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Focused ultrasound surgery (FUS) is a noninvasive image-
guided therapy and an alternative to surgical interven-
tions. It presents an opportunity to revolutionize cancer
therapy and to affect or change drug delivery of therapeu-
tic agents in new focally targeted ways. In this article the
background, principles, technical devices, and clinical cancer
applications of image-guided FUS are reviewed.
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Itrasound was first described by
Loomis and Wood in the 1920s
(1) as having a biologic effect on
living tissues. These two individuals
have been described by some as “the
fathers of ultrasonics” (2). Therapeutic
ultrasound integrated with imaging is
now one of the most rapidly expanding
techniques in image-guided therapy. It
combines the expertise in imaging and
various minimally and noninvasive pro-
cedures. Many traditional surgical pro-
cedures have been replaced by minimally
invasive image-guided approaches.
Thermal ablation occurs when the
targeted delivery of heat or cold causes
a rapid change in temperature (>355°C
for heat or <—20-50°C for cold) in the
local tissue environment. Imaging can
be used to localize and target the ther-
mal effects to the tumor for treatment,
control the energy deposition, and as-
sess treatment response (3). Currently,
ultrasonography (US) and magnetic res-
onance (MR) imaging are used to guide
therapeutic ultrasound, and the latter can
provide all of these features, including
quantitative temperature measurements
in vivo through the temperature sensitivity
of the water proton resonant frequency
(4). The ability to use MR techniques to
perform real-time thermometry makes
MR the most reliable and comprehensive
modality available for real-time (noninva-
sive) temperature monitoring. New US
techniques that may allow for detection
of thermal changes, through the use of
contrast agents, and US-triggered drug
delivery are under investigation (5-7).

Historical Perspective

The ability of FUS to induce thermal or
mechanical effects at focal locations in

B This article reviews the basic prin-
ciples of focused ultrasound
surgery.

B The authors provide a compar-
ison of guidance modalities.

B This article summarizes the
worldwide clinical experiences
in breast, liver, prostate, uterine,
and brain tumors.

living tissue has long been recognized;
the earliest exploration of the medical
use dates to 1942, when Lynn et al (8)
first tested it in the brain. Since then, many
researchers have investigated ultrasound-
induced bioeffects and tested the tech-
nique for a number of different appli-
cations. Notably, in the 1950s the Fry
brothers developed a clinical FUS device
for treating patients with hyperkinetic
disorders such as Parkinson disease.
They used a complex sonication system
that used x-rays to determine the target
location with respect to skull bones and
to focus the ultrasound beam through a
craniotomy into deep brain tissues for
functional neurosurgery (9,10). In the
1980s Lizzi developed the first U.S.
Food and Drug Administration (FDA)-
approved FUS system, trade name Sono-
care CST-100, to treat ocular disorders
such as glaucoma, and many patients
were successfully treated.

Current research involves device de-
velopment and the identification and
validation of novel clinical applications.
Transducer technology and array designs
are constantly changing and improving.
These developments include faster de-
livery of focal sonications, smaller de-
vices that can be inserted into body ori-
fices, and designs that conform to body
topography. Newer applications beyond
ablation, such as disruption of the blood-
brain barrier (BBB), optimization of drug
delivery, and thrombolysis, are of par-
ticular interest.

The clinical applications of FUS,
which have been tested or are in clini-
cal practice today, are primarily for tu-
mor treatment. Several commercial FUS
devices are in clinical use (Table 1).
Most devices use US for guidance and
are approved for clinical use in many
parts of the world; however, their use
is restricted in the United States with
limited FDA clearance. The Ablatherm
(EDAP TMS, Vaulx-en-Velin, France) or
Sonablate (Focus Surgery, Indianapolis,
Ind) devices are both approved and
have CE mark approval in Europe and
trials are underway for both in the United
States. The acceptance of FUS in clini-
cal practice in the United States has
been relatively slow. There are multiple
issues to explain this, including avail-

ability of equipment, cost of MR imaging,
and expertise. The poor clinical outcomes
reported have been related to lack of
overall thermal control. Other issues
have been the inability to clearly visual-
ize the target tumor in deep-seated tu-
mors using US guidance and even more
importantly the inability to monitor the
FUS ablation with real-time thermome-
try (Table 2). Many of these limitations
can be overcome by using MR for target
definition, thermometry, and guidance,
as shown in the development of MR-
guided FUS in (11,12).

In the early 1990s an MR-guided FUS
device was developed in collaboration
by researchers at Brigham and Women’s
Hospital and General Electric. It used
a single geometrically focused trans-
ducer adapted to perform in a high-field-
strength MR magnet (12-14). Since the
initial studies, substantial work has
been done on developing MR imaging—
compatible phased arrays and driving
systems to increase the focal heating
volume and steer the ultrasound beam
and on MR imaging-based thermal do-
simetry to guide the procedure. All com-
ponents can be used within the MR
suite with a custom designed table. Cur-
rently, one MR-guided FUS device, the
ExAblate 2000 (InSightec, Haifa, Israel)
has FDA clearance for the treatment of
uterine fibroids. Work is underway on
several other clinical targets for pros-
tate, bone, and brain tumor treatments.
Another MR-guided FUS system under
development, the Sonalleve MR-HIFU
(Philips Healthcare, Andover, Mass),
is currently undergoing clinical trials
for the ablation of uterine fibroids in
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Table 1

Therapeutic FUS Companies with Oncologic Applications

Device Trade
Company Name/Guidance (MR or US) Clinical Application Status
InSightec, Haifa, Israel ExAblate 2000/MR Extracorporeal, fibroids FDA cleared for fibroid ablation
InSightec, Haifa, Israel ExAblate 4000/MR Extracorporeal, bone, brain, Clinical and preclinical trials
breast, transrectal prostate
Misonix/USHIFU Focus Surgery, Sonablate 500/US Transrectal prostate Clinical and preclinical trials

Indianapolis, Ind
Phillips Healthcare P.0. Box 10.000,
5680 DA Best, the Netherlands
EDAP TMS S.A. Parc d’activités la

Sonalleve MR-HIFU/MR

Ablatherm HIFU/US

Uterine fibroids

Transrectal prostate

Clinical and preclinical trials

Approved in Europe, Canada, Russia,

Poudrette-Lamartine 4, rue du Dauphine,
69120 Vaulx-en-Velin, France

Chongging Haifu (HIFU) Technology 1
Qingsong Road Renhe, Yubei District,
Chongging 401121, China

Mirabilis Medica 18706 North Creek
Pkwy, Suite 110, Bothell, WA 98011

Profound Medical, 3080 Yonge Street,
Suite 4040, Box 34 Toronto, Ontario,
Canada M4N 3N1

SuperSonic Imagine Les Jardins de la
Duranne, Bat E & F, 510 Rue René
Descartes, 13857 Aix-en-Provence, France

Theraclion Pépiniere Paris Santé
Cochin, 29 rue du Faubourg Saint
Jacques, 75014 Paris, France

Image guided therapy 2, Allée du
Doyen Brus, 33600 Pessac, France

Haifu/US

TH-One/US

Extracorporeal, liver, bone, fibroids,

Australia, South Korea; Clinical
and preclinical trials
Clinical and preclinical trials

soft tissue sarcomas, kidney,
pancreas, and many others

Extracorporeal fibroids
Prostate
Transurethral/prostate

Brain

Parathyroid

Clinical and preclinical trials

Clinical and preclinical trials

Clinical and preclinical trials in
hyperparathyroidism

Preclincial breast cancer treatment
and FUS mediated drug delivery

Europe and the United States. This sys-
tem has advanced MR-based control
through integration of automated, real-
time feedback control of the ultrasound
energy deposition.

Basic Principles of Ultrasound and
Transducer Design

Ultrasound propagates as mechanical
vibrations that cause molecules within
the medium to oscillate around their rest
positions in the direction of wave prop-
agation. The molecules forming com-
pressions and rarefactions propagate the
wave. As the ultrasound energy passes
through tissue it is attenuated exponen-
tially. The rate of energy flow through a
unit area, normal to the direction of the
wave propagation, is called the acoustic
intensity. At 1 MHz the ultrasound wave
is attenuated approximately 50% while
it propagates through 7 cm of tissue. At

2 MHz the wave is reduced to approxi-
mately 25% of its initial value by the
same tissue. The attenuated energy is
mostly translated into temperature ele-
vation in the tissue (15).

Ultrasound is effectively transmitted
from one soft tissue layer to another
with a small (few percent) amount of
wave reflected back. At soft tissue-bone
interfaces, approximately one-third of
the incident energy is reflected back at
normal incidence. In addition, the am-
plitude attenuation coefficient of ultra-
sound is about 10-20 times higher in
bone than in soft tissues, a factor that
causes the transmitted beam to be ab-
sorbed rapidly within the bone (16,17).
Gas has a much lower density and sound
speed than water or soft tissues and thus
practically all of the energy is reflected
back at the soft tissue-gas interface.

The ultrasound beams can be focused
by using radiators, lenses, or reflectors.

A focal diameter of 1 mm can be achieved
in practice at 1.5 MHz with a sharply
focused transducer. The length of the
focus is typically 5-20 times larger
than the diameter. Since the ultrasound
beam is transmitted from an applica-
tor 2-3 cm in diameter, the ultrasound
intensity at the millimeter-sized focal
spot can be several hundred times higher
than in the overlying tissues. The ultra-
sound exposure drops off rapidly across
the area within sonication path, thus,
focusing provides a method to overcome
attenuation losses and to concentrate
energy deep in the body while sparing
the overlying and surrounding tissues
(Fig 1).

Improvements in focusing can be
achieved by using transducer arrays that
are driven with signals having the proper
phase difference to obtain a common
focal point (electrical focusing) (18).
The main advantage of these phased
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Table 2

Comparison of US- and MR-guided FUS

arrays is that the focal spot can be di-
rected electronically without the need
to mechanically move the transducer

(Fig 2). In addition, the electronic beam Aspect 53 MR Imaging
allows multiple focal points to be in- Ease and frequency of use High Low

duced simultaneously or fast electronic Real-time intraprocedural tumor detection Variable Generally excellent
scanning of the focus for example, to Temperature imaging Limited Excellent
increase the size of the focal region Cost Low High

(19-22). This latter feature allows for a In clinical use Extensively outside U.S. Limited worldwide
decrease in the overall treatment time, Postablative imaging role Limited Excellent
which can be prohibitive in large tu- Operator dependent Highly Moderately

mors being treated with devices with
a small focal zone.

The ultrasound energy absorbed by the
body is converted to heat. The distri-
bution of the temperature elevation dur-
ing short exposures (a few seconds)
closely follows the ultrasound field distri-
bution. At longer exposures, thermal
conduction and perfusion smooth the
temperature distribution, resulting in
less sharp temperature gradients. Due
to the variations in the ultrasonic and
heat transfer properties of the tissues,
temperature elevation cannot be accu-
rately predicted in vivo. Most notably,
blood flow and perfusion are highly var-
iable from location to location and from
tissue to tissue. In addition, tissue close
to large blood vessels will be cooled by
the flow if the energy delivery is long or
slow. Short/fast exposures (a few sec-
onds) reduce the effect of blood perfu-
sion on heat transfer and can coagulate
tissues next to the large blood vessels,
as has been shown by theoretical models
and in vivo animal experiments (23-
23). Therefore, short exposures can be
used to reduce the variability in the
thermal coagulation effects caused by
blood flow and perfusion.

The degree of thermal damage to
the tissue also depends on the temper-
ature reached and the duration of the
exposure. The effect of elevated tem-
perature on cells and tissues has been
found to be a nonlinear function of both
time and temperature (26-29). For ex-
posures of a few seconds, temperatures
of approximately 60°C are adequate to
cause irreversible tissue damage (30).
The elevated temperature can also co-
agulate blood in small vessels and stops

blood perfusion in the coagulated tissue
volume (31). Lower temperature ther-
mal exposures can be utilized for hyper-
thermia to sensitize tissue to radiation
or chemotherapy, and to activate heat-
sensitive genes (32) or drugs (33). When
the temperature reaches 100°C, the tis-
sue water boils, and gas bubbles are pro-
duced in the focal zone. These bubbles
can reflect and scatter the ultrasound
beam and significantly modify the en-
ergy deposition pattern. As described
below, the bubbles can interact strongly
with the ultrasound field, further com-
plicating the situation. For these rea-
sons, boiling is generally avoided during
thermal ultrasound therapies.

At high pressure amplitudes, small
gas pockets in fluids can grow into mi-
crobubbles by way of rectified diffusion.
The formation and interaction of these
microbubbles with the ultrasound field
is referred to as acoustic cavitation. Pre-
formed microbubbles, which are avail-
able clinically as US contrast agents,
can also be used as cavitation sites with
lower-intensity exposures (34). The ultra-
sonic pressure wave causes these bub-
bles to expand and contract, resulting
in an increased energy loss from the
beam. When the pressure wave ampli-
tude is increased, the bubbles can col-
lapse, causing shock waves with high
pressures and shear forces that can
cause direct mechanical damage to the
tissue, a phenomenon known as inertial
cavitation. Sonications resulting in iner-
tial cavitation can induce mechanical tis-
sue destruction, which may offer some
advantages over using heat alone for
tissue ablation (35-37). In some cases,

inertial cavitation (probably combined
with high temperatures) can achieve fo-
cal tissue vaporization (38-40).

Cavitation effects have been shown
to result in several bioeffects that may
have clinical utility. Histologic studies
have shown that cavitation can disrupt
the BBB (41), cause selective vascular
damage (42), generate tissue necrosis
(41), and occlude deep arteries (43).
In addition, animal tumor studies have
shown that FUS-induced cavitation can
activate certain chemicals (44). The dis-
ruption of arteriosclerotic plaques and
thrombi are also cavitation-mediated
events (45,46). Cavitation effects can
also influence cell membrane (47) and
vascular (48) permeability. Given all that
is understood about its mechanical ef-
fects, cavitation offers new therapeutic
options.

In addition to heating and effects re-
lated to microbubbles oscillation and
collapse, other ultrasound effects may
have clinical applications. Radiation force,
which occurs along the direction of the
ultrasound beam, may be involved in
the enhancement in increased drug de-
livery to tumors observed with pulsed
sonications (49). Acoustic streaming in
fluids (15) is thought to be involved in
the clinical observation of enhanced ef-
fectiveness of tissue plasminogen acti-
vator in treating stroke when the vessel
is exposed to a pulsed ultrasound beam
at diagnostic pressure levels (50). Fi-
nally, extensive studies have shown that
ultrasound accelerates bone and wound
healing, though the basic mechanism
for this is not completely understood
(51,52).
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Figure 1:  (a) Diagram shows properties of a geometrically focused trans-
ducer. (b) Normalized acoustic intensity along the direction of ultrasound propa-
gation for a 1.5-MHz transducer with a radius of curvature of 8 cm and

diameter of 10 cm.

Image Guidance Modalities: Overview

and Comparison

US Guidance
By using US guidance, many pioneering
FUS procedures have been performed
(53). The results of combining US imag-
ing for tumor identification and targeting
with therapeutic ultrasound have been so
compelling that large numbers of pro-
cedures in the liver, breast, and in the
soft tissue for tumors, such as sarcomas,
have been documented (54). The goals of
treatment range from intent to cure/total
tumor ablation to local tumor/pain re-
duction or palliation. The advantages
of this combined approach are ease of
use, relatively low cost, portability, and
patient access (Table 2).

Any image guidance technique must
accurately localize the target tumor, its

boundaries, and surroundings for target-
ing the acoustic beam through acoustic
windows and should be able to monitor
the temperature elevations to ensure
a safe therapeutic thermal dose. US im-
aging is variable, inconsistent, and op-
erator dependent in the detection of
exact tumor margins and may fail to de-
pict the detailed locoregional anatomy.
For example, in the imaging of tumors
of the prostate, the visualization of the
normal and abnormal prostate tissue
and surrounding structures all are su-
perior with MR imaging. This has been
shown both in diagnostic studies and
for FUS (55). US is an excellent imaging
tool for more superficial soft tissues,
such as breast. As the tissue character-
ization of US improves, using methods
such as strain/elastography, it is likely
to provide increased tissue character-
ization. However, MR of the breast has

significantly improved tumor detection
and depiction of margins compared with
conventional US (56).

Furthermore, using US it can be dif-
ficult to reliably reproduce the same
image/location over time. Bone and air
cause artifacts that impede visualization.
The location of the focal spot of FUS
generally cannot be seen with US during
therapy, and the temperature elevations
cannot be measured by using standard
US imaging methods.

As US oncologic imaging methods
improve and US-based thermometry or
tissue coagulation detection (57,58) or
other means to guide FUS ablation be-
come clinically available, US imaging will
likely continue to play a major role in
guiding clinical FUS (59).

MR Guidance

Combining methods of thermal ablation
with advanced acoustic transducer tech-
nology using MR imaging guidance and
MR imaging thermometry allows for ac-
curate targeting, real-time monitoring,
and even control of energy deposition.
MR imaging can provide imaging of the
target tumor, detection of its mar-
gins, visualization of the surrounding
anatomy, and monitoring of tempera-
ture changes during therapy, thus pro-
viding a real-time closed loop system
(11,13,60,61).

Some MR imaging parameters (such
as T1-weighted, diffusion) are tempera-
ture sensitive and have been evaluated as
methods for guiding thermal therapies
(62,63). One parameter, the water pro-
ton resonant frequency, has been found
to be particularly well suited for ther-
mometry. The water proton resonant
frequency changes with temperature
through heat-induced changes in the
hydrogen bonds in water, which affect
electron screening of the nucleus (64).
This can be mapped by using phase dif-
ference images generated from gradi-
ent echo sequences (65) (Fig 3). Impor-
tantly, its temperature sensitivity does
not depend significantly on tissue type
(66) and is not significantly affected by
the thermal coagulation process (67).
These unique features are most impor-
tant to the success of MR thermometry.
The main limitations of the technique
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are its motion sensitivity and its inac-
curacy in fat tissues.

The localization of tumor margins
or the “treat/no treat boundary” is well
visualized with MR, in general, more so
than other guidance methods. Typi-
cally T2- or diffusion-weighted sequences
are used during procedures (68). The
inherent tissue contrast afforded by MR
provides very high sensitivity to tissue
abnormalities. The success of MR-guided
FUS is thus related to the diagnostic
imaging capabilities and thermal maps
derived from MR data that result in
high-quality target definition and tumor
ablation.

The introduction of 3-T MR imaging
in clinical practice is a major advance.
The increased signal-to-noise ratio at
this field strength allows for imaging at
higher resolution and may improve tumor
margin definition compared with imag-
ingat 1.5 T.

Despite the ever-improving ability of
MR imaging to depict cancerous tissue,
it may not reveal the full extent of some
malignant tumors because of ill-defined
tumor margins, and its sensitivity can
be limited in detecting the presence of
a relatively small volume of tumor cells
that may be present at the edges of a
lesion and which infiltrate normal sur-
rounding tissue. Newer and novel molec-
ular imaging modalities, such as positron
emission tomography (PET), advanced
US techniques, optical, and advanced
MR used with or without tumor-seeking
contrast agents and biomarkers, all have
potential to improve the detection of tu-
mors, define their margins, and result
in complete tumor ablation.

Clinical Applications

Applications for FUS as a cancer treat-
ment have been diverse, ranging from
ablation of focal breast cancer to pallia-
tive pain control from focal bone metas-
tases. As the techniques improve capa-
bilities such as transcranial transmission
will lead to new applications and for brain
tumors with improved ablation rates
(69). Transcranial transmission (70,71)
can also allow for opening of the BBB,
allowing novel pharmacologic treatment
of cancer of the brain. All offer new

create multiple focal points

steer focal

correct beam
aberrations

Figure 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.

clinical applications to areas previously
off limits.

Breast

Breast tumors are well suited to nonin-
vasive treatment with FUS, as they are
superficial, can be well defined by means
of MR, and can be accessed with relative
ease through the skin. Contrast material—
enhanced diagnostic MR imaging, a
modality that is more accurate than US
or mammography, optimally determines
the extent of breast cancer. In particu-
lar, using 3 T, MR can depict intraductal
spread more accurately than US (72,73).
MR also has a role for accurate localiza-
tion in radiation therapy or in breast-
conserving surgery to minimize local
recurrence (74). MR may also lead to a
reduction in high re-excision rates for
lumpectomies and margin-positive par-
tial mastectomies (73).

The treatment of breast fibroade-
nomas and focal breast cancer is both
safe and feasible with FUS (76-78). Ini-
tial MR-guided FUS clinical trials in
breast treatments were performed using

a single-channel transducer, in benign
fibroadenomas (76) and in breast can-
cer patients (Fig 4) who were not can-
didates for (or refused) surgery (79).
US imaging has also been used to
guide FUS ablation of breast cancer.
Wau et al (80) performed a randomized
controlled trial of women with local-
ized breast cancer, with the Haifu/US
device (Chongqing Haifu Technology,
Chongquing, China) using US guidance
for tumor margin definition. In correla-
tion with pathologic findings from mas-
tectomy specimens, Wu et al (81) dem-
onstrated typical coagulative necrosis, and
the treatment margin with normal tissue
was a rim of congestion representing
inflammation. Further findings revealed
that tumor vessels were severely dam-
aged, and immunohistochemical staining
showed that the treated cells lost prolifer-
ation, invasion, and metastatic potential.
At the same time a phase [ trial of
MR-guided FUS for breast cancer be-
gan (ExAblate 2000; InSightec), used in
conjunction with a 1.5-T magnet. Histo-
pathologic evaluation of treated lesions
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Figure 3

Figure 3: Temperature images acquired during sonications to ensure correct targeting of the focal coordi-
nate. Aand C were acquired before the focal coordinate was corrected; Band D were acquired after cor-
rection. A, B, First, sonications were performed with temperature imaging perpendicular to the ultrasound
beam direction. C, D, Next, sonications were performed with imaging along the beam direction. (Reprinted,

with permission, from reference 149.)

in this study demonstrated a limitation
of the technique, as limitations with re-
sidual tumor foci were noted in the
periphery of the ablation margin, due
to underestimation of the tumor/treat-
ment volume (79). More recent studies
have shown the clinical value of MR-
guided FUS in several different patient
subgroups, such as older women with
severe comorbidities precluding surgery
or when the MR-guided FUS was com-
bined with tamoxifen.

There are trials ongoing in Japan to
evaluate FUS as an alternative therapy
to lumpectomy. These have shown that
good local control can be achieved with
MR-guided FUS (82).

Active areas of research that may
further improve breast treatments in-

clude the use of advanced systems that
reduce treatment time, and MR tempera-
ture mapping in fatty tissue to improve
control. Treatment times can be de-
creased by either increasing the volume
ablated per sonication, interleaving the
sonications to allow for multiple delivered
at the same time or possibly enhancement
with microbubbles. These areas, along
with the use of 3 T for image guidance,
are leading to renewed interest in this ap-
proach for treatment of breast cancer.

Liver

Image-guided interventions have become
a mainstream treatment for focal liver
tumors. FUS has also been applied non-
invasively for either focal ablation or
palliative reduction of liver tumors. Many

patients have been treated worldwide,
mainly in China and the United King-
dom, with US imaging guidance (83).
Zhang et al (84) have recently reported
their experience in treating 203 patients
with hepatocellular carcinoma. The treat-
ment of liver tumors with FUS presents
unique challenges, namely, obstruction
by the ribs and the respiratory motion of
the liver (85). The ribs block the ultra-
sound beam passage, limiting the vol-
ume and parts of liver that can be ac-
cessed for treatment; motion leads to
inaccurate thermometry and challenges
obtaining accurate targeting. Civale et al
(86) have designed a technique of seg-
menting the transducer’s acoustic pro-
file to allow liver treatments around the
ribs. In some clinical programs, the
overlying ribs are resected to allow for
a clear acoustic window over the liver.
This has been reported by Zhu et al
(87) in 16 patients with hepatocellular
carcinoma. Because of the liver motion,
treatments to date have been performed
either with general anesthetic and con-
trolled apnea or with careful training
and the use of repeated breath-hold pe-
riods. Much more clinical experience
has been gained by using US-guided FUS
for applications such as palliative reduc-
tion of metastatic tumor burden in the
liver (88). Both US- and MR-guided FUS
have been used for focal hepatocellular
carcinoma treatment (89-91). More re-
cent advances with US-guided FUS have
shown the advantage of combining it
with transcatheter arterial chemoem-
bolization (TACE). For example, Wu
et al (92) showed that in a prospective
study of 50 patients, an increase in me-
dian survival time occurred for patients
with stage IVA hepatocellular carcinoma
who underwent US-guided FUS. The
patients in the FUS/TACE group sur-
vived a median time of 11.3 months ver-
sus 4.0 months for those in the TACE-
only group.

Several clinical trials with MR-guided
FUS have been performed in a small
number of patients with liver tumors.
These trials have been limited to tu-
mors accessible below the ribs and have
been performed with patients under gen-
eral anesthesia, using controlled apnea
(Fig 5). To enable MR-guided FUS in
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freely breathing patients, groups have in-
vestigated the use of motion-compensated
MR imaging sequences and guiding the
ultrasound beam to follow the respira-
tory motion of the liver (93). In time,
new transducer design and technologic
advances in array shapes should lead to
even more improved access to the liver
during FUS. These advances along with
motion correction techniques will likely
accelerate the growth of the application
of FUS for focal liver lesions. Percuta-
neous ablative techniques, such as radio-
frequency ablation or cryotherapy, are
now used widely for ablation of both
primary hepatocellular carcinoma and
liver metastases. These have advantages
over FUS as they are now well established
and clinically accepted. Large tumors
up to 5 cm can be ablated in 2-3 hours
(85). However, FUS is noninvasive and
can be performed repeatedly, as needed.
FUS can also be accurately directed to
treat complex three-dimensionally shaped
tumors. Ultimately, prospective clinical
trials and the results of further techno-
logic advances will determine the role
of FUS as a therapeutic tool in the liver.

Prostate

New focal therapies for prostate cancer
are increasingly being sought out by
and used in patients who are seeking
cancer control with reduced side effects
(94). FUS treatment of prostate cancer
has been first reported using US-guided
FUS (95). The majority of prostate can-
cer patients who have been treated
with focused US have been treated with
one of two transrectal devices: Ablath-
erm (EDAP TMS) or Sonablate (Focus
Surgery) (95-98). These devices inte-
grate an FUS transducer into a rectal
probe and use US imaging to plan and
monitor the treatment. Unfortunately,
grayscale US is limited in its depiction
of focal tumors, which can be either
hypo- or hyperechoic. Furthermore, dur-
ing sonications, US imaging does not
accurately depict thermal changes within
the heated zone. However, hyperechoic
regions may appear, presumably due
to cavitation through the boiling or the
intense negative pressures associated
with high-intensity ultrasound exposures.
These regions, while not predictive of

Figure 4

Figure 4:  Contrast-enhanced T1-weighted images (subtraction image) of a localized breast cancer mass (left)
before and (right) after MR-guided FUS. The size of the region of nonperfusion (green outling) is larger than the
original mass and includes a surgical margin. An adjacent area of contrast enhancement (arrow) may be difficult
to distinguish from residual tumor, and thus would require further treatment before ending the procedure.

the resulting thermal lesions, provide
some level of feedback to the operator.
There is considerable effort underway to
improve the technique. Research groups
have investigated US-based thermom-
etry methods (99-102) and US elastog-
raphy methods to detect thermal coag-
ulation (103).

With use of spinal or general anes-
thesia, FUS of prostatic lesions can be
performed on an outpatient basis. The
operator adjusts the power output ac-
cording to evolving conditions within the
prostate and the proximity of the focus
to neighboring structures, including the
neurovascular bundle and rectal wall.

Successful treatment is defined by
radiologic, pathologic, and biochemical
markers of disease. More than a decade
ago, Madersbacher et al (104) presented
details of successful prostate FUS treat-
ments. Subsequent trials have reinforced
this, showing 54%-77% of patients free
of disease 5 years after treatment. Blana
et al (96) identified more than 75% of
patients disease free at 5 years; how-
ever, a significant proportion of these
patients had received neoadjuvant hor-
monal therapy, which may have affected
the results. Misrai et al (97) found that
prior treatment with hormonal therapy
had a positive effect on the outcome with
FUS. This study showed that the long-
term results of FUS were worse when no
hormonal therapy was used. In their

study, the high-risk population, without
hormonal therapy, was most likely to de-
velop biochemical failure following FUS.
Adverse effects from US-guided FUS,
as published by Thuroff et al (95), in-
clude urinary retention (8.6% patients),
stress incontinence (13.1%), bladder
outlet obstruction (3.6%), urinary tract
infection (13.8%) and urethrorectal fis-
tula (1.2%). Other studies have iden-
tified greater degrees of impotence, in
approximately 50% of patients. These
rates of adverse effects reflect results
from early trials. However, newer im-
proved devices will likely lead to reduc-
tion in the reported side effects. US-
guided FUS for prostate cancer can be
a useful and sometimes successful treat-
ment option. The best results will most
likely be obtained in a well-defined pa-
tient population subgroup with either
FUS alone or synergistic with adjuvant
or neoadjuvant hormonal therapy.
Newer approaches using MR as the
imaging guidance method offer a poten-
tial advantage over US by allowing im-
proved thermometry and tumor visuali-
zation. It is hoped that this will lead to
reduced adverse effects, as it more accu-
rately monitors temperature in the vol-
ume of ablation allowing for real-time
adjustment of energy delivered. We and
others are investigating MR-guided FUS
using a transrectal approach in a canine
model as a potential therapeutic approach
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Figure 5:  MR-guided FUS of hepatocellular carcinoma. Series in sagittal and axial planes show a small focal area of treatment; green
regions = location of current sonication, blue areas = those that have been treated to the desired temperature in left lobe of the liver.
Bottom left: Final posttreatment image in coronal plane shows entire thermal dose history. Bottom right: Image after intravenous gado-
linium administration shows the focal nonperfusion. (Image courtesy of Wadyslaw Gedroyc, MD, St Mary’s Hospital, London, England.)

for prostate cancer (22,105,106) (Fig 6).
Others are investigating the use of tran-
surethral ultrasound devices for MR-
guided thermal ablation (107,108). The
first human clinical trial is underway
with MR-guided FUS performed prior
to radical prostatectomy (109). Trans-
ducers have been positioned on a tran-
surethral device or on an intrarectal
device, to deliver the ultrasound beam.
Clearly the engineering challenges in-
volve the need to ensure safe and effec-
tive delivery of the ultrasound beam
in the MR environment and with the
anatomic constraints presented by the
prostate and its locoregional structures.
For safe and effective treatment the op-
erator will need to have full control of
the focal spot size and localization, to
avoid heat delivery to critical structures

such as the neurovascular bundles. We
have demonstrated the use of 3-Slicer, an
open-source software program, to track
the positions of the neurovascular bun-
dles in response to radiation therapy
(110). A similar approach using online
image-guided navigation during treat-
ment could be considered.

A prerequisite for focal FUS treat-
ment in the prostate is better tumor def-
inition with imaging (55,111). Current
techniques with 3-T MR imaging are
showing significant advances, especially
when a combined multiparametric ap-
proach is used (112). Thus, the future
of MR-guided FUS at 3 T offers a major
advance for the field of FUS and, more
importantly, for the men with prostate
cancer seeking a noninvasive treatment
option.

Bone

FUS has been used in clinical practice
for treatment of primary bone tumors
and palliation of pain from bone metas-
tases. Initial experience for pain relief
is very promising (113). It has great po-
tential to be valuable in patients who
cannot receive more radiation to a par-
ticular site, due to limitations in normal
tissue tolerance or as the risk of fracture
in the peri-irradiation period would be
very high. The FUS treatment for palli-
ation of pain from bone metastases dif-
fers from tumor ablation. Due to the
high absorption in bone, the ultrasound
energy requirements for FUS ablation
in bone are much lower than in other
targets; approximately only 30% of the
soft tissue energy is required. One can
take advantage of the high absorption
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Figure 6:  Preclinical MR-guided FUS of the prostate. Three images from an animal study show, A, axial phase image with
thermal change (high-signal-intensity area centrally) from an individual sonication delivered by transrectal FUS transducer

device (Insightec), then, B, axial T1-weighted and, C, sagittal T1-weighted images after the procedure and after injection of
intravenous gadolinium show the focal ablation as an area of nonperfusion (yellow).

in bone by placing the focal point beyond
the bone surface. Because very little of
the energy is transmitted into the bone,
the ablation is localized to the perios-
teal bone-soft tissue interface (Fig 7).
The pain palliation is thought to be due
to FUS denervation of the nerves in the
periosteal layer of bone.

A recent multicenter trial presented
by Lieberman et al (113), using the
ExAblate device, in 31 patients showed
a significant reduction of the pain, as
recorded on the visual analogy scale, in
72% of patients at 3 months after treat-
ment. They also reported a 67% reduc-
tion in the use of opiod pain medication.

MR-guided FUS of Uterine Leiomyomas:
A “Tumor” Model

Uterine fibroids are the most common
benign neoplasm in women. These can
be very symptomatic in some women
and only mildly so in others. Treatment
options for women with symptomatic
fibroids range from the most aggressive
approach, hysterectomy, to the least
invasive—that is, to do nothing. Unfor-
tunately many women end up living with
their fibroid symptoms, despite severe
anemia, chronic pain, or prolonged in-
fertility. An expanding group of mini-
mally or noninvasive treatment options
are now available including myomectomy,
and uterine artery embolization or FUS.
FUS has been performed with both
US and MR guidance (114,115). Recent
studies show that fibroid symptom relief
can also be obtained with US-guided FUS

(114,116). MR-guided FUS, is performed
as an outpatient procedure, taking sev-
eral hours with short recovery and with
minimal postprocedure disability. MR-
guided FUS treatment for uterine fibroids
can be performed with the ExAblate
2000 (InSightec) device in a 1.5-T MR
magnet. The device is part of a custom-
made table that docks in the imager
like a normal MR table. MR images are
used to define the target volume, which
is then analyzed in all three planes with
superimposed ultrasound beam paths
so as to ensure the following impor-
tant safety considerations: (a) No beam
passes through or near any bowel loops,
(b) no beam passes through the blad-
der or major scar tissue, and (c) no dis-
tal beam passes close (no less than 4 cm)
to the sciatic nerve or branches in front
of the sacrum. The procedure begins
with the delivery of low-power (20-50 W)
sonication, with real-time thermometry
performed simultaneously. The resul-
tant images provide feedback on loca-
tion, allowing the operator to determine
the correct placement of the focal spot.
The temperature images show the loca-
tion of the low-power spot and, if cor-
rect, allow for the procedure to continue
with increases in power applied gradu-
ally, up to a therapeutic dose usually
over 70°C (117).

Once the therapeutic thermal dose
at each location is achieved, the proce-
dure continues with the delivery of all
planned sonications. At the end of the
procedure, imaging with contrast en-

hancement is performed to demonstrate
the nonperfused necrotic tissue in the
fibroid (Fig 8).

Several reports have detailed the re-
sults of multicenter clinical trials of MR-
guided FUS in the treatment of leiomyo-
mas, dating from the first report in 2003
(115) to later ones from 2005 and 2006
(118-120). Another important lesson
from the clinical trials is that the greater
the treatment volume, the better the
response achieved. After the safety of
MR-guided FUS treatment of fibroids
was demonstrated, the FDA broadened
the treatment guideline in 2004 to allow
a treatment volume of 150 mL per fi-
broid with no restriction on the dis-
tance of the lesion from the endome-
trium. Fennessy et al (121) first analyzed
the effect of the different protocols
on treatment results. The protocols dif-
fered in treatment volume, which were
changed to allow larger treatment vol-
umes after small volume treatments
were demonstrated to be safe. The au-
thors found that the relaxed treatment
protocol resulted in a greater nonper-
fused volume, with 26% achieved ver-
sus the 17% of the restricted protocol
(P < .001). For those treated with the
restricted protocol, results of clinical
follow-up showed that 74% of patients
at 6 months and 73% at 12 months had
a greater than 10-point improvement
in symptom score. In those treated, ac-
cording to the relaxed protocol, 88%
reported a 10-point or greater symptom
improvement at 6 months, and 91%
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Figure 7:  MR-guided FUS of bone tumors. (a) Schematic of bone treatment. FUS beam is oriented so its axis of propagation
is normal to the bone surface. The focal point is placed behind the bone surface. Because absorption in bone is so much
greater than in soft tissue, a large area can be heated in a single sonication. (b) Axial T2-weighted image in patient undergoing
MR-guided FUS for large bone metastasis in right acetabulum. The transducer is directly posterior to the pelvis on the right.

(c) Axial-oblique echo-planar imaging temperature map during MR-guided FUS. The bone surface is heated, raising the
temperature in the adjacent tumor above the ablation area. Temperature drops off rapidly away from the bone. Red

contours = regions that reached a thermal dose of at least 240 equivalent min at 43°C. The bone in the beam path for

this sonication was fairly thin, and both sides of the bone were heated.

had significant symptom improvement resulted in a larger treatment volume MR-guided FUS has been broadly
at 12 months. The results proved that and better symptom improvement and accepted as an option for the treat-
the less restrictive treatment protocol durability (122). ment of uterine fibroids. To date, more
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Figure 8: MR-guided FUS of uterine fibroid. (a) Sagittal image shows patient set up and the FUS transducer system on the left. Images (b) before and (c) after
intravenous gadolinium administration, acquired immediately after treatment, demonstrate the focal nonperfused fibroid as a result of the ablation.

than 6000 patients have been treated
with MR-guided FUS worldwide, with
more than 5400 performed in routine
clinical practice. In the recent reports
of clinical experience, with proper se-
lection of patient population, the treat-
ment volume is often more than 50% of
the total fibroid volume (121). The re-
port of Mikami et al (90) showed the
mean percent nonperfused volume ra-
tio in the 6-month follow-up was 47%.
Similarly, in the report by Morita et al
(123), the mean percent nonperfused
volume was 60% immediately on com-
pletion of MR-guided FUS treatment,
with the fibroids shrinking by about 39%
at 6 months.

In summary, based on clinical out-
comes that have been reported, MR-
guided FUS outpatient-based treatment
is technically feasible and reproducible
and significantly reduces symptoms in
more than 75% of women with fibroids
treated. The best results are seen when
the nonperfused volume is high and rec-
ommendations are to achieve at least
60% nonperfused volume.

The rate of side effects is generally
low. Transient adverse effects include
mild skin burn, nausea, short-term but-
tock or leg pain, and transient sciatic
nerve palsy (121,122). In one case, se-
vere skin burn has been reported (124).
Another ongoing evaluation of the clini-
cal application of MR-guided FUS of uter-

ine fibroids is its effect on fertility. A
clinical trial is underway to evaluate
the efficacy and safety of MR-guided
FUS in the enhancement of fertility in
women with nonhysteroscopically resect-
able uterine fibroids who have a diagno-
sis of otherwise unexplained infertility
(125,126).

Technical Improvement

One of the main limitations of FUS in treat-
ing large tumors such as uterine fibroids
is the long treatment time required. Ini-
tially the approach to clinical treatment
has been conservative to avoid the ther-
mal build-up that occurs along the ultra-
sound beam path when multiple over-
lapping sonications are delivered in
succession (127). To avoid this build-up,
long delays were required between
sonications to allow cooling of the treated
tissue. However, since the initial trials,
newer strategies have been developed,
including the use of the so-called inter-
leave mode, to increase the treatment
volume and decrease treatment time.
By redefining the sonication order by
minimizing overlap between sonica-
tions, less heat absorption in the tis-
sues through which the ultrasound beam
passes—known as the “pass zone”—can
be achieved, and cooling time can be
largely reduced. Others have investi-
gated using this thermal build-up to
their advantage by using long sonica-

tions that steer the focal point in a pat-
tern (128,129).

Another promising advance is “en-
hanced sonication,” which uses micro-
bubbles to enhance the heating at the
focal point without reducing the overall
energy deposition rate (105,130,131).
This technique uses cavitation—a non-
thermal mechanism to cause physical
destruction of tissue and cells. In con-
trast to a continuous power transmission
that lasts about 20 seconds to gradually
heat at the focus, the enhanced sonica-
tions use high-power bursts to generate
microbubbles that cause energy reflec-
tion and greater energy absorption and
heating at the spot location. Therefore,
although the total energy is the same,
the volume of tissue ablated per indi-
vidual sonication/treatment spot can be
enlarged to allow for larger treatment
volumes in shorter time periods. To
determine the reliability and efficacy of
enhanced sonication, clinical tests have

recently begun (132).

Brain

Traditional neurosurgical approaches
to deep-seated tumors usually result in
some degree of normal brain damage
due to the dissection down to the tu-
mor. It has been known since the mid-
20th century that FUS can destroy tar-
geted tissue without injuring the normal
brain and thus there has been extensive
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Figure 9: MR-guided FUS in the brain for functional neurosurgery. A right centrolateral thalamotomy was
performed with transcranial MR-guided FUS in a 50-year-old female patient with chronic therapy-resistant
neuropathic pain in the left trigeminal nerves V2 and V3. Two locations were sonicated to create a lesion of
suitable size to cover the target area. Left: MR temperature map at peak heating (inset = temperature/time
curve in 3 X 3 voxel region at the focal point). Right: Axial T2-weighted image shows the resulting lesion
(arrow). (Images courtesy of University Children’s Hospital, Zurich, Switzerland.)

research to develop FUS as an “ideal”
neurosurgical method (10,133).

Most of that research involved open
craniotomies (134) in which the ultra-
sound beam propagated directly into
the brain. Nevertheless, it is known
that the ultrasound beam can be di-
rected transcranially to make the entire
procedure noninvasive (70,71,135,136).
In this procedure, ultrasound exposure
is accomplished by using phased-array
transducers surrounding the skull. The
phase shifts caused by the irregular
skull bone can be compensated for by
the thickness measurements generated
from x-ray computed tomography (CT)
data. The phase corrections permit fo-
cusing at relatively lower frequencies. A
prototype FUS phased-array research
system for trans-skull brain tissue abla-
tion using a 500-element US phased ar-
ray operating at frequencies of 700-800
kHz has been developed (71). After de-
signing a working transducer model,
Hynynen and Jolesz (70) noted that a
focus distorted by the insertion of a hu-
man skull fragment in a water bath
could be restored by simply adjusting
the driving phase of each element in
a spherically curved transducer array
with transducer elements large enough
to make practical, high-gain arrays fea-
sible. Initial work with phase conjuga-
tion used a small receiver placed in the

head to demonstrate that it was pos-
sible to deliver a signal through the closed
skull.

A second high-intensity focused ul-
trasound (HIFU) treatment system pro-
duced by SuperSonic Imagine (Aix en
Provence, France), has been developed,
with promising results in an animal
model, showing focal brain thermal ab-
lation without any skull heating. A clin-
ical system designed for the MR-guided
FUS thermal surgery of the brain through
the intact skull has been developed and
tested in rhesus monkeys (137) and in
a small number of patients (106,138)
(Fig 9). The ultrasound beam was gen-
erated originally by a 512-channel phased-
array system (ExAblate 3000; InSightec).

FUS can be used to treat various cen-
tral nervous system diseases. These in-
clude lesions associated with epilepsy,
pain, or Parkinson disease (10). It can
also be used to selectively open the BBB
to target drug delivery through the non-
coagulative effects of preformed bub-
bles circulating within the vasculature.
In fact, throughout the entire body,
cavitation-related effects can facilitate de-
liver of drugs and gene therapy to targets.

The use of FUS to temporarily disrupt
the BBB to target the delivery of drugs
is a very exciting application (139,140).
The BBB is the major challenge to deliv-
ering a variety of therapeutic agents in

the brain. It is a composite of endothe-
lial structures that are effective in ex-
cluding delivery over 98% of small-
molecule drugs and almost 100% of
large-molecule neurotherapeutics to the
brain tissue. The BBB places enormous
restrictions on the drugs which can be used
in the central nervous system and con-
strains drug development. Conventional
approaches for targeted drug delivery
to the brain include direct injection or
infusion into the brain substance using
catheters and implantable devices (141).
Recent approaches for drug delivery in-
clude the design of new drugs (or car-
riers) and use of the endogenous BBB
carrier systems to shuttle drug molecules
through BBB (142). While this can be
a very effective approach, the amount
of drug delivered may be small due to a
limited number of receptors and a dis-
crete quantity of molecules attached to
the carriers. The drugs are also delivered
everywhere in the brain, which may not
be necessary or desirable.

To disrupt the BBB, ultrasound is
used at very low power, with short FUS
bursts combined with an injection of a US
contrast agent. These contrast agents
consist of preformed gas bubbles (diame-
ter ~ 1-5 pm) that circulate in the vas-
culature for a few minutes after a bolus
injection. They serve to concentrate the
effects of the beam to the blood vessel
walls to induce BBB disruption. Without
the agent, the low-power ultrasound bursts
do not appear to produce any effects.
The disruption is likely the result of me-
chanical stimulation and/or forces on the
endothelial cells and the “tight junctions”
that bind them together, resulting from
bubble oscillation, acoustic streaming of
the fluid surrounding the bubbles, and
effects related to radiation force. Multi-
ple effects may be responsible as both
active and passive transport across the
barrier have been observed (143).

This unique capability of noninva-
sively disrupting the BBB with FUS can
allow even large molecular size agents
such as antibodies to reach the brain
(144,145). The disruption lasts for ap-
proximately 4 hours and can be achieved
without any apparent damage to the
brain (137,146). This has been demon-
strated in animal studies and may be
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clinically feasible. If proved successful
in patients, it would potentially repre-
sent a major advance in neuroscience in
general and in oncology, as many ad-
vanced antibody-based chemotherapeu-
tic agents cannot currently be used ef-
fectively in the central nervous system
because of their large size and conse-
quent blockage by the BBB. This ap-
proach can also be used with existing
drugs that cannot pass the BBB, avoid-
ing the expense and time needed to de-
velop new drugs or to develop drug car-
riers for old drugs. It may be especially
useful for the delivery of chemotherapy
agents for brain metastases when ef-
fective agents are already available for
treating the primary tumor and extra-
cranial metastases.

Disruptive Technology

A completely noninvasive, image-guided,
and controlled new therapy delivery
system like FUS can revolutionize the
various fields of surgery, radiation on-
cology, and other medical fields. This
technology may be expensive, but the
high cost is counterbalanced by re-
duced complication rates and hospitali-
zation costs and, even more important,
better outcomes (147). FUS may pro-
vide even more astonishing discoveries
in the future (148).

In conclusion, image-guided FUS ef-
fectively combines two technologies, MR
imaging or US and FUS, into an image-
guided therapy delivery system for non-
invasive tumor ablation or the targeted
delivery of drugs, both of which can ei-
ther replace or complement surgery or
radiation therapy.
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