectomy, which ranges from 6.7 to
9.0%.73,74 While this may suggest greater technical success
with myomectomy, it should be noted that populations and
methods were different between these two studies.

Neoadjuvant use of gonadotropin-releasing hormone
(GnRH) analogs is an effective adjuvant therapy in the treat-
ment of fibroids with HIFU. GnRH agonists reduce estrogen
levels, resulting in leiomyoma volume reduction.75 Addition-
ally, this reduces vascular flow, proposed to enhance ther-
moablative coagulative necrosis due to diminished heat
conduction.76–78 In a 2006 study by Smart et al, a 3-month
course of a GnRH agonist followed by MR-HIFU in 49 women
showed improvements in both symptom control (83% at
6 months, 89% at 12 months) and volume reduction rates
(21% at 6 months, 37% at 12 months).78

Several complications have been reported following the
treatment of uterine fibroids with HIFU thermoablation. In a
study examining 45 patients treated with US-HIFU of uterine
fibroids, gross hematuria was noted in 19 (42.2%) of the
patients. Presumably, this was secondary to unintended or
unappreciated bladder heating.79 Skin burns in the near field
may occur secondary to targeting a site too close to the skin
surface, improper coupling due to the presence of an inter-
vening scar, or improperly shaved and cleaned skin.64,69 In
the focal zone, pain or cramping may occur during the
procedure; however, this is typically minimal and reduced
with moderate sedation. In the far field, nerve stimulation

Fig. 6 Uterine fibroid in a 37-year-old woman who reported aggravated urinary frequency for 1 year treated with volumetric MR-guided HIFU
ablation. (a) Baseline sagittal T2-weighted MR image shows large subserosal uterine fibroid (star) (11.6 cm, 446.7 mL) with signal intensity higher
than that of skeletal muscle but lower than that of myometrium. (b) Sagittal MR thermometric image obtained during sonication with a 16-mm
treatment cell (sonication frequency, 1.2 MHz; acoustic power, 140 W). Temperature maps and automatically drawn 240 EM thermal dose
contours (white lines) that were formed by one sonication are shown. Thermal dose contours were shifted slightly anteriorly, presumably because
of a near-field heating effect; however, contours were well within the fibroid margin. Low-temperature color pixels outside the heating area
represent noise. A ¼ center of treatment cell, yellow lines ¼ 30 EM thermal dose contours. (c) Sagittal T2-weighted MR image at 3-month follow-
up shows obvious volume shrinkage of fibroid tumor (star) (42.5% baseline). (Reprinted with permission from Kim et al.67)
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may lead to back or leg pain, thought to be due to heat
absorption by the pelvic bones with secondary conduction
and damage to adjacent nerves.64 One series demonstrated a
7% overall rate of leg pain persisting more than 10 days
following the procedure.69

HIFU has also shown promising results in the treatment
of adenomyosis. In 2006, Rabinovici and Stewart reported
outcomes of nine patients with adenomyosis treated with
MR-HIFU at several centers. The procedure is thought to
work via hyperthermic destruction of “islands” of aberrant
endometrium and through precise targeting of adenomy-
otic tissue.80 In this series, one patient had 40% of focal
uterine adenomyosis ablated: three menstrual cycles later,
she successfully conceived and had an uneventful pregnan-
cy.80 Fukunishi et al described 20 patients treated for
adenomyosis and followed up for 6 months, and found
improvements in symptom severity scale while reporting
no serious complications.81 Based on these early studies,
MR-HIFU may be considered safe and effective for manage-
ment of adenomyosis, as it permits large ablative volumes
and pain relief. Further trials are needed to evaluate long-
term efficacy, as some studies have demonstrated in-

creased adenomyoma size 3 to 4 months following
ablation.82

Liver
As few as 25% of patients with hepatocellular carcinoma
(HCC) are amenable to surgical resection upon presentation,
often due to marginal liver function reserve secondary to
cirrhosis.83 HIFU has been used in the treatment of both
unresectable, advanced HCC as well as liver metastases. It has
been shown to be well tolerated in HCC patients with Child-
Pugh A and B cirrhosis, and in select Child-Pugh C cirrhotic
patients (►Fig. 7).84

Obstacles to US-directed therapy include technical chal-
lenges with effective beampropagation through the ribs, long
ablation times secondary to large tumor size, and respiratory
motion of the liver. In particular, high acoustic reflection and
attenuation caused by the ribs provides a significant barrier to
US waves. This can be associated with significant reductions
in energy deposition at the focal point, as well as unwanted
energy deposition in the intercostal muscles and subcutane-
ous tissue leading to injury.85 Although rib resections have
been performed in prior preclinical studies to create an

Fig. 7 A 68-year-old woman with hypovascular HCC in the VI hepatic segment, previously resected for a single nodule at the left lobe, refused
another surgery. It was proposed that she undergo MR-guided FUS treatment of an acoustically accessible lesion. Contrast-enhanced axial CT
image shows a hypovascular hepatocellular carcinoma (white arrow) in the VI segment during arterial (a), portal venous (b), and late venous phase
(c). The treatment was performed under general anesthesia, with the patient positioned the right lateral decubitus to reduce liver movement and
to achieve wider contact between the abdominal wall and the transducer surface. Pretreatment localization of the tumor is demonstrated with
contrast-enhanced acquisition (d), with posttreatment visualization of the nonperfused area (e). (Reprinted with permission from Napoli et al.50)
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acoustic window, advances in US technology have permitted
less invasive techniques.28 These techniques include selective
activation of individual transducer elements of a phased-
array design, as well as detection of the reflected USwaves of
the obstructed elements directly or identification of the
obstructed elements on anatomical 3D MR imaging, permit-
ting disabling of these elements with reduced risks of non-
target thermal injury or suboptimal treatment of the target.85

Safety and short-to-intermediate term efficacy of HIFU
for HCC ablation have been described.86 In patients with
unresectable HCC receiving HIFU, Ng et al demonstrated 1-
and 3-year survival rates of 87.7 and 62.4%, respectively.87

Chan et al evaluated the feasibility of HIFU and patient
survival in 27 patients with recurrent HCC (average tumor
size of 1.8 cm) after first-line therapy with either hepatec-
tomy or radiofrequency ablation at a median follow-up of
28 months. At 1-month follow-up MRI, complete tumor
ablation was obtained in 85.2% of the patients. The 1-, 2-,
and 3-year overall survival rates were 96.3, 81.5, and 69.8%,
respectively, and therewere no in-hospital mortalities.88 In
patients with large HCC (average tumor size of 8.1 cm), Wu
et al evaluated the safety and efficacy of HIFU treatment in
55 patients. These authors demonstrated a complete abla-
tion rate as high as 69.2%, no major complications, and
overall survival rates of 61.5% at 12 months and 35.3% at
18 months.89

HIFU has also been used in combination with transarterial
chemoembolization (TACE) in the treatment of HCC. Jin et al
demonstrated complete tumor ablation in 45.2% of patients
with tumor size and ablation response demonstrating signif-
icant prognostic factors in predicting therapeutic response.90

In a prospective randomized controlled trial enrolling 89
consecutive patients with Child-Pugh A or B cirrhosis and
unresectable HCC larger than 5 cm in diameter with no
previous treatment for HCC, TACE þ HIFU demonstrated
significantly greater tumor response (72.8 vs. 44.5%,
p < 0.05) as well as significantly higher 1-, 2-, 3-, and 5-
year overall survival rates compared with TACE alone
(p < 0.01).91

As HIFU therapy and technology continue to evolve, it is
possible that HIFU may serve as a bridging therapy to liver
transplant for patients with HCC. While TACE has demon-
strated excellent outcomes in bridging therapy, only pa-
tients with preserved liver function and asymptomatic
multinodular tumors without vascular invasion or extra-
hepatic spread are currently eligible.92 Radiofrequency
ablation is currently employed as one means of bridging
patients to transplant; however, it is limited by the number
of nodules that may be treated as well as the maximal
tumor diameter of the nodules. Cheung et al evaluated 49
consecutive HCC patients listed for liver transplantation, 29
of which received TACE, 16 received no additional therapy,
and 5 patients received HIFU. Additionally, five more pa-
tients with the same tumor staging (within the UCSF
criteria) who received HIFU but were not on the actual
transplant list were included for comparison. There was no
difference in terms of tumor size and number between the
HIFU and TACE groups. Within the HIFU group, nine pa-

tients (90%) had a complete response and one patient (10%)
had a partial response to treatment. In the TACE group, only
one patient (3%) had a response to the treatment, while 14
patients (48%) had stable disease and 14 patients (48%) had
progressive disease. No patient in the HIFU group dropped
off the transplant list, while seven patients in the TACE
group dropped off (six for local progression of disease, one
for development of extrahepatic metastasis).93

Clinical data suggest that HIFU is both safe and effective in
treating tumors adjacent to major vessels. In a study of 39
patients (42 total lesions) with HCC, all treated tumors
(average greatest dimension of 7.4 cm) had a distance be-
tween the tumor and amain blood vessel (portal vein, inferior
vena cava,main hepatic veins) of less than 1 cm, and nomajor
blood vessel injury occurred.94 Twenty-one of the 42 tumors
(50%) were completely ablated, while the remainder of the
tumors sustained ablation of more than 50% of their volume
after one session of HIFU.

Serious complications reported in a minority of HCC
patients treated with HIFU include rib fractures, pneumotho-
rax, pleural effusion, biliary obstruction, and fistula
formation.95

Pancreas
The majority of patients with pancreatic cancer are ineligible
for curative surgery.96 There are, therefore, many opportu-
nities for palliative applications of HIFU in pancreatic cancer.
The majority of studies to date have involved small sample
sizes and focused on safety and efficacy.

Several preliminary studies have examined HIFU treat-
ment in patients with unresectable pancreatic cancer.97–100

These studies report promising rates of palliative pain relief in
87 to 100% of patients, and median survival ranging from 7 to
12.4 months.97–100 Follow-up studies have demonstrated
tumor shrinkage, with a mean of 49% regression and a lack
of blood supply to the tumor (►Fig. 8).97

Postprocedural mild abdominal pain has been reported
in 34% and skin burns in 4% of patients.100 The largest safety
and efficacy study to date examined 224 patients with
advanced pancreatic cancer treated with HIFU monother-
apy; this study reported abdominal distention/anorexia/
nausea in 4%, vertebral injury in 1%, and obstructive jaun-
dice in 1% of patients.101

Studies have also examined combining HIFU with chemo-
therapy agents. In one trial, 37 patients were treated with
gemcitabine and concurrent HIFU.102A response rate of 43.6%
and pain relief in 78.6% of patients were reported; overall
survival was 12.6 months.102 Another trial compared 14
patients receiving HIFU alone with 25 patients who under-
went HIFU plus gemcitabine, reporting pain relief in 79% and
median survival of 11 months in this patient cohort.103

Renal
Limited clinical studies to date employing HIFU in the treatment
of renal tumors have focused on safety and efficacy, with results
being inferior in comparison to those using existing probe-based
ablative therapies. Two extracorporeal systems have been de-
scribed: one produced by Storz Medical (Storz, Schaffhausen,
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Switzerland) and theothermanufacturedbyChongqingHaifuCo
(Chongqing Haifu Co. Ltd., Chongqing, China).104

A 2003 study by Wu et al described their preliminary
experience with the Chongqing system. Thirteen patients
were treated with HIFU; partial ablation was achieved in 10
patients and complete ablation in 3 patients.105 The same
device was used in another study inwhich four of six patients
demonstrated no tumor enhancement on follow-up
imaging.106

A 2006 study by Häcker et al, examining 19 patients with
renal cell carcinoma undergoing HIFU prior to surgical resec-
tion, reported thermal damage in 15 of 19 kidneys.107 Inter-
estingly, the effects did not correspond to the quantity of HIFU
pulses implemented.107 A 2008 phase 2 trial assessing the
Storz system (Storz, Schaffhausen, Switzerland) evaluated the
treatment of 14 tumors with HIFU prior to resection and
demonstrated sufficient coagulative necrosis in only 9 of 14
kidneys, with residual tumor in all 14 cases.108 Grade 3 skin
burnswere described byHäcker et al in 2 of 19 patients, and in
another case, accidental thermal injury to the small intestine
was observed.107

Studies examining the use of laparoscopic probes have
reported comparable findings. A 2008 study by Klingler et al
examined seven renal tumors treated with a 4.0-MHz lapa-
roscopic HIFU probe prior to nephrectomy.109 Four of the
seven tumors demonstrated 100% ablation.109 A 2011 study
by Ritchie et al examined 12 patients with renal tumors
treated with a new laparoscopic probe. No evidence of
ablation was seen in the first five tumors, but in the following
seven patients, ablation was apparent, suggesting a learning
curve inherent to the procedure.110

Breast
Given its superficial location and ability to be readily immo-
bilized for targeted therapy, the breast reflects an amenable

target for HIFU treatment. One of the earliest studies to
explore HIFU treatment for breast cancer was performed in
2001 byHynynen et al. The authors examinedMR-HIFUunder
local anesthesia for the treatment of 11 fibroadenomas in 9
patients.111Of the eleven lesions, eight (72%)were partially to
nearly completely treated (►Fig. 9).

In 2003, Wu et al performed another early feasibility
study in which 48 women with breast cancer were ran-
domized to receive either modified radical mastectomy or
HIFU followed by modified radical mastectomy. No severe
adverse effects were reported in the HIFU group, and the
HIFU-treated tissue showed evidence of coagulative
necrosis.112

A 2006 study by Furusawa examined 30 women who
underwent MR-HIFU for breast cancer followed by wide
excision or mastectomy.113 Tumors showed an average of
96% necrosis of tumor volume postablation.113 This studywas
followed up by a 2007 study in which 21 patients with
invasive/noninvasive ductal carcinoma, with a median diam-
eter of 15 mm, underwent HIFU ablation. Seventeen patients
underwent a single course of treatment while 4 patients
underwent two courses. The authors reported only one case
of recurrence during 14 months of follow-up.114 In a 2003
study by Gianfelice et al, 12 patients with invasive breast
cancer were treated with MR-HIFU prior to surgery, with a
wide range of percentage necrosis observed histopathologi-
cally in treated lesions (46–88%).115

Napoli et al reported results on 10 patientswith an average of
48 sonications required to cover each lesion and an average
treatment time of 2 hours 20 minutes. Nine out of ten patients
demonstrated no residual enhancement of the ablated lesions.
All patients underwent routine breast-conserving surgery with-
in 21 days, and surgical pathology demonstrated an absence of
residual cancer in nine out of ten patients with a margin of at
least 5 mm of normal breast tissue around the necrotic area.50

Fig. 8 Dynamic contrast-enhanced gradient-echo T1-weighted MR images (180/6.0, 90-degree flip angle, 128 � 256 matrix, 10-mm-thick
sections, 2-mm intersection gap, one signal acquired, and 18-second acquisition time) obtained with breath holding from a 48-year-old man who
underwent high-intensity focused ultrasound ablation for advanced pancreatic cancer. The tumor was 4.5 � 4.5 cm in diameter and located in the
body of the pancreas. (a) Image obtained before high-intensity focused ultrasound shows the blood supply in the pancreatic lesion (arrowhead).
(b) Image obtained 2 weeks after high-intensity focused ultrasound shows no evidence of contrast enhancement in the treated lesion
(arrowhead), which is indicative of complete coagulation necrosis in the pancreatic cancer. (Reprinted with permission from Wu et al.97)
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Challenges to the implementation of HIFU therapy for
breast cancer include favorable local cure and overall survival
rates, particularly for early-stage disease, with standard of
care lumpectomy and radiation. When diagnosed at a local-
ized stage without spread to lymph nodes, nearby structures,
or other locations outside the breast, the 5-year survival rate
is >95%.44

HIFU may have utility in treating women who do not
desire surgery or who are nonsurgical candidates. Wu et al
studied long-term clinical results in a group of 22 patients
with biopsy-proven breast cancer refusing surgical resec-
tion (4 patients with stage 1, 9 patients with stage 2a, 8
patients with stage 3b, and 1 patient with stage 4). All 22
patients underwent chemotherapy and radiotherapy after
MR-HIFU. Tumors disappeared on contrast-enhanced MRI
in 8 of the patients (36.4%) and regressed in 14 (63.6%).
Local recurrence was noted in only two patients (9.2%) (at
18 and 22 months after treatment). Five-year disease-free
survival and recurrence-free survival rates were 95 and
85%, respectively.116

Few complications with HIFU therapy in this setting have
yet to be reported, although clinical experience remains
limited to date. Hynynen et al described a single patient
experiencing transient edema111; however,Wu et al reported
no severe adverse effects.112

Spleen
The use of HIFU for splenic pathology has an emerging,
recently described role. A preliminary study in nine patients
evaluated the use of HIFU to treat HCC complicated by
hypersplenism. The authors found a mean percent splenic
ablation volume of 28.8% � 6.1%.117

Novel HIFU Bioeffects
Nonthermal HIFU bioeffects are currently being explored in
the preclinical realm, with an emphasis on leveraging such
therapeutic effects to the care of the oncology patient.

Acoustic Cavitation

Acoustic cavitation results in the formation and the activity of
a gas or vapor-filled cavity within biological tissue. When US
wave intensity exceeds a specific threshold, the resultant
negative pressure due to rarefaction may be large enough to
extract gas from the tissue, leading to bubble formation.
Stable cavitation results when this bubble undergoes repeat
radial oscillations to a resonant size at the insonated frequen-
cy. Unstable cavitation occurs when a bubble oscillates but
expands gradually above its resonant size secondary to net
influxes of vapor in the bubble, ultimately undergoing violent
and asymmetrical collapse and disintegration that has been
associated with cell death and tissue damage.8,118

Given that the thermal effects by US absorption are
linearly proportional to the sonic intensity, this effect is
easier to predict and control and has therefore been tradi-
tionally employed. While the addition of mechanical cavi-
tation is less predictable and may be associated with a
higher rate of complications, it can increase the overall
tissue volume ablated, thereby effectively increasing abla-
tion efficiency.119

In HIFU, intravenous microbubble agent injection may en-
hance the effects of many different therapeutic responses when
acoustic cavitation is known to be involved. Essentially, the
microbubbles serve to act as cavitation nuclei, lowering the
threshold for acoustic cavitation. In in vivo animal models,

Fig. 9 MR images show complete response at long-term follow-up of a breast fibroadenoma (circled area) treated with MR imaging-guided FUS
(a–d), T2-weighted fat-suppressed fast SE images (a–c: 2,500/100; d: 3,850/100) and (e–h), T1-weighted fat-suppressed postcontrast images (e,
f: 600/12; g: 400/12; h: 517/12) obtained 2 months before therapy and at 7 days, 6 months, and 3 years after therapy, respectively. (Reprinted
with permission from Hynynen et al.111)
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microbubble administration delivered concomitantly with HIFU
thermoablation has demonstrated further enhancement of the
tissue temperature with shortening of the sonication time
required for treating the same sized tumors.120–122

Microstreaming

Microstreaming—a phenomenon that results when fluid
movement leads to the production of shear forces causing
cell membrane disruption—has also been associated with cell
damage in in vitro and animal studies. Radiation forces cause
additional destructive bioeffects including cell membrane
deformation, microstreaming, and organelle rotation.123

Hyperthermia

While coagulation necrosis typically occurs at 56°C with an
exposure length of 1 second, hyperthermic temperatures of
approximately 40 to 45°C for 1 hour may render the tissue
more susceptible to chemotherapy and radiation7–9

(►Fig. 10). MR-HIFU can noninvasively heat solid tumors
with resulting low temperature-sensitive liposomes, releas-
ing their drug cargo in response to such temperatures and
improving drug delivery to solid tumors.

Partanen et al described a binary control algorithm for
real-time mild hyperthermia feedback control, and found
accurate and homogenous heating within the targeted region
in vitro and in vivo. This makes this technique suitable for
applications in drug delivery.124 Several studies have demon-
strated that concurrent chemotherapy and HIFU is safe and
feasible as an oncologic treatment modality in the preclinical
setting, with future clinical investigation needed.102,103,125

Mechanical Histotripsy

Histotripsy utilizes US to produce mechanical lesions. The
mechanical effect of highly vibrating microbubbles created at
a focal region of histotripsy immediately ablates tissue by
liquefaction. Histotripsy offers rapid tissue debulking, a nonther-
mal mode of tissue injury, and highly accurate tissue ablation.

There have recently been several preclinical studies as-
sessing the use of histotripsy to treat benign prostatic hyper-
trophy, liver tumors, and kidney tumors. Khokhlova et al
described an approach they referred to as “boiling histo-
tripsy,” inwhich amillimeter-sized bubble has been shown to
rapidly fractionate liver tissue in a porcine model.126 This
rapid, focal tissue destruction may allow for treatment of
lesions adjacent to vital structures.

Immune System Modulation

It has been suggested that HIFU may produce an antitumor
immune response.127 In a study of 15 patients undergoing
HIFU for solidmalignancies, serum levels of immunosuppres-
sive cytokines decreased after HIFU.128 The authors of this
study proposed that this may be a secondary benefit of HIFU,
which may restore antitumor immunity.128

Breast tumors treated with HIFU have been found to have
reduced expression of PCNA, MMP-9, and CD44v6. This may
correlate with a decreased ability of a malignancy to prolifer-
ate, invade, and metastasize.112 In a related study, CD3, CD4,
CD8, CD4/CD8, B lymphocytes, and natural killer cells were
able to better infiltrate HIFU-ablated regions.129 Ongoing
investigation is underway to evaluate the mechanisms of
HIFU-related tumor immune modulation, to determine how
these may be harnessed for antitumor therapy.

Targeted Drug/Gene Delivery

Studies have suggested that HIFUmay allow disruption of the
blood–brain barrier to enhance drug delivery.130 Microbub-
bles serve as vehicles for drug or plasmid DNA delivery, either
in an encapsulated or an attached form. Microbubbles pass
through vessels, and US is used to selectively rupture the
microbubbles for release of the drugs or genes. Additionally,
themicrobubbles act as nuclei, promoting acoustic cavitation.
Violent microstreaming from the rupture of the microbub-
bles enhances the uptake of drugs/genes into the cells by
sonoporation (transient alteration of cell membrane struc-
tures due to the mechanical force of US) (►Fig. 11).

A key advantage of US-enhanced gene therapy is that it
targets delivery only to the diseased area, and can thereby

Fig. 10 Basic concept of HIFU-induced tissue change by hyperthermia.
As US waves are focused onto small spot, acoustic pressure is rapidly
elevated near focus where tissue temperatures are also raised to level
that is sufficient for thermotherapeutic effects, resulting in coagula-
tion necrosis. (Reprinted with permission from Kim YS, Rhim H, Choi
MJ, Lim HK, Choi D. High-intensity focused ultrasound therapy: an
overview for radiologists. Korean J Radiol 2008;9(4):291–302.)
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increase the concentration of therapeutic agents at a focused
area with a lower probability of systemic complications.
Staruch et al reported that thermosensitive liposomes may
be used for targeted drug delivery and doxorubicin release in
rabbit models.131,132

Conclusion

HIFU therapy has demonstrated clinical success in the treat-
ment of both benign and malignant tumors. With the advent
of MR guidance and the continued advancements in intra-
procedural ablation monitoring, tumor control may be im-
proved while adverse events are minimized. Additionally,
HIFU therapy appears to be promising in the investigational
setting in combination with other therapies including che-
motherapy and radiation, and in the preclinical setting en-
hanced targeted drug/gene delivery and immune system
modulation. While still in its early stages of development
compared with other probe-based ablative therapies, the
multifaceted therapeutic capabilities of HIFU present great
potential in the field of image-guided therapy.
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