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High intensity focused ultrasound (HIFU) is gaining rapid clinical acceptance, but as yet there is no consensus 
on calibration and methods for describing the acoustic fields involved, nor on descriptors of either the 
ultrasound exposure or dose. Well validated methods exist for measuring pressure and power in low amplitude 
fields, but some of these are not appropriate for the powers and field geometries used in HIFU. Although 
some technical challenges have been solved for transducers mounted in large water baths, the complex 
geometries used for clinical HIFU sources create further difficulties. Accurate calibration, and knowledge of 
the acoustic field in three dimensions is crucial to avoiding side effects caused by unintentional heating, and 
is important when treatments are to be compared.
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High-intensity focused ultrasound
High-intensity focused ultrasound (HIFU) is 
a minimally invasive technique for selective 
ablation of tissue volumes that may lie deep 
within the body. It is also sometimes referred 
to as focused ultrasound surgery (FUS). High-
power ultrasound beams can be focused into 
areas with millimeter dimensions in which the 
acoustic energy absorption produces a tempera-
ture rise at a rate of 20°C/s or greater. Since 
a temperature of approximately 56°C held for 
1 s or longer results in necrosis and cell death 
[1–3], the main mechanism for HIFU's effect 
in tissue is thermal in origin; although acous-
tic cavitation may also occur. HIFU has been 
used to target benign and malignant tumors of 
the brain, uterus, liver, kidney, pancreas, thy-
roid and breast using extracorporeal transducers 
[3–29]. The mounting of a HIFU source on a 
transrectal probe allows the prostate to be tar-
geted, and both benign prostate hyperplasia and 
carcinoma of the prostate have been treated in 
this way [30–35]. It has been shown that there is a 
very sharp margin (approximately six cells wide) 
between viable and dead cells at the margin of 
HIFU-induced damage (known as a lesion) 
[36]. If this ability to destroy tissues selectively, 
without damage to intervening tissues, is to be 
harnessed to maximum therapeutic benefit, 
it is important that state-of-the-art imaging 
techniques are used for targeting and monitor-
ing treatment. Both ultrasound and MRI have 
been used, and HIFU involving these imaging 
techniques is often referred to as USgHIFU 
or MRgFUS (MRgHIFU), respectively. Each 
imaging technique has its own advantages and 

disadvantages. MR guidance provides excel-
lent anatomical images and well-established 
thermometry sequences that allow near-real-
time mapping of the thermal treatment being 
delivered to the target region. MR-compatible 
HIFU sources are available, but these treatments 
tie up MR scanners for several hours at a time, 
which may not be possible in some busy clinics. 
Ultrasound is also used to guide HIFU treat-
ments. This has the advantage not only that 
the imaging elements can be incorporated into 
the therapy head, but also that the imaging and 
therapy beams take the same tissue path, with 
the imaging thus giving a good indication of the 
acoustic accessibility of the therapy beam to the 
chosen target. For USgHIFU, successful abla-
tion is shown by the appearance of hyperecho, 
indicative of tissue water boiling [37]. In practice, 
MR guidance has mainly been used for applica-
tions in the brain and uterus, while ultrasound 
guidance has been trialed in the prostate, liver, 
kidney, uterus, pancreas and breast. What is cer-
tain is that HIFU is becoming more clinically 
widespread, and the need for good calibration of 
devices is becoming more important. By the end 
of 2012, 11 indications had received European 
CE approval and two received approval from 
the US FDA. More than 47,000 prostate cancer 
treatments have been performed, as well as 150 
benign and malignant breast tumors, 15,000 
uterine fibroid, 2500 liver, 1000 pancreatic 
tumor, 500 painful bone metastases and 80 
functional brain treatments [Aubry JF, Pers. Comm.].

Clinically, there have not been many observed 
side effects. For extracorporeal treatments, the 
most probable complication is that of a skin 
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burn. This may be the result of a small prefocal 
peak of energy coinciding with the highly acous-
tically absorbent skin, or of heating at or acoustic 
reflection from the ribs. These burns are usu-
ally minor and resolve rapidly, but third-degree 
burns have been reported [38–39]. Care must be 
taken to ensure that the HIFU beam does not 
hit sensitive structures postfocally. Exposure 
of the spinal cord has resulted in paralysis in 
experimental animals [40]. Transrectal HIFU 
carries with it different risks and it is impor-
tant to ensure that the rectum is not burnt. For 
all HIFU applications, good acoustic coupling 
of the beam to the tissue surface is essential to 
prevent local damage.

A full description of HIFU treatments 
requires characterization of the acoustic field and 
accurate reporting of a number of para meters. 
This is needed so that clinical safety can be 
maintained by appropriate selection of treatment 
parameters and, of particular importance in an 
emerging field, so that comparisons can be made 
between different patients treated on one device 
and between treatments carried out on different 
devices. To date, no standard protocols exist for 
either the description of a HIFU field or for its 
measurement.

 n Dose
The speciality of medical ultrasound suffers from 
a lack of dosimetric parameters. For x-irradiation, 
there is a differentiation between ‘exposure’, 
defined as a Roentgen in terms of the amount of 
ionization produced in air, which describes the 
amount of energy reaching the body and does 
not describe the fraction of incident energy that 
is absorbed within tissue, and ‘absorbed dose’, 
which is the amount of energy deposited in the 
tissue per kilogram, in gray and rad. No such 
distinction exists for ultrasound, and the terms 
exposure and dose are used interchangeably in 
the literature. The parallel here is that exposure 
describes the acoustic field incident on the tissue 
volume of interest, but does not provide infor-
mation about the energy absorbed (the dose). 
HIFU exposures are usually described in terms 
of intensity (acoustic energy flux) or power. As 
the primary aim of the technique is thermal 
ablation, apart from the frequency, the most 
important feature of the HIFU beam is the total 
energy deposited in the target volume. This can 
be described in terms of the focal peak inten-
sity and focal dimensions, as well as the expo-
sure time, and a description of the pulsing and 
scanning regimes (where appropriate). Where 
acoustic cavitation may be involved, it is also 

important to know the spatial pressure distri-
bution and to quote the peak negative pressure. 
Practically, the values of these parameters given 
are those obtained from measurements made 
in large, reflection-free water tanks under 'free-
field' conditions. In order to calculate the actual 
exposure in the tissues of interest, the acoustic 
properties of tissue (attenuation and absorp-
tion coefficients) must be known. In practice, 
generic values of these coefficients taken from 
the literature are usually used.

An alternative method of describing HIFU 
treatments is to use the concept of thermal 
dose (t

REF
). This is commonly quoted for 

MRgHIFU treatments. Thermal dose, which 
is sometimes referred to as cumulative effective 
minutes (CEM

REF
) or the thermal isoeffective 

dose (TID), is designed to allow comparison of 
time–temperature combinations of one thermal 
treatment with a treatment that produces the 
same biological effect at a reference temperature, 
usually taken to be 43°C; t

43
 is given by:

where R is the number of minutes needed to 
compensate for a 1°C temperature change either 
above 43°C (R = 0.5) or below 43oC (R = 0.25) 
[1]. Thermometry sequences are used to calcu-
late the thermal dose that is displayed as an over-
lay on the anatomical image during MRgHIFU. 
The accuracy with which the thermal dose can 
be calculated depends on that of the tempera-
ture estimation, which is necessarily a compro-
mise between spatial and temporal resolution. 
Ablation is deemed to have occurred when t

43
 

is 240 min. There are a number of limitations 
to the use of thermal dose. It has not been fully 
validated for the temperature ranges important 
to HIFU treatments (>56°C), and does not take 
into account mechanical effects arising from 
acoustic cavitation and boiling, or previous 
exposures that may result in thermotolerance.

Other dosimetric descriptors have been put 
forward. These include the product of intensity 
and time, and the energy deposited per unit mass 
(equivalent to the specific absorption rate [SAR], 
which is used for other thermal therapies) [41–42]. 
However, none of these are able to account for 
the contribution to tissue damage of the mechan-
ical effects of cavitation. A separate 'cavitation 
dose' has been proposed for this [43]. This is the 
integral of the broadband signal emitted during 
inertial cavitation (with the fundamental and 



Box 1. Acoustic parameters required for the description of a high-
intensity focused ultrasound treatment. 
Essential 
• Total output power 
• Maximum value of peak negative pressure 
• Spatial-peak temporal average intensity (and position in field it occurs) 
• Acoustic frequency 
• Pulse repetition rate (or appropriate description of any pulsing or scanning regime) 
• Pulse duration (or number of acoustic cycles/pulse) 
Optional 
• Spatial variation of peak-negative acoustic power or temporal average intensity (as a 

minimum along three orthogonal axes, one of which is the sound beam axis) 
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any harmonic peaks filtered out) and has been 
shown, under some circumstances, to correlate 
well with cell survival [44–45]. While some com-
mercial HIFU devices are capable of detecting 
cavitation activity, this information is not used to 
calculate any form of dose, but is, instead, used 
as an internal safety check for the device's drive 
software. USgHIFU systems define successful 
ablation in terms of the appearance of hyperecho 
on the ultrasound scan, indicating the occur-
rence of boiling bubbles. This is not used in any 
dosimetric sense.

Duck has suggested the use of the acoustic 
dose rate. He defined two forms of this, one 
that describes heating due to the direct absorp-
tion of acoustic energy and one associated with 
cavitation-mediated heating [42]. The two are not 
combined and take no account of the mechani-
cal effects described above. To date, no satis-
factory dose parameter that fully describes the 
bio logical effects of an ultrasound exposure has 
been established and, at present, a full descrip-
tion of the incident acoustic field, measured in 
water, may provide the best way of describing a 
HIFU treatment. The parameters necessary for a 
full description of a HIFU treatment are shown 
in Box 1. This has been discussed by ter Haar 
et al. [46].

Calibration of HIFU fields
The most usual practical characterization of an 
acoustic field involves the mapping of the pres-
sure distribution in 3D. It is often sufficient to 
change the separation of measurement points 
according to the region of the field being inter-
rogated, with a higher spatial resolution being 
needed in the focal region and near any sidelobes 
and a lower resolution being sufficient elsewhere 
(Figure 1). There is no direct method of measuring 
intensity, and it is generally calculated using the 
expression

where p is the pressure amplitude, ρ is the density 
and c is the speed of sound. Thus, p2 distribution 
reflects the intensity distribution. For HIFU, the 
pressure (intensity) distribution is used to derive 
the focal dimensions, usually quoted in terms 
of the full width and half length at half pres-
sure. Acoustic power may either be measured 
directly, as described below, or may be derived by 
integration of the intensity over the required area.

Calibration of clinical HIFU fields presents 
particular challenges [47]. The high peak pres-
sure amplitudes used (up to 10 MPa) mean 

that cavitation in the coupling medium is 
diff icult to avoid. Cavitation bubbles may 
shield the sensor from recording the true 
acoustic pressure or may destroy the element 
itself. The high intensities in these fields may 
result in heating of the hydrophone element, 
which risks damaging the element itself, and 
may change the sensitivity of the probe. The 
tight focusing seen in HIFU beams requires 
good spatial resolution if the focal shape is to 
be correctly registered. This requires a small 
sensitive volume for the hydrophone element. 
The directivity of a hydrophone must also be 
taken into account here. In the focal region, 
the plane wave assumption used to relate the 
acoustic pressure to intensity is no longer valid, 
and this results in errors in exposure reporting. 
The focal geometry must also be taken into 
account in order to perform accurate radiation 
force balance measurements.

High-amplitude acoustic pulses propagate 
nonlinearly in water, resulting in a distortion of 
the wave and the generation of harmonics of the 
fundamental frequency. The harmonic content 
at any point in the field can be measured using 
a calibrated hydrophone, provided that the fre-
quency response of the hydrophone is known. 
As the acoustic attenuation coefficient of water 
is proportional to the frequency squared, these 
harmonics are absorbed more rapidly than the 
fundamental, leading to ‘nonlinear loss’ and, 
eventually, to ‘acoustic saturation’, where any 
change in the acoustic pressure generated at the 
transducer is not seen at the measurement point 
in the field [48]. This means that, for radiation 
force balance measurements, the incident power 
is strongly dependent on the distance at which 
the measurement is made. For hydrophone 
measurements in water, although acoustic 
saturation and nonlinear loss are not strictly a 
problem, care is necessary when extrapolating 
from measurements in water to values in tissue, 
where the nonlinear properties and attenuation 
coefficients are different.
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Figure 1. Example of the variable spatial resolution that may be used when plotting the 
pressure field from a high-intensity focused ultrasound transducer. (A) Example of changes in 
spatial resolution that may be used in creating a map of the acoustic pressure distribution shown 
in (B).
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Measurement techniques
 n Measurement of pressure

The instrument most commonly used to meas-
ure pressure in ultrasound fields is an acoustic 
hydrophone with a piezoelectric sensitive element 
that responds to the acoustic field, giving a volt-
age that depends on the local pressure amplitude. 
These sensors can be scanned through the field 
to give the pressure. The elements may be piezo- 
or piezo-electric membranes (polyvinylidene 
difluoride) and are often mounted on the end 
of a needle. Wide-area membrane hydrophones 
with a small central sensitive element can also be 
used. These have the advantage that they do not 
interfere with the field they are intended to meas-
ure, but are only suitable for field measurements 
where sufficient space is available, such as in large 
water baths. The shaft of needle hydrophones 
may interact with the field if not used with care, 
but they are suitable for use in confined spaces. 
Pressure fields may also be measured using fiber-
optic hydrophones. Two types of hydrophone 
are most commonly used: the hydrophone 
invented by Staudenraus and Eisenmenger [49] 
uses a thin optical fiber down which an infrared 
laser beam is passed. When the bare end of the 
fiber is submerged in fluid, usually water, light 
reflected at the fiber–fluid interface and trans-
mitted back to the top of the fiber is detected 
by a photodiode via a directional fiber coupler. 
When the fluid density is altered by the passage 
of an ultrasound pulse, the reflected light inten-
sity is modulated in proportion to the acoustic 
pressure. More recently, hydrophones in which 
a Fabry–Pérot polymer film inter ferometer is 
bonded to the tip of an optical fiber have been 
used [50]. The change in thickness of the film 

caused by the acoustic pressure, changes the 
optical signal amplitude. Hydrophones can be 
used where space is restricted and only mini-
mally interfere with the field they are measuring. 
Fabry–Pérot hydrophones are capable of simul-
taneous temperature and pressure measurement 
[50,51]. The detail required in an acoustic pressure 
map depends on what it is going to be used for. 
Point-by-point measurements are time consum-
ing, but it is possible to vary the spatial separa-
tion throughout the field, capturing fine detail 
only in regions where the pressure varies rapidly, 
such as in the focal region. The use of a small 
sensor, such as the fiber optic hydrophone, may 
allow pressure mapping close to the transducer 
face. This may reveal regions of the probe sur-
face that are not functioning properly (Figure 2). 
The pressure at the transducer front face can 
also be obtained by measuring the field in a sin-
gle plane perpendicular to the beam axis and 
using back propagation techniques to obtain the 
distribution (acoustic holography) [52].

The important parameters to capture from 
the pressure plot are the focal dimensions (6 dB 
beam width), focal peak pressure, and the 
amplitude and position of any hot spots (or side 
lobes) (Figure 3). The intensity distribution can 
be derived by plotting the pressure amplitude 
squared.

 n Measurement of acoustic power
An ultrasound wave has an associated momen-
tum and a target placed in its path will, there-
fore, experience a 'radiation force'. This can be 
used to measure acoustic power if the target is 
connected to an appropriate force-measuring 
device (e.g., a weighing balance). A weight 
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Figure 2. Detailed map of acoustic pressure on the front face of a high-intensity focused 
ultrasound transducer with a central hole, designed to allow the insertion of a diagnostic 
ultrasound imaging probe. A region at x = 35, y = 0 appears to be faulty.
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change of 69 mg is produced by 1 W of power. 
These radiation force balances require targets 
large enough to encompass the whole beam 
[53,54]. An alternative method of determining 
power is to use its heating capability to change 
the buoyancy of an absorbing (castor oil) target 
[55]. If no hydrophone is available, then a meas-
urement of total power can be used to infer the 
spatial peak intensity if assumptions are made 
about the beam shape.

 n Calibration of clinical devices
While it is feasible to characterize HIFU fields 
with reasonable accuracy (∼10%) when the 
transducers can be freely mounted in large water 
baths, the calibration of clinical HIFU sources 
in situ presents a more demanding challenge. A 
number of source geometries are used clinically. 
Large spherical bowl sources (with focal lengths 
of 10–15 cm and f-number of ∼1) comprised of 
a single element or multielement array, mounted 
in a water bath situated below a bed, and with 
acoustic coupling to the patient through either 
an intact membrane or a free water surface, are 
most commonly used for extracorporeal treatment 

of abdominal organs [56–58]. These operate at 
frequencies of approximately 1 MHz. Prostate 
treatments are usually carried out using a trun-
cated bowl transducer (focal length: 3–4.5 cm) 
mounted on a transrectal probe similar to that 
used for diagnostic transrectal ultrasound exami-
nations. These devices use high-frequency HIFU 
for ablative therapy (3 MHz for Ablatherm® [59] 
and 4 MHz for Sonablate® [60]), which results in 
small focal regions (e.g., 19–26 mm long × 1.7 
mm). HIFU systems designed for brain exposures 
are comprised of very large hemispherical arrays 
(∼30 cm in diameter with a frequency of 670 kHz) 
and with 512–1024 individual elements. These 
have very small focal regions (2-mm wide and 
4-mm long) so that the brain can be selectively 
targeted. The smaller devices designed for specific 
applications, such as those for the treatment of 
the breast and thyroid, may prove to be easier to 
characterize as the HIFU sources are essentially 
handheld and lend themselves most readily to 
laboratory-based calibration methods [21].

Most clinical users will need to rely on the 
manufacturer's information about the free-field 
pressure distribution from the HIFU source. 
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Without specialist equipment, this is difficult 
to verify. The total acoustic power is somewhat 
easier to determine. While the majority of acous-
tic power measurement devices require the trans-
ducer to be placed above the target, it is possible 
to design systems in which the acoustic field is 
incident from below, thus allowing them to be 
used on current clinical extracorporeal systems. 
While there is no such commercial device avail-
able, some manufacturers provide their own ver-
sion. Where this is not done, the user is advised 

to consult an appropriate medical physics or 
engineering specialist.

There are two main categories of calibration 
requirement. A 'quick-and-easy' procedure may 
be used prior to each treatment to address the 
question “am I giving the same treatment as I 
did yesterday/last week/last month?” (i.e., has 
there been a change in the system output that 
needs to be investigated) and a more thorough 
procedure designed to provide the user with 
detailed information about the absolute levels of 



Executive summary

Background
 � The clinical use of high-intensity focused ultrasound (HIFU) is becoming more widespread. As more applications gain regulatory approval 

and more devices become commercially available, the need for good calibration and reporting of treatments becomes more important in 
order to ensure safe and effective treatments.

 � To date, few side effects have been reported. The main risk is of a burn outside the targeted volume. This may be caused by an increase 
in energy absorption near bone or a local hotspot in the HIFU field coinciding with acoustically absorbing structures such as the skin.

Calibration
 � A full description of a HIFU treatment requires characterization of the acoustic field and the accurate reporting of a number of acoustic 

parameters, including the HIFU frequency, the peak intensity or pressure at the focus, the focal dimensions, and the pulsing or scanning 
regime used.

 � The 3D pressure distribution is used to characterize the HIFU field. From this, the focal dimensions and position can be determined
 � Two types of calibration are required. Thorough mapping of the acoustic field is only necessary on a 2–3 monthly basis or when a fault is 

suspected. A rapid procedure designed to check the consistency of output should be carried out prior to each treatment.
Dose
 � No single accepted dosimetric parameter exists for HIFU treatments. The most commonly used is the 'thermal dose'. This relates the 

temperature and the heating time needed to produce a given biological outcome with the time needed at a reference temperature to 
produce an equivalent effect. For HIFU, the reference temperature is usually taken as 43ºC and a time of 240 min at this temperature is 
used to predict thermal ablation.

www.futuremedicine.com 573future science group

Safety first: progress in calibrating high‑intensity focused ultrasound treatments  Review

acoustic output and the behavior of the device. 
While the former procedure can be carried out 
by a nontechnical specialist, the latter requires 
expert knowledge and, in the absence of any 
indication of a problem from the quick-and-
easy technique, will not be necessary very often 
(e.g., every 20 treatments).

The rapid check may be carried out in a num-
ber of ways; although no commercial devices 
are currently available to achieve this. A simple, 
practical way is to use an infrared camera to 
image the heating distribution when the HIFU 
beam is incident on an absorber, such as a thin 
sheet of plastic placed on the surface of an 
acoustic couplant [61–63]. Other methods may 
involve scanning a hydrophone or thermally 
sensitive element rapidly through the field to 
locate the focal maximum and ensuring that 
this remains a constant between sessions, to 
within the measurement accuracy.

One aspect of calibration that cannot be over-
looked in clinical applications is a check that 
the representation of the focal region used for 
targeting treatments coincides spatially with 
the true focal region. Under MR guidance, 
this can be carried out by using a low-power 
single-shot in ex vivo tissue or tissue-mimicking 
gel, and checking its position using the ther-
mometry sequence. This is not that simple for 
US-guided systems. A temperature or pressure 
sensor embedded in a tissue mimic, targeted 
under imaging guidance using the integrated 
diagnostic probe, will allow users to check 
whether the maximum temperature (or pres-
sure) amplitude coincides with the highlighted 
focal region. Backscatter temperature imaging 
or acoustic radiation force imaging may also be 

used to indicate the position of the target if a 
low-power siting shot is used [64,65].

Conclusion & future perspective
There is currently no universally accepted 
method of HIFU calibration. The International 
Electrotechnical Commission (IEC) is work-
ing on standards for high-intensity therapeu-
tic ultrasound (HITU), which includes both 
focused and unfocused fields. These standards 
will cover output power measurement, and 
specification and measurement of field param-
eters for HITU transducers and systems, and 
particular requirements for basic safety and 
essential performance of HITU systems. This 
effort is essential because, while IEC standards 
have no force in law, they are likely to form the 
basis of national and international regulations. 
The required technology largely exists, but 
considerable effort is still required to adapt it 
for use with the increasing number of available 
clinical devices and geometries.

It will be important for the safety and cred-
ibility of HIFU treatments that instruments for 
field characterization and calibration become 
more readily available. These must give val-
ues that are traceable to primary standards. 
Equipment designated for a rapid assessment of 
the HIFU output prior to each treatment must 
be designed such that nontechnical experts can 
also use them.

It is to be hoped that, in parallel with 
improvements in HIFU calibrations, a con-
sensus may be reached about dosimetry in 
this field. Without this, it will continue to 
be diff icult to interpret HIFU treatments 
and to reproduce them between centers. This 
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can only be detrimental to HIFU's progress 
towards acceptance as a first-choice clinical 
procedure for many applications. There is a 
European effort in this area, through an EU 
funded EURAMET project (Dosimetry for 
Ultrasound Therapy [DUTy]), involving stand-
ards institutes from the UK, Germany, Spain, 
Italy and Turkey, and researchers from Russia 
and the USA.
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