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High-intensity focused ultrasound (HIFU) is a technique
that was first investigated in the 1940s as a method of
destroying selective regions within the brain in neuro-
surgical research. An ultrasound beam can be brought
to a tight focus at a distance from its source, and if

sufficient energy is concentrated within the focus, the
cells lying within this focal volume are killed, whereas
those lying elsewhere are spared. This is a noninvasive
method of producing selective and trackless tissue de-
struction in deep seated targets in the body, without
damage to overlying tissues. This field, known both as
HIFU and focused ultrasound surgery (FUS), is re-

viewed in this article. 
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/t ~ edical ultrasound is best known for its use-/ 1 as an imaging modality. It is often the

diagnostic technique of choice in obstetrics, for
example, because it is believed to be safe and not
able to induce deleterious effects in the fetus or
mother. The fact that it is used by physiothera-
pists for the treatment of soft tissue injuries
shows that it is capable of inducing biological
change. The main difference between diagnostic
ultrasound and physiotherapy ultrasound lies in
the way the sound energy is delivered, and in the
acoustic power used. Ultrasound images are pro-
duced by using very short pulses (1 to 10 As) and
acoustic power levels around 200 mW. Physio-
therapy uses longer pulses (10 to 100 ms) and
power levels of about 1 W. The biological changes
sought from physiotherapy ultrasound are usu-
ally reversible, with the aim being to facilitate
function and stimulate tissue repair. If the ultra-
sonic power used is increased yet further (above
100 W) and pulses lasting 1 to 3 seconds are used,
cell death may result. It is these high-power lev-
els that are used in focused ultrasound surgery
(FUS), a noninvasive method of inducing thermal
ablation. This technique is also known as high-
intensity focused ultrasound (HIFU).

Principle
Ultrasound is the term used to describe sound

waves that have a frequency above the audible

range (- 16 kHz). For medical applications,
frequencies in the low megahertz range (0.5 to
10 MHz) are commonly used. At these frequen-
cies, the wavelength of ultrasound in tissue is

short (0.15 to 3 mm). Ultrasound energy can
therefore be concentrated into a small volume

(focus) close to its source. This presents the

possibility of using an extracorporeal source of
ultrasound (a transducer) to concentrate en-

ergy on a chosen target deep within the body,
thus destroying cells lying within this focal vol-
ume whilst sparing all overlying and surround-
ing cells (Fig 1). One such clinical devicel uses
a transducer with focal length of 15 cm to

produce an ellipsoidal volume that is approxi-
mately 2 cm in length along the beam axis, and
2 mm in diameter. This focus can be swept

electronically or mechanically through the tar-
get tissue in order to &dquo;paint out&dquo; the required
volume. Figure 2 shows the principle diagram-
matically, and figure 3 shows such an ablated
volume in a porcine kidney.

Ultrasound interacts with tissue in 2 principle
ways to produce cellular change. The absorption
of sound energy leads to heating, and the passage
of the pressure wave through tissue can give rise
to acoustic cavitation.

Ari ultrasound beam travelling through tissue
loses energy (is attenuated) by 2 main mecha-
nisms. Some of the energy is scattered out of the

main beam by tissue structures and some is ab-

sorbed. Sound scattered back towards the source

may be used to form a diagnostic image. The
absorbed energy goes primarily to heating the
tissue. For most diagnostic ultrasound applica-
tions, the temperature rise induced is low and

biologically insignificant (0.1°C to 0.2°C). How-
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Figure 1. Schematic dia-

gram showing the principle
of focused ultrasound sur-

gery. Only cells lying within
the focal volume (in white,
top;) are killed.

ever, for focused ultrasound surgery the aim is to
raise the temperature to -56°C in the target
volume. Research has shown that a temperature
of 56°C maintained for 1 second will cause im-

mediate cell death. There is a well-established

relationship between the temperature reached
and the time for which it must be maintained to
kill cells.2 For temperatures above 43°C and for

every degree drop in temperature, it is necessary
to double the exposure time to get the same

biological effect. In a tightly focused beam, the
isotemperature contours are ellipsoidal in shape.
If the lesion margins are at 56°C, the center of

the focal volume has reached a temperature in
excess of 70°C (Fig 4). Considerable effort has
gone into predicting temperature distributions in
high-intensity ultrasonic fields to facilitate treat-
ment planning.3

Acoustic Cavitation is the formation and ac-

tivity of gas bubbles in response to an ultra-

sonic field. This can give rise to destructive

effects in cells. It is the negative portion of
the pressure wave that draws gas out of solu-

tion in tissue, forming microscopic bubbles.

The pressure variation in the sound beam

causes these bubbles to vibrate, thus setting up
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Figure 2. Schematic diagram showing the manner in which a chosen volume can be painted out. Cells at the back
of the region are targeted first, because ablation of tissue changes the acoustic properties of the tissue.

local shear stresses that may, for example, al-
ter membrane permeability and diffusion of

ions across cell membranes; or, if sufficiently
great, may disrupt extracellular membranes.4
If the acoustic conditions are correct, reso-

nance may occur, and the bubble will undergo
unstable oscillations, leading to eventual col-
lapse, which results in very high local temper-
atures (-- 103K) and pressures. This is known

as inertial cavitation, and results in obvious

holes and tissue tears seen in histological sec-
tions. This is a threshold phenomenon, occur-
ring only when the negative pressure exceeds
the value necessary to draw gas out of solution.

Whereas such bubble activity is improbable
during diagnostic ultrasound exposures, it has
been shown to occur in acoustic fields such as

those used in high-intensity therapy ultrasound
applications. 

’
Figure 3. FUS array in porcine kidney, showing the
confluent volume of cooked tissue.
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Figure 4. The temperature at the boundary of the
ablated volume is 56°C, held for 1 to 3 seconds.

Histological Appearance of Tissue
Damage

¡
The most striking feature of FUS damage is

the sharp demarcation between viable and non-
viable cells at the lesion boundary. This has been
shown to be approximately 10 cells wide.’ This is
shown in Figure 5. The microscopic appearance
of an FUS lesion has been described as that of an
island and moat, and is similar to that found
when a wire threaded through tissue is heated.6
This structure is shown in a lesion in a canine

prostate in Figure 6. Cells within the island show
coagulative necrosis.

The majority of histological studies have been
performed on the brain. Vykhodtseva et a17 used
magnetic resonance (MR) thermometry tech-

niques to attempt to correlate tissue temperature
with severity of damage observed. Within the
limitations of the spatial and temporal resolution
inherent in the MR method, they concluded that
at temperatures of 60°C to 67°C, the tissue dam-
age seen was coagulation necrosis, followed by
local hemorrhages caused by destruction of blood
vessels; whereas at temperatures above 67°C,
they observed total coagulation of all tissue pro- .

teins, including autolytic enzymes, and all tissue
components, including blood and blood vessels.
No hemorrhage was seen at these temperatures.
Chen et a18 reported neuropil vacuolation with
widely separated and swollen neuronal processes
in the center of brain lesions. No intact neurons
could be detected, but collections of electron-

dense cytoplasmic material lacking intact plasma
membranes or nuclei were found. These were

thought to be neuronal remnants.
Vykhodtseva et a17 quote a threshold temper-

ature-time combination of 53°C for 10 seconds
for cell killing. Using the thermal dose concept of
Sapareto and Dewey,2 this is roughly equivalent
to the lesion boundary temperature of 56°C held

Figure 5. Histological sec-
tion showing the boundary
between live cells and dead
cells. This has been shown
to be 6 to 10 cells wide.
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Figure 6. Transverse sec-

tion of an FUS lesion in a
canine prostate, showing
typical island and moat

structure.

for 1 second quoted by Hill et al.9 In the brain, it
appears that synapses may be the first structures

to show damage, but mitochondria are also af-
fected early.10,11 There is a gradation of damage
across the lesion cross-section that reflects the

temperature. A similar distribution has been

seen in the liver. Two hours after FUS exposure,
the lesion boundary contained a rim of glycogen-
free cells no more than 10 cells thick. The cells

within this rim were dead 48 hours later.5 Arefiev

et al 12 reported that FUS lesions in the liver were
characterized by parenchymal cell disruption,
with total disorganization of the hepatic architec-
ture and vascular structures.

Similar descriptions of damage are given when
the target organ is the kidney. Adams et a113 refer
to the lesioned tissue as having pale eosinophilic
cytoplasm, and containing cells without nuclei.
Van Leenders et al’4 have studied histopatholog-
ical changes after FUS treatment of localized

human adenocarcinoma in the prostate. They re-
ported that, in the center of FUS lesions, epithe-
lium was desquamated into the gland lumina and
showed homogenized eosinophilic cytoplasm. The
nuclei of epithelia and stromal cells, if present,
were pyknotic. At the edge of the lesioned vol-
ume, glands were lined by hyperplastic epithe-
lium, and there was extensive hemorrhage. An

immunohistochemical study of the expression of
cytoskeletal proteins (pancytokeratin & cytoker-
atin8), PSA and Ki67, showed effects only with
CK8, which was not expressed in treated tissue.’+
Electron microscopic examination of CK8-nega-
tive adenocarcinomas that looked undamaged
under conventional light microscopy showed ne-
crosis, with cells lacking extracellular and nu-
clear membranes and organelle structures.

Equipment
Medical ultrasound is generally produced us-

ing piezo-electric crystals. These vibrate in re-

sponse to an applied oscillating voltage. At the
frequencies used for therapeutic ultrasound (0.5
to 5 MHz) the wavelength in soft tissues is short,
3 mm at 0.5 NIHz, 0.3 mm at 5 MHz. This means
that ultrasound can be brought to a tight focus
close to its source. A number of focusing tech-
niques may be used for ultrasound surgery. The
simplest to use is a spherical, curved shell of
piezo-electric material. These focused bowls have
been used effectively as extracorporeal sources to
create FUS lesions in the brain, prostate, liver,
breast, and kidney, both in experimental animals
and in humans.11,15,16 The main disadvantage of
these spherical shell transducers is that the focal
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volume is at a fixed distance from the source.

Flexibility in focal length may be achieved by
combining a plane transducer with an acoustic
lens. If a set of lenses is used, a range of focal

lengths may be achieved. Acoustic lenses are gen-
erally made from materials that have an acoustic
impedance that is well matched to both the ul-

trasound transducer and water, and that have a

sound velocity greater than that of water (eg,
perspex). Concave lenses are therefore needed to
obtain a convergent beam. The disadvantage of
the transducer-lens combination is that there

may be significant power loss in the lens material.
More recently, phased arrays that allow elec-
tronic beam steering have been developed. 17-20
These give not only a range of focal length from
a single source, but also allow different configu-
rations of focal volume to be used.

It has generally been accepted that the only
tissues that may be targeted using HIFU are
those for which there is a clear acoustic path from
the skin to the volume of interest, namely those
that do not have bone or gas overlying them.
However, it has been shown more recently that it
may be possible to use phase array techniques to
perform therapy through the skull bone without
damaging the skull, while still maintaining the
focus.2’-24 This is an exciting development that
may increase the applications of FUS into neuro-
surgery.

Clinically, 2 types of FUS equipment have
been used: transrectal devices for urological ap-
plications, and extracorporeal sources for trans-
abdominal use. The transrectal probes incorpo-
rate both imaging and therapy elements into 1

unit, and are inserted per rectum for ablation of
the prostate. In 1 design (the &dquo;Sonoblate,&dquo; Focus
Surgery, Indianapolis, Indiana)25 a 4-MHz trans-
ducer is used alternately for imaging and ther-
apy, and in another (the &dquo;Ablatherm,&dquo; EDAP-
Technomed, Lyon, France)26 the therapy is

performed with a 2.25-MHz source, and the im-
aging uses a retractable 7.5-MHz transducer.

Extracorporeal systems have 1 of 2 basic ge-
ometries. The source may either be mounted on
a gantry over the patient, or may be incorporated
into the bed on which the patient lies. In a mod-
ification of a commercial lithotripter, Vallancien
et a127 used a multielement 1-MHz transducer
with 320-mm focal length that incorporated a
3.5-MHz imaging transducer into its center. This
was mounted below the bed in a large water bath

covered with a waterproof membrane, which pro-
vided coupling to the supine patient. A similar
geometry is used by a system designed to be

compatible with magnetic resonance imaging
(&dquo;Exablate,&dquo; Txsonics). In this case, a 1.5-MHz
spherical bowl with a focal length of 10.3 cm lies
in a water bath incorporated into the scanner
couch.28 This geometry has been used to target
tumors of the kidney, breast, and uterine fibroids.
An alternative geometry, used at the Royal

Marsden Hospital, London, England, uses a

10-cm diameter, 1.7 MHz 150-mm focal length
spherical bowl mounted on a gantry over the
patient. Acoustic coupling is achieved through a
bag of degassed water placed in good contact with
the skin.’ This system has been used to target
tumors of the liver, kidney, and prostate.

In general, the main problem with FUS is the
small volume of tissue ablated per unit time, and
vigorous attempts are being made to increase
this to shorten treatment times. An original de-
velopment, however, has been the miniaturiza-
tion of a HIFU. In the prototype, a plane trans-
ducer working at 5 or 10 MHz has been
embedded into the tip of a stainless steel tube
that is 8 cm long and 3.8 mm in diameter. Rota-
tion of the transducer on its axis results in a

cylinder of tissue destruction around it.29 This

prototype has been modified for digestive endos-
copy and intraductal therapy to allow its intro-
duction into 4.2-mm accessory channels in ther-

apeutic duodenoscopes. It has a channel for a

guide-wire and is connected to a flexible shaft.
Ultrasound cannot travel significant distances

through air, so it is essential that a coupling
medium is present to allow transmission of the
acoustic energy from the source into the body.
For applications in which the transducer is held
in contact with the skin, as in diagnostic imaging,
this is achieved using an aqueous gel, but for
other applications, a bath of degassed water is

used. For transrectal applications this may be a
water-filled balloon, whereas for extracorporeal
devices this may be an open bag’ or a membrane-
covered bath on which the patient lies. 28

Mode of Energy Delivery
The principle of FUS is that a very high energy

pulse of ultrasound is delivered to the target very
rapidly. If the pulse is sufficiently short, the tem-
perature rise achieved is independent of the
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blood supply to that tissue volume because there
is not time for cooling mechanisms to have a
significant influence. This makes prediction of
temperature distribution more reliable and obvi-
ates the need for continuous real-time thermom-

etry. It has been shown that if the pulses are less
than 3 seconds long, the damage seen is perfusion
independent.3o~3’ Whereas cytotoxic tempera-
tures are only achieved within the focal volume,
tissue lying in the beam path between the source
and the target may also be warmed. Because the
acoustic properties, such as attenuation coeffi-
cient and cavitation threshold, are temperature
dependent, it is important to allow this interven-
ing tissue to cool between successive exposures,
so that reproducible and predictable FUS dam-
age may be achieved.32 For this purpose, it has

been shown that a regime of a 1 to 2 seconds of

heating pulse followed by 60 seconds of cooling
gives good results.

Ultrasonic exposures are conventionally de-
scribed in terms of the beam intensity; ie, the
energy crossing a specified area in a given time.
The units for this are. W cm- 2. Typically, FUS
uses intensities at the focus, in tissue in situ of
1000 to 1500 W cm-2.’,33 The literature quotes
several different types of intensity. Focal peak
intensities are the highest values found in the

field. In situ intensities are the values at a point
in the tissue that have been calculated by taking
the beam’s attenuation by overlying tissue into
account. The choice of frequency depends on the
depth of target to be treated and the size of focal
volume required. It ends up being a compromise
between the need to keep the attenuation low to
allow sufficient energy to reach the target, and
the necessity of having sufficient absorption in
the focal volume to ensure adequate temperature
rise in the tissue of interest. Higher frequencies
result in smaller focal spots and tend to be used
for more superficial treatments because acoustic
attenuation increases with frequency. Typically,
for prostate applications, 2.25 to 4 MHz is used,
and for transabdominal applications 1 to 2 MHz
is used.

Applications
High-intensity focused beams were first used

for selective tissue destruction in the 1940s and
1950s.34,35 The initial intention was to provide a
method of destroying specified regions of the

brain to aid neurosurgical research and behav-
ioral studies. The first reports of human applica-
tions were in 1960,36,37 but the technique did not
gain much clinical acceptance until the 1990s,
probably for a number of reasons. First, it hap-
pened that for the clinical applications under
consideration, successful alternative therapies
were introduced at the same time. The drug,
L-dopa, was brought out for the treatment of

Parkinson’s disease. This was a simpler solution
than the lifting of the skull flap that was neces-
sary for brain exposures with FUS. At the time
that FUS for ophthalmology was being intro-

duced, laser surgery was also becoming popular.
Second, the sophisticated magnetic resonance

and ultrasonic imaging techniques used today
were not available. This meant that precise tar-
geting of the focal volume and real-time moni-
toring of tissue ablation were not feasible. The
revival of interest in the 1990s was probably
caused by the introduction of thermal ablation
therapies, primarily for the treatment of benign
prostate disease and cancer.

Clinical applications of ultrasound that have
been investigated are in the fields of neuro-

surgery, ophthalmology, urology, and oncology.
More recently, cardiologic and gynecologic appli-
cations have also been cons ide red.38,39

Benign Disease

Early attempts to place FUS lesions in the
brain were not successful because the skull was

left intact.34.35 This resulted in small lesions in

the brain, but profound damage to the scalp. It
was not until a skull flap was raised, thus cre-
ating an acoustic window, that lesions were

successfully created in the brain.4°-42 Recent

research into transskull exposures may make

this application more feasible.21-24 It appears
that white matter is more susceptible to dam-
age than grey matter.

Fry et a136 reported the treatment of 50 pa-
tients with Parkinson’s disease. The procedure,
which lasted 14 hours, involved craniotomy. The
substantia nigra and ansa lenticularis were ex-
posed under local anesthetic. Ballantine et all
reported complete pain relief in 7 patients with
painful neuromata. Neither of these reports ap-
pear to have been followed up.
FUS has been used successfully to treat glau-

coma, 43 retinal detachment,44 and vitreous haem-
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orrhage,45 and to seal traumatic capsular tears.46
Although this field achieved some measure of

success, it has not found widespread application,
most likely because of the apparently simpler
technology of lasers.

Urological targets are particularly well suited
to focused ultrasound surgery using either trans-
rectal probes, or transabdominally (through a full
bladder where necessary). Lesions have been

placed in the bladder wall in experimental mod-
els,4~ and superficial bladder tumours have been
treated in humans .27,48 The kidney has also been
selectively ablated in in vivo models, 49--52 but

there has not been much clinical exploitation of
this as yet, although renal tumors have been
targeted in a phase I study.53 

z

Benign Prostate Hyperplasia
The organ of most interest to urologists inves-

tigating focused ultrasound surgery is the pros-
tate. Transrectal ultrasound imaging is often the
diagnostic method of choice in the prostate,
therefore it is a natural step to attempt to incor-

porate ultrasound diagnosis and therapy into one
probe. Interest in prostate FUS started with the
possibility of treating benign prostate hyper-
plasia (BPH) in this way. The current gold stan-
dard treatment of BPH, transurethral resection
(TURP), carries with it a significant morbidity
rate and usually requires a general anesthetic. It
was postulated that FUS could provide a mini-
mally invasive technique that could be conducted
on an outpatient basis. Coagulative necrosis has
been induced in canine prostates, and tempera-
tures in the range of 55°C to 60°C have been
recorded.25,26 Four weeks after treatment, cystic
cavities were seen lining the urothelium. In hu-
man prostates, FUS damage was seen as hemor-
rhagic necrosis after 1 week. Granulation tissue

was seen at 10 weeks.54
Initial results from clinical trials26,55,56 showed

encouraging results, with increased flow rates
and decreased postvoid residual volumes. How-
ever, there is some indication that these results

are not maintained. Uchida et a15~ reported an
average 42% increase in flow rate, and a 42%
decrease in International Prostate Symptom
Score (IPSS) score 12 months after treatment

(n = 57) using the &dquo;Sonoblate.&dquo; Madersbacher et
al,58 using the same transrectal device, found
that the peak flow-rate change dropped from

+30% at 12 months to + 12% at 4 years. The
decrease in IPSS score of 57% seen at 12 months
remained approximately constant during the fol-
lowing 3 years. In this study of 98 men, they
found that there was a 35.9% risk of needing a
TURP 3 years after FUS treatment, with 43.8% of

patients having had a TURP after 4 years. These
investigators suggested that the need for retreat-
ment with TURP may be attributed to 1 of 3

reasons: (1) the small volume of prostate being
targeted (25% to 30%), (2) the creation of a

fibrotic scar, or, most probably, (3) the fact that
obstructive tissue at the bladder neck was not

effectively treated. The transrectal probe that

was used has been redesigned to allow for abla-
tion of tissue from the verumontanum to 5 mm

above the bladder neck.57 In a comparative study
of minimally invasive therapies for BPH and

TURP, FUS was found to be of comparable effi-
cacy to TUVP .(transurethral electrovaporisa-
tion), VLAP (visual laser ablation), and TUNA
(transurethral needle ablation). Whereas it

might be expected that 3% to 8% of patients
having TURP might have needed a second resec-
tion after 2 years, it was found that 25% of pa-
tients receiving 1 of the minimally invasive ther-
apies needed secondary treatment within 2 years.
However, the side effects of the minimally inva-
sive techniques are considerably less than those
with TURP. Although transrectal FUS was per-
formed under spinal anaesthesia (or, more rarely,
general anaesthetic) in these studies, it was free

from the blood loss associated with TURP.

Tumor Ablation

FUS has been shown to be effective in treating
tumors in experimental animals .59-63 The efficacy
of treatment is highly dependent on treatment
planning, because the temperature drops off rap-
idly at the lesion edge, and with it the cytotoxic
effect. This gives a very precise margin between
viable and dead cells, therefore placement of suc-
cessive ultrasonic exposures is crucial. However,
it has been shown that, when confluent coverage
of a tumor is achieved, complete tumor eradica-
tion is possible. 64,65

The possibility of increasing metastatic spread
has been considered by a number of groups. Fry
and Johnson reported an increase in the rate of
metastases,’9 but this has not been substantiated

by other investigators.62,63.66,67 In a more recent
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study, Oosterhof et alfi8 found no significant dif-
ference in the metastatic rate between FUS-ex-

posed tumors (23%) and controls (25%) in the

highly metastic AT-6 Dunning R2237 rat pros-
tate tumor model when the tumors were sub-

jected to clinical-type exposures from the &dquo;Ab-
latherm&dquo; device.

Clinical Trials in Humans

Transrectal HIFU has been used for the treat-

ment of prostate carcinoma since 1992. Clinical
trial results are now beginning to be available. In
all the trials, patients with stage Tl and T2 pros-
tatic cancer were treated mainly under spinal
anaesthesia but, in a few cases, under general
anaesthetia. Early results using the &dquo;Ablatherm&dquo;
device showed that 50% of patients had no evi-
dence of residual tumor at 6 months, and that
the mean prostate-specific antigen (PSA) level

dropped from 12.0 ± 10.0 ng/ml before treat-

ment to 2.94 ~- 3.27 ng/ml in this tiMe.69 Subse-
quent reports from this team, and others using
the same equipment, show an improvement in
this response, apparently caused by modifications
in treatment technique.33,10-73 Individual expo-
sures lasting 4.5 to 5 seconds, with 5 to 12 seconds
between them, are used. This allows tissue to be
ablated at the rate of approximately 10 g/hour. A
suprapubic catheter is inserted after treatment
and remains in place for 5 days. A common find-
ing is that successfully treated tissue shows coag-
ulative necrosis of glandular tissue, and some-
times of periprostatic fat and the proximal part
of seminal vesicles.70 The tissue becomes necrotic
within 3 months of treatment and may show an

inflammatory response. Circulating prostate cells
were found 30 minutes after treatment in 23% of

patients who had none detected before treat-

ment. An increase of 64% in cell numbers was

measured for those patients who already had cir-
culating cells. Patients reported the passing of
necrotic debris through the urethra. Tumor re-
sponse was assessed by monitoring of PSA levels
and by randomized biopsy 1, 3, 6, and 12 months
after treatment. The PSA level rose by more than
a factor of 10 immediately after treatment, peak-
ing at 12 hours, and then dropping rapidly.

Gelet et a173 have divided the response into 4

groups: (1) The complete response group; patients
who had initial prostate volumes less than 50 cc
and mean initial PSA levels of 6.7 ng/ml, which

dropped on average to 0.9 ng/ml over the 4 years
of follow up. These patients showed no sign of
residual tumor after FUS treatment (I to 4 ses-

sions) ; (2) biochemical failures; patients who had no
evidence of residual cancer after treatment, but
the mean PSA dropped only from 10.08 ng/ml
before treatment to 6.02 ng/ml at the end of the
study period. This group had large prostates be-
fore treatment (>50 cc). These patients were
retreated when the residual cancer became obvi-

ous ; (3) biochemical control; patients whose mean
prostate volume before treatment was less than
50 cc and who had evidence of residual cancer

after treatment, but their mean PSA level

dropped from 8.99 to 0.9 ng/ml. The residual
tumour lay anteriorly, adjacent to, and beyond
the capsule. These patients were retreated when
the PSA had risen to a level of 3.0 ng/ml or above;
(4) treatment failures; patients who had initial pros-
tate volumes of 41 1 ± 25 cc and initial PSA values

of 18.12 ng/ml. After FUS treatment there was
evidence of residual tumor, and the mean PSA
level dropped to 8.96 ng/ml. These investigators
have reported that 87% of their patients showed
local control following transrectal FUS.33 Local
control was defined as negative biopsy, or resid-
ual cancer foci associated with a PSA level less
than 4.0 ng/ml. Similar control rates have been
reported by Beerlage et al.7° Disease-free survival
appears to be best predicted by a stable PSA level
rather than its absolute value.33

The improvement in response is caused by
modifications in probe design. A fixed focus de-
vice was used initially. This meant that in large
glands, tissue anterior to the focal volume was
not ablated. This problem has been addressed
both by increasing the focal length (and thus the
depth of tissue beyond the rectal wall that may be
targeted) and introducing variable focusing. In
addition, glandular tissue closest to the rectum
remained untreated at times, because probe cool-
ing meant that tissues closest to it did not reach
toxic temperatures. This can be ameliorated by
adjustment of the cooling fluid temperature, but
care is necessary to ensure that the rectum is not

overheated.
Few side effects have been observed with the

technique. For 315 patients treated in Munich,
Germany, the mean time spent in the operating
theatre was 165 minutes. 74 Reported adverse

events ranged from &dquo;a few hours of rectal pain&dquo;
to &dquo;recto-urethral fistula&dquo; (4/315). However, in
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the last 100 patients treated after technical mod-
ifications had been implemented, none of these
events were recorded. The problems that re-

mained were urinary tract infections (8%), mild
stress incontinence (1%), and a decreased erec-
tion rate. As might be expected after an ablative
treatment that coagulates the prostate gland, all
patients suffered ejaculation problems. It has

been noted that surgery is not an option after
failure of FUS because the fibrosis of the poste-
rior portion of the prostate, which persists for 3
months, makes dissection impossible.

These early results of clinical trials indicate
that FUS may have a useful role to play in the
treatment of prostate cancer. It may be of par-
ticular use in salvage treatments for locally re-
current disease after radiotherapy. Beerlage et
a175 compared the results obtained with cryosur-
gical ablation of the prostate (CSAP), brachy-
therapy, FUS, and radiofrequency interstitial tu-
mour ablation (RITA). They concluded that

although it was too early to make definitive con-
clusions about FUS and RITA, CSAP and brachy-
therapy give similar results to TURP. More re-
cent FUS results indicate that it also has a

similar success rate when performed with the
newest treatment devices.

The only published clinical trial of treatments
outside the prostate is from the Royal Marsden
Hospital in the UK.1,53 Using an extracorporeal
source gantry mounted above the patient, soft
tissue tumors lying 4 to 12 cm below the skin
surface have been treated in fully conscious,
unsedated patients. Tumors of the liver, kidney,
and prostate were targeted. In this phase-I study,
no significant side effects were noted. Patients

reported sensations ranging from &dquo;mild heating&dquo;
or a &dquo;pin prick&dquo; to &dquo;moderate pain&dquo; during the
ultrasonic pulse. Treatment only had to be

stopped when pulses of 3 seconds in duration
were used at in situ intensities greater than 1500
W cm-2. In treatment of the liver, reported pain
sensations were reduced when the focus was set

deeper into the organ. It was assumed that this
was because the acoustic intensity at the liver
capsule (where the pain sensors lie) was thereby
reduced. A phase-II trial for the treatment of
isolated liver metastases has shown a reduction
in the carcinoembryonic antigen (CEA) tumor
marker, and changes in appearance on MR or
computed tomographic images. 

’

Vascular Occlusion and Hemostasis

It has been shown that high-intensity ultra-
sound beams can interrupt blood flow and oc-
clude vessels. This has been shown under several
different circumstances. Hynynen et ap6,77 have
shown occlusion of rabbit renal arteries, and Riv-
ens et ap8,79 have occluded femoral vessels in the
rat. Several potential applications have been sug-
gested, including treatments of varicose veins,
the occlusion of supply vessels in fetofetal trans-
fusion syndrome, and the occlusion of tumor
feeder vessels. Another application of this may lie
in the treatment of hepatic injury. A high-inten-
sity focused beam swept through the liver cauter-
izes the tissue through which it passes. This may
act to stop bleeding. Vaezy et a180,81 have shown
that profuse bleeding in cut liver slowed to an
&dquo;ooze&dquo; in less than 2 minutes, and complete he-
mostasis was achieved in 80% of cases in 3 min-

utes. This technique is also being investigated for
use in the noninvasive sealing of catheter

wounds.

Comparison with Other Thermal
Ablation Techniques

FUS will inevitably be compared with other
minimally invasive ablation methods. Laser and
radiofrequency techniques bear the most similar-
ity to FUS.H2,83 They both require the insertion of
probes directly into the tissue of interest, which
requires local or general anesthetic, and carries
with it the risk of seeding tumor cells along the
instrumentation track in cancer applications.
The main advantages of these techniques are

that there is no relative movement between the

heating probe and the tissue, and the volume of
tissue in each shot is relatively large. FUS does
not require the introduction of instruments di-
rectly into the target tissue, and may be used in
the fully conscious and sentient patient as an

outpatient technique. However, the volume of
tissue ablated per second is small. Sophisticated
techniques may be necessary to track the position
of the focus relative to the target volume. All of
these methods may be monitored using NIR im-
aging if the sources are made to be magnetically
compatible. FUS may also be monitored with
diagnostic ultrasound, with the imaging and ther-
apy beams emanating from the same probe.
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Conclusions

FUS is a novel technique that is rapidly gain-
ing acceptance for a number of applications. It
provides a noninvasive method of selective tissue
destruction at depth. The treatment may be

monitored in real-time using MR or ultrasonic
techniques. There are still some technical im-

provements to be made, such as speeding up the
ablation of large tissue volumes, but it is pre-
dicted that these will soon be readily available.

References

1. ter Haar GR, Rivens IH, Moskovic E, et al: Phase I clinical
trial of the use of focused ultrasound surgery for the

treatment of soft tissue tumours. SPIE 3249:270-276,
1998

2. Sapareto SA, Dewey WC: Thermal dose determination in
cancer therapy. Int J Radiat Oncol Biol Phys 10:787-800,
1984 .

3. Meaney PM, Clarke RL, ter Haar GR, et al: A 3D finite
element model for computation of temperature profiles
and regions of thermal damage during focused ultra-

sound surgery exposures. Ultrasound Med Biol 24:1489-

1499, 1998 
4. ter Haar GR: Ultrasonic biophysics. In: Hill CR, ed.

Physical principles of Medical Ultrasound. Ellis Horwood
Pub. Co., 1986

5. ter Haar GR, Robertson D: Tissue destruction with fo-
cused ultrasound in vivo. Eur Urol 23:8-11, 1993 (suppl 1)

6. Pond JB: The role of heat in the production of ultrasonic
focal lesions. J Acoust Soc Am 47:1607-1611, 1970

7. Vykhodtseva N, Sorrentino V, Jolesz FA, et al: MRI de-

tection of the thermal of the thermal effects of focused

ultrasound on the brain. Ultrasound Med Biol 26:871-880,
2000

8. Chen L, Bouley D, Yuh E, et al: Study of focused ultra-
sound tissue damage using MRI and histology. J Magn
Reson Imaging 10:146-153, 1999

9. Hill CR, Rivens I, Vaughan MG, et al: Lesion develop-
ment in focused ultrasound surgery: A general model.
Ultrasound Med Biol 20:259-269, 1994

10. Borrelli MJ, Bailey KI, Dunn F: Early ultrasonic effects
upon mammalian CNS structures (chemical synapses). J
Acoust Soc Am 69:1514-1516, 1981

11. Fallon JT, Stehbens WE, Eggleton RC: An ultrastructural

study of the effect of ultrasound on arterial tissue. J Path
Ill 275-284, 1973

12. Arafiev A, Prat F, Chapelon JY, et al: Ultrasound induced
tissue ablation: Studies on isolated, perfused porcine
liver. Ultrasound Med Biol 24:1033-1043, 1998

13. Adams JB, Moore RG, Anderson JH, et al: High-intensity
focused ultrasound ablation of rabbit kidney tumours. J
Endourol 10:71-75, 1996

14. Van Leenders GJLH, Beerlage HP, Ruijter ET, et al:

Histopathological changes associated with high intensity
focused ultrasound (HIFU) treatment for localised ade-

nocarcinoma of the prostate. J Clin Pathol 53:391-394,
2000

15. Robinson TC, Lele PP: An analysis of lesion development
in the brain and in plastics by high intensity focused
ultrasound at low megahertz frequencies. J Acoust Soc
Am 51:1333-1351, 1972

16. Warwick R, Pond JB: Trackless lesions in nervous tissues
produced by high intensity focused ultrasound (high fre-
quency mechanical waves). J Anat 102:387-405, 1968

17. Ebbini ES, Cain CA: A spherical-section ultrasound

phased array applicator for deep localized hyperthermia.
IEEE Trans Biomed Eng 38:634-643, 1991

18. Goss SA, Frizzell LA, Kouzmanoff JT, et al: Sparse ran-
dom ultrasound phased array for focal surgery. IEEE
Trans Ultrason Ferroel Freq Control 43:1111-1121, 1996

19. Daum DR, Smith NB, King R, et al: In vivo demonstra-
tion of noninvasive thermal surgery of the liver and kid-

ney using an ultrasonic phased array. Ultrasound Med
Biol 25:1087-1098, 1999

20. Lizzi FL, Deng CX, Lee P, et al: A comparison of ultra-
sonic beams for thermal treatment of ocular tumours.

Eur J Ultrasound 9:71-78, 1999
21. Thomas JL, Fink MA: Ultrasonic beam focusing through

tissue inhomogeneities with a time-reversal mirror: Ap-
plication to transskull therapy. IEEE Trans Ultrason Fer-
roelectr Freq Contr 43:1122-1129, 1996

22. Clement GT, White J, Hynynen K: Investigation of a
large area phased array for focused ultrasound surgery
through the skull. Phys Med Biol 45:1071-1083, 2000

23. Hynynen K, Jolesz FA: Demonstration of potential non-
invasive ultrasound brain therapy through an intact skull.
Ultrasound Med Biol 24:278-283, 1998

24. SunJ, Hynynen K: The potential of transskull ultrasound
therapy and surgery using a maximum available skull

surface area. J Ac Soc Am 105:2519-2527, 1999
25. Foster RS, Bihrle R, Sanghvi NT, et al: High intensity

focused ultrasound in the treatment of prostate disease.
Eur Urol 23:29-33, 1993 (supp 1)

26. Gelet A, Chapelon JY, Margonari J, et al: High intensity
focused ultrasound experimentation on human benign
prostatic hypertrophy. Eur Urol 23:44-47, 1993 (suppl 1)

27. Vallancien G, Chartier-Kastler E, Bataille N, et al: Fo-
cused extra-corporeal pyrotherapy. Eur Urol 23:48-52,
1993 (suppl 1)

28. Cline HE, Schenck JF, Hynynen K, et al: MR-guided
focused ultrasound surgery. J Comp Assist Tomogr 16:

956-965, 1992
29. Prat F, Lafon C, Margonari J, et al: A high intensity US

probe designed for intraductal tumor destruction: Exper-
imental results. Gastrointest Endosc 50:388-392, 1999

30. Billard BE, Hynynen K, Roemer RB: Effects of physical
parameters on high temperature ultrasound hyperther-
mia. Ultrasound Med Biol 16:409-420, 1990

31. Chen L, ter Haar GR, Hill CR, et al: Effect of blood
perfusion on the ablation of liver parenchyma with high
intensity focused ultrasound. Phys Med Biol 38:1661-

1673, 1993
32. Malcolm AL, ter Haar GR: Ablation of tissue volumes

using high intensity focused ultrasound. Ultrasound Med
Biol 22:659-669, 1996

 by guest on September 11, 2016sri.sagepub.comDownloaded from 

http://sri.sagepub.com/


88

33. Gelet A, Chapelon JY, Bouvier R, et al: Transrectal high
intensity focused ultrasound: Minimally invasive therapy
of localised prostate cancer. J Endourol 14:519-528, 2000

34. Lynn JG, Zwemmer RL, Chick AJ, et al: A new method for
the generation and use of focused ultrasound in experi-
mental biology. J Gen Physiol 26:179-193, 1942

35. Lynn JG, Putnam TJ: Histological and cerebral lesions
produced by focused ultrasound. Am J Pathol 20:637-649,
1944

36. Fry WJ, Fry FJ: Fundamental neurological research and
human neurosurgery using intense ultrasound. IRE Trans
Med Electron ME-7:166-181, 1960

37. Ballantine HT, Bell E, Manlapaz J: Progress and prob-
lems in the neurological application of focused ultra-

sound. J Neurosurg 17:858-876, 1960
38. Vaezy S, Fujimoto VY, Walker C, et al: Treatment of

uterine fibroid tumours in a nude mouse model using
high intensity focused ultrasound. Am J Obstet Gynecol
183:6-11, 2000

39. Strickberger SA, Tokano T, Kluiwstra J-UA, et al: Extra-
cardiac ablation of the canine atrioventricular junction by
use of high intensity focused ultrasound. Circulation 100:
203-208, 1999

40. Wall PD, Fry WJ, Stephens R, et al: Changes produced in
the central nervous system by ultrasound. Science 114:

686-687, 1951
41. Fry WJ, Barnard JW, Fry FJ, et al: Ultrasonic lesions in

the mammalian central nervous system. Science 122:517-518, 1955 
42. Bakay L, Hueter TF, Ballantine HT, et al: Ultrasonically

produced changes in the blood-brain barrier. AMA Arch
Neurol Psychol 76:457-467, 1957

43. Silverman RH, Vogelsang B, Rondeau MJ, et al: Thera-

peutic ultrasound for the treatment of glaucoma. Am J
Ophthalmol 111:327-337, 1991

44. Rosecan LR, Iwamoto T, Rosado A, et al: Therapeutic
ultrasound in the treatment of retinal detachment: Clin-

ical observation and light and electron microscopy. Ret-
ina 5:115-122, 1985

45. Coleman DJ, Lizzi FL, El-Mofty AAM, et al: Ultrasoni-

cally accelerated resorption of vitreous membranes. Am J
Ophthalm 89:490-499, 1980

46. Coleman DJ, Lizzi FL, Torpey JH, et al: Treatment of

experimental lens capsular tears with intense focused

ultrasound. Brit J Ophthalmol 69:645-649, 1985
47. Watkin NA, Morris SB, Rivens IH, et al: A feasability

study for the non-invasive treatment of superficial blad-
der tumours with focused ultrasound. Brit J Urol 78:715-
721, 1996

48. Vallancien G, Harouni M, Guillonneau B, et al: Ablation
of superficial bladder tumors with focused extracorporeal
pyrotherapy. Urology 47:204-207, 1996

49. Chapelon JY, Margonari J, Theill&egrave;re Y, et al: Effects of

high energy focused ultrasound on kidney tissue in the rat
and the dog. Eur Urol 22:147-152, 1992

50. Frizzell LA, Linke CA, Carstensen EL, et al: Thresholds
for focal ultrasonic lesions in rabbit kidney, liver and

testicle. IEEE Trans Biomed Engng BME-24:393-396,
1977

51. Linke CA, Carstensen EL, Frizze DLA, et al: Localised

tissue destruction by high intensity focused ultrasound.
Arch Surg 107:887-891, 1973 

52. Watkin NA, ter Haar GR, Morris SB, et al: The urological
applications of focused ultrasound surgery. Brit J Urol
75:1-8, 1995 (suppl 1) 

53. Visioli AG, Rivens IH, ter Haar GR, et al: Preliminary
results of a phase I dose escalation clinical trial using
focused ultrasound in the treatment of localised tumours. 

Eur J Ultrasound 9:11-18, 1999
54. Susani M, Madersbacher S, Kratzik C, et al: Morphology

of tissue destruction for the treatment of glaucoma. Eur
Urol 23:34-38, 1993 (suppl 1)

55. Madersbacher S, Kratzik C, Susani M, et al: Tissue abla-
tion in benign prostatic hyperplasia with high intensity
focused ultrasound. J Urol 152:1956-1961, 1994

56. Mulligan ED, Lynch TH, Mulvin D, et al: High intensity
focused ultrasound in the treatment of benign prostatic
hyperplasia. Brit J Urol 79:177-180, 1997

57. Uchida T, Muramoto M, Kyunou H, et al: Clinical out-

come of high intensity focused ultrasound for treating
benign prostatic hyperplasia: Preliminary report. Urology
52:66-71, 1998

58. Madersbacher S, Schatzl G, Djavan B, et al: Long term
outcome of trans-rectal high intensity focused ultrasound
therapy for benign prostatic hyperplasia. Eur Urol 37:
687-694, 2000

59. Fry FJ, Johnson LK: Tumour irradiation with intense
ultrasound. Ultrasound Med Biol 4:337-341, 1978

60. ter Haar GR, Clarke RL, Vaughan MG, et al: Trackless

surgery using focused ultrasound technique and case re-
port. Minimally Invasive Therapy 1:13-19, 1991 

61. ter Haar GR, Rivens I, Chen L, et al: High intensity
focused ultrasound for the treatment of rat tumours. Phys
Med Biol 36:495-501, 1991

62. Yang R, Reilly CR, Rescorla FJ, et al: High intensity
focused ultrasound in the treatment of liver cancer. Arch

Surg 126:1002-1010, 1991
63. Chapelon JY, Margonari J, Vernier F, et al: In vivo

effects of high intensity ultrasound on prostatic adeno-
carcinoma Dunning R3327. Cancer Research 52:6353-
6457, 1992

64. Chen L, Rivens I, Riddler S, et al: Histological changes in
rat liver tumours treated with high intensity focused
ultrasound. Ultrasound Med Biol 19:67-74, 1993

65. Chen L, ter Haar GR, Hill CR, et al: Treatment of

implanted liver tumours with focused ultrasound. Ultra-
sound Med Biol 25:847-856, 1999

66. Goss SA, Fry FJ: The effects of high intensity ultrasonic
irradiation on tumor growth. IEEE Trans Sonics Ultra-
sonics 31:491-496, 1984

67. Bataille N, Vallancien G, Chopin D: Antitumoural local
effect and metastatic risk of focused extracorporeal pyro-
therapy on Dunning R2237 tumours. Eur Urol 29:72-77,
1996

68. Oosterhof GON, Cornel EB, Smits GAHJ: Influence of
high intensity focused ultrasound on the development of
metastases. Eur Urol 32:91-95, 1997

69. Gelet A, Chapelon JY, Bouvier R, et al: Local control of
prostate cancer by trans-rectal high intensity focused
ultrasound therapy: Preliminary results. J Urol 161:156-
162, 1999

70. Beerlage HP, Th&uuml;roff S, Debruyne F, et al: Transrectal
high intensity focused ultrasound using the ablatherm

 by guest on September 11, 2016sri.sagepub.comDownloaded from 

http://sri.sagepub.com/


89

device in the treatment of localised prostate carcinoma.

Urology 54:273-277, 1999
71. Beerlage HP, van Leenders GJLH, Oosterhof GON, et al:

High intensity focused ultrasound (HIFU) followed by
radical retropubic prostatectomy: Results of a prospective
study. The Prostate 39:41-46, 1999

72. Chaussy C, Thiiroff S: High intensity focused ultrasound
in prostate cancer: Results after 3 years. Mol Urol 4:179-

182, 2000
73. Gelet A, Chapelon JY, Bouvier R, et al: Treatment

of prostate cancer with trans-rectal focused ultra-

sound: Early clinical experience. Eur Urol 29:174-183,
1996

74. Th&uuml;roff S, Chaussy C: High intensity focused ultrasound:

Complications and adverse events. Mol Urol 4:183-187,
2000

75. Beerlage HP, Thiiroff S, Madersbacher S, et al: Current
status of minimally invasive treatment options for lo-

calised prostate carcinoma. Eur Urol 37:2-13, 2000

76. Hynynen K, Colucci V, Chung A, et al: Noninvasive ar-
terial occlusion using MRI-guided focused ultrasound.

Ultrasound Med Biol 22:1071-1077, 1996

77. Hynynen K, Chung A, Calucci V, et al: Potential adverse 
effects of high intensity focused ultrasound exposure.
Ultrasound Med Biol 22:193-201, 1996

78. Rivens I, Rowland I, Denbow M, et al: Focused ultrasound

surgery induced vascular occlusion in fetal medicine.

SPIE 3249:260-265, 1998
79. Rivens IH, Rowland IJ, Denbow M, et al: Vascular occlu-

sion using focused ultrasound surgery for use in fetal

medicine. Eur J Ultrasound 9:89-97, 1999
80. Vaezy S, Martin R, Schmiedl U, et al: Liver haemostasis

using high intensity focused ultrasound. Ultrasound Med
Biol 23:1413-1420, 1997

81. Vaezy S, Martin R, Mourad P, et al: Hemostasis using
high intensity focused ultrasound. Eur J Ultrasound 9:79-
87, 1999

82. Curley SA, Izzo F, Delrio P, et al: Radiofrequency abla-
tion of unresectable primary and metastatic hepatic ma-
lignancies. Ann Surg 230:1-8, 1999

83. Vogl TJ, Muller PK, Hammerstingl R, et al: Malignant
liver tumours treated with MR Imaging-guided laser-

induced thermotherapy: Technique and prospective re-

sults. Radiology 196:257-265, 1995

 by guest on September 11, 2016sri.sagepub.comDownloaded from 

http://sri.sagepub.com/

