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Abstract

This paper reviews ultrasound imaging methods for the guidance of therapeutic focused
ultrasound (USgFUS), with emphasis on real-time preclinical methods. Guidance is interpreted
in the broadest sense to include pretreatment planning, siting of the FUS focus, real-time
monitoring of FUS-tissue interactions, and real-time control of exposure and damage
assessment. The paper begins with an overview and brief historical background of the early
methods used for monitoring FUS-tissue interactions. Current imaging methods are described,
and discussed in terms of sensitivity and specificity of the localisation of the FUS effects in both
therapeutic and sub-therapeutic modes. Thermal and non-thermal effects are considered.
These include cavitation-enhanced heating, tissue water boiling and cavitation. Where
appropriate, USgFUS methods are compared with similar methods implemented using other
guidance modalities, e.g. magnetic resonance imaging. Conclusions are drawn regarding the
clinical potential of the various guidance methods, and the feasibility and current status of real-
time implementation.
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Introduction

The therapeutic potential of focused ultrasound (FUS) as a

means of localised destruction of deep tissue structures has

been known for decades, having first been demonstrated

in vivo in the 1950s [1–5]. At high intensities, in the range

102–104 W/cm2, high intensity focused ultrasound (HIFU) has

been known to produce a range of therapeutic and sub-

therapeutic effects, depending on the exposure duration. For

example, at intensity levels of the order of 103 W/cm2 and

exposure durations of the order of 1 s, HIFU produces thermal

coagulation within the small volumes determined by the size

of the focal spot. HIFU is a widely, but imprecisely, used

acronym. In this paper FUS is used to refer to focused

ultrasound regardless of the focal intensity. HIFU is used to

describe exposures producing thermal or non-thermal irre-

versible change within seconds. Several research groups have

investigated the thresholds for lesion formation and estab-

lished dose response formulae on theoretical and empirical

grounds [6–8]. Results from these studies have led to

identification of two distinct regions of tissue damage that

can be attributed to thermal and cavitational mechanisms,

respectively. Thermal damage is associated with relatively

‘low’ intensities of �102 W/cm2, and exposure times of

�1–10 s. Cavitation-mediated damage is associated with peak

intensities above 2000 W/cm2 and exposure times shorter than

40 ms. Data from three different laboratories from studies of

thresholds for lesion formation in the white matter of the

mammalian brain are in good agreement for exposure

durations in the range of 0.05–10 s [8]. A threshold dose

relationship of the form I
ffiffi

t
p
¼ C was proposed for tissue

ablation by Frizzell [6], where I is the spatial peak of the

delivered intensity and t is the exposure duration. This

formula was shown to be applicable to exposure durations in

the 0.1–10-s range in the brain (C¼ 200 W/cm2 s0.5) and liver

(C¼ 460 W/cm2 s0.5). The exposure time range agrees well

with the thermal dose concept of Sapareto and Dewey [9,10],

thus strongly supporting the thermal damage hypothesis.

Shorter exposure durations at higher peak intensities caused

non-thermal damage due to cavitation.

Tissue damage by cavitation was not well understood

in these early studies, but it was clear that short exposures

(50.05 s) and intensities above 2500 W/cm2 resulted in

‘cavitation lesions’ [8]. Studies by Fry and co-workers [8],

based on their own experimental work, and incorporating

published results from other laboratories, concluded that three

types of FUS-induced lesions were formed in mammalian

white matter: (1) low intensities and long exposure duration

resulted in thermally induced lesions, (2) higher intensities

and short exposure durations resulted in cavitation induced
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lesions, and (3) intermediate exposures (both in intensity and

exposure time) resulted in mechanically induced lesions, but

the mechanism for these was not well understood, since

cavitation activity was not monitored [8].

Until recently, the thermotherapy applications of FUS have

been dominant, probably due to the incomplete understanding

of cavitational and mechanical effects. Interest in ultrasound

hyperthermia gained some momentum in the 1980s and early

1990s [11–20]. An excellent review of the status of FUS

hyperthermia in the early 1980s can be found by Lele [21].

Rapid heating hyperthermia [22] gained some interest in the

early 1990s as a way of countering the effects of blood

perfusion. For both conventional and rapid heating hyper-

thermia, it was emphasised that FUS intensities below the

threshold for transient cavitation should be used [7,21]. By the

late 1990s, research and development activity was mainly

focused on high-temperature (ablative) applications, and some

viable commercial ultrasound-guided HIFU systems

appeared. It was clear that cavitation played a role in lesion

formation when moderately high intensity levels were used,

even though the lesions generally exhibited the characteristics

of thermal damage. This led to a number of investigations

designed to elucidate the positive role played by cavitation in

thermal lesion formation [23]. New non-thermal therapies,

based on the use of intense, low duty cycle FUS exposures,

e.g. histotripsy [24–28] and boiling histotripsy [29] have been

introduced. This wide spectrum of applications employing the

full range of thermal and non-thermal HIFU–tissue inter-

actions emphasises the need for imaging guidance in non-

invasive surgical applications.

The advent of non-ionising, real-time diagnostic imaging,

together with improved transducer technologies, has encour-

aged numerous research groups to investigate a variety of

therapeutic applications of FUS, especially as a stand-alone,

minimally invasive method for cancer therapy [30–33],

thrombolysis [34] and haemostasis [35] among others.

These new applications increasingly employ cavitational

mechanisms, with and without the use of microbubble

ultrasound contrast agents (UCA). The wide range of

applications and the use of both thermal and non-thermal

bioeffects of FUS have heightened the need for new imaging

methods for guidance. Not only do we need anatomical

imaging for visualisation of the target and placement of the

FUS beam, but we also need imaging methods with higher

sensitivity and specificity to FUS–tissue interactions in both

therapeutic and sub-therapeutic modes.

Ultrasound guidance for visualisation of target tissue was

proposed by Fry and others in the early days of diagnostic

ultrasound (in the 1970s), and continued to be the only

guidance modality until the early 1990s [36–38]. By the mid

to late 1990s however, magnetic resonance (MR) guidance of

FUS treatments had been demonstrated by Hynynen and

colleagues [39,40], and later by other groups [31,41–43].

These two modalities continue to be the leading image

guidance techniques for both clinical and preclinical thera-

peutic FUS systems. The two methods have enabled, and

helped to demonstrate, the potential of FUS in a number of

clinical applications, underwriting the adoption of FUS for

newer clinical applications, including transcranial focusing

[44]. In addition to standard diagnostic imaging, specialised

modes suitable for the guidance of thermal and non-thermal

FUS procedures have also been developed and implemented

in real time, e.g. MR and ultrasound thermography [45–53]

and elastography [33,43,54–59].

In the following, we review the current status and future

directions of ultrasound-guided FUS (USgFUS) systems.

Methods with high specificity to FUS–tissue interactions are

emphasised and will be described in some detail here. We also

address their applicability to planning, targeting, monitoring,

control, and assessment of the therapeutic procedure. The

feasibility of in vivo real-time implementation for each

method is also discussed.

FUS–tissue interactions and implications for image
guidance

Thermal effects

Ultrasound-induced temperature rise is dependent on the local

exposure conditions (e.g. intensity, duration and duty cycle)

and local tissue properties (e.g. absorption coefficient, perfu-

sion). For longer exposure durations the beam geometry and

scanning configuration play an important role. Despite obvious

limitations, the Pennes’ transient bioheat equation has been

shown to provide an adequate model for temperature evolution

[60]. The thermal effects of ultrasound arising from absorption

mechanisms are described using linear and non-linear propa-

gation models of FUS beams [11,61–63]. It is well known that

both stable and transient cavitation contribute to the observed

temperature change, although it is challenging to model these

effects [64]. From the image-guidance perspective, however,

the localised nature of the thermal effects defines the

requirements for the different guidance methods. The relatively

short wavelength of ultrasound in the MHz frequency range,

together with focusing give FUS a unique advantage as a means

of minimally invasive surgery [11,21]. A typical FUS trans-

ducer concentrates the bulk of a beam’s energy within focal

volumes of the order of 1l� 1l�Kl, where l is the

wavelength, and K is a constant determined by the transducer

geometry (typical values are 5–7). This allows tailored,

localised heating of targets near critical structures (such as

bone or major vessels) with minimal or no collateral damage.

The key to thermal therapy using FUS is the local absorption of

energy within the focal volume. This may be orders of

magnitude greater than in the intervening and surrounding

tissue, especially when non-linear effects are taken into

account [63]. With a proper treatment plan based on acoustic

and thermal properties of the target volume it is possible to

design a FUS field pattern (using a shell, lens-focused or

phased array transducer) which provides high heating rates

within the focal spot while minimising the heating rate in the

skin, mucosa, and subcutaneous tissues.

Tight focusing allows the intensity to decay rapidly in

tissues beyond the focus, due to beam divergence and

attenuation. This makes it possible to place the focal region

very close to critical structures lying beyond the target volume,

such as bone, without excessive collateral damage. Tight

focusing is also advantageous when heating near thermally

significant blood vessels. In these cases, FUS beams can be

used to produce highly localised thermal coagulation of tissues

very close to the vessel wall, leaving endothelial cells intact
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[65]. Incomplete coagulation near thermally significant blood

vessels presents a challenge to methods such as RF ablation

[66,67]. Clearly, the small size of the focal region is

disadvantageous when large tissue volumes are to be ablated,

but phasing and motion strategies may be applied to enlarge

regions treated during single exposures [68,69].

The potential of FUS as a precise, non-invasive form of

surgery can clearly only be realised when advanced image

guidance is used as the enabling technology for, at a

minimum, target visualisation and beam siting within the

treatment zone. More importantly, however, the full potential

is only achievable if there is high specificity to monitoring

FUS-tissue interactions. In the context of thermal therapy,

non-invasive imaging of temperature (change) is of signifi-

cant, if not critical, value for the monitoring and control of the

FUS application. To the extent that bubbles play a relevant

role in lesion formation (e.g. in bubble-enhanced heating),

imaging and localisation of bubble activity would also be very

important in monitoring and post-treatment evaluation. It is

also known that the tissue’s elastic properties change upon

thermal coagulation, which suggests the use of elastography

for damage assessment within the treatment zone.

Mechanical effects

Cavitation can occur in vivo if appropriate microbubbles are

present, for example as contrast agents or in tissue gas

inclusions (as found in the intestine). Bubble oscillations

under the influence of an acoustic field are characterised as

non-inertial (stable) or inertial (collapse). Lele [70] argues

correctly that non-inertial cavitation has no distinct pressure

threshold for its initiation. On the other hand, inertial

cavitation is a threshold phenomenon. Its threshold depends

on the tissue type, frequency, baseline temperature, ambient

and acoustic pressures (peak-positive and peak-negative), and

pulse repetition frequency (PRF). A combination of the PRF

and pulse properties such as peak-positive and peak-negative

pressures can be used in creating and maintaining bubble

clouds that in turn produce significant mechanical effects on

tissue, such as tissue erosion in histotripsy [71]. Boiling

histotripsy is another method used for homogenisation of the

tissue within the lesion, with or without using the thermal

effects of HIFU [29].

Another mechanical effect of pulsed FUS (pFUS or pHIFU)

is related to the acoustic radiation force (ARF). The ARF

results from the transfer of momentum from the sound field to

an object. This transfer of momentum occurs at reflecting

surfaces or within absorbing propagation media. This effect is

the basis of several elasticity imaging methods, such as ARF

imaging (ARFI) [72,73] and shear wave elasticity imaging

[74–77]. It is also believed to be the basis of some therapeutic

applications such as bone healing and cardiac pacing, probably

in combination with cavitation [78,79].

The monitoring of cavitation-mediated therapeutic pro-

cedures has been achieved by passive cavitation detection, in

which a broadband hydrophone is focused on the FUS target

volume [23,70]. Most recently, however, array beamforming

of the emission has allowed detection, and the mapping of

cavitation activity has been made possible [80]. Stable

cavitation bubbles linger for seconds after their nucleation

by FUS and can be actively imaged and localised using linear

and non-linear methods [81–83] or ultrafast active imaging

[84]. The radiation force effect can be readily imaged using

methods which employ speckle tracking for elastography

and thermography, in conjunction with high frame-rate

imaging [77,85].

Agent-mediated FUS–tissue interactions

Only brief coverage is given in this section of this vast topic

in which an agent is used to enhance the therapeutic effects of

FUS beams. This can be achieved, for example, by lowering

the threshold for cavitation or enhancing local absorption.

A closely related topic is the delivery and/or release of

therapeutic agents using FUS [86,87]. The use of microbubble

UCA has been proposed either for enhancing, or assessing,

the efficacy of some FUS procedures [88–91]. These include

drug [86] and gene delivery [91,92] and opening of the

blood–brain barrier [93]. Standard UCA imaging methods can

be used to characterise microbubble activity, and to provide

correlation with the therapeutic end point.

Acoustic droplet vaporisation (ADV) has also been sug-

gested for the enhancement of some FUS procedures [94,95].

This method converts biocompatible micro- or nanodroplets

into microbubbles that in turn locally enhance effects induced

by HIFU. These may have a unique advantage over UCA

microbubbles, which may interact with the ultrasound beam

both within, and outside, the focal volume, thus potentially

causing collateral damage. Once in microbubble form (after

appropriate HIFU exposure), detection and localisation of

ADVs can be accomplished using one of the passive or active

cavitation detection methods mentioned above.

Real-time USgFUS methods in vivo

In this section we give appropriate examples of USgFUS

methods from the literature. Real-time imaging is interpreted

loosely here, referring to real-time data acquisition, although

the algorithm may be implemented offline. We emphasise

implementations here that have been demonstrated in vivo,

but some examples based on in vitro or ex vivo experiments

when the set-up and implementation are clearly applicable

in vivo are also included. This section addresses the different

aspects of USgFUS for therapeutic applications: pretreatment

planning, beam siting, monitoring, control, and assessment.

Pretreatment planning

Traditionally, pretreatment planning of hyperthermia and

other FUS procedures has been based on acoustic and

thermal simulations with different levels of heterogeneity

[20,68,69,96–102]. For more challenging targets, as in

transcranial focusing, the simulation model has typically

been derived from 3D MR or CT patient data sets [103–105].

More recently, USgFUS methods for refocusing based on

pretreatment ultrasound imaging data have been proposed. An

image-based algorithm for refocusing an array in the presence

of strongly scattering targets (e.g. the ribs) has been presented

[106]. In this case, ultrasound images of the target region,

which include Plexiglas rods to simulate the ribs, were

acquired in order to define the target focus point(s) and the

rib locations in the path of the HIFU beam. Experimental
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validation of algorithm(s) described by other authors

[106–110] has also shown that the focusing gain at the target

can be improved while minimising the exposure to ribs.

The modelling and optimisation of HIFU treatments of

peripheral vessels using diagnostic ultrasound has been

suggested [111]. In the study described by Shehata et al.

[65], diagnostic ultrasound images showed the target vessel

and plaque burden as well as the anatomical structure of the

target volume. A manual segmentation algorithm was used to

identify the tissue types, based on the known anatomy. The

result of this segmentation was then used as the input to a

heterogeneous acoustic and temperature model used for

computation of the temperature evolution and thermal dose

accumulation [9] which would result from a prescribed HIFU

treatment protocol.

Figure 1 shows a diagnostic B-mode image of the femoral

artery of a familial hypercholesterolaemic (FH) pig used in

the study described by Shehata et al. [65]. Manual segmen-

tation was used to identify the skin (S), fat (F), muscle (M),

and connective tissues (CT) in addition to the artery (A).

Tabulated values of the acoustic and thermal properties of

these tissues were used to model the lesion formation process

during a planned HIFU exposure. Care was taken to acquire

the diagnostic ultrasound scan with a level of tissue

compression consistent with the compression produced by

the therapeutic HIFU transducer. This was achieved by:

(1) applying sufficient compression to obtain the best possible

diagnostic image, and (2) gradually reducing the compression

to the minimum that maintained contact with the skin. This

was necessitated by the use of a water bolus to provide

coupling with the concave HIFU array. This minimised tissue

compression during the treatment.

Identification and positioning of the FUS focus

The dimensions of HIFU beams are in the order of one

wavelength in the lateral dimension and a few wavelengths

in the axial direction (e.g. from a 1.5 MHz array with low

f-number – defined as the ratio of the focal distance and the

aperture size in a given direction; the smaller this number, the

higher the degree of focusing). In some applications which

require high precision, a shifting of the focal location could

result in unintended collateral damage to nearby critical

structures. Being able to place the FUS focal spot at the

desired target location before administering the damaging

HIFU ‘shot’ (using a sub-therapeutic intensity level) would be

a highly desirable feature of any USgFUS system.

Ultrasound backscatter temperature imaging has been

proposed for treatment planning of HIFU ‘shots’ in this

fashion [85,112,113]. Imaging of small, localised temperature

changes produced by sub-therapeutic FUS beams with sub-

second durations allows the estimation of the therapeutic

exposure necessary to produce a lesion at that same location.

The repeatability of these measurements has been demon-

strated ex vivo in tissue (porcine heart and liver) [85,112].

In vivo experiments have demonstrated the feasibility of

compensating for the effects of tissue motion and deformation

in a rodent model [114].

Siting of FUS beams using sub-therapeutic intensity levels

has been demonstrated using high resolution ultrasound

thermography (UST) [112–114] and/or magnetic resonance

acoustic radiation force impulse (MR-ARFI) imaging [43,115].

To our knowledge, US elasticity techniques such as ARFI or

shear wave elasticity imaging (SWEI) [116], have not as yet

been used for siting HIFU beams with sub-therapeutic

exposures. This is not due to a fundamental limitation on

these methods, and it is quite likely these will be demonstrated

in the near future. At present, however, real-time UST has been

shown to localise sub-therapeutic HIFU beams both ex vivo

[48,85] and in vivo [114]. A diagnostic ultrasound probe has

been used to image a cross section of the sub-therapeutic FUS

beam at frame rates at 100 fps or higher [85]. A typical

application of sub-therapeutic FUS ‘shots’ uses intensities in

the 100–200 W/cm2 range, with exposure durations of 0.2–

1.0 s. The idea is to produce a small, but measurable,

temperature rise above the baseline variation due to natural

tissue motion for the in vivo case (e.g. as described in [114]).

The relatively high frame-rate imaging employed for real-

time imaging of short, localised sub-therapeutic exposures is a

clear advantage for USgFUS. At 100 fps or higher, ultrasound

speckle tracking has been shown to capture a variety of tissue

motions and deformations in anaesthetised small animals (e.g.

rats [114]). For example, depending on the depth of anaes-

thesia, the animal gasps at a quasi-periodic rate of one gasp

every 2 s or so. At low frame rates, the co-occurrence of the

gasp and the heating FUS ‘shot’ results in significant shifts

that may cause speckle tracking to fail. This, in turn, results in

a loss of temperature change tracking. A spatial adaptive filter

has been used to remove the contribution of these gasps (and

other tissue motions and deformations) from the observed

temperature change [114]. This approach has produced an

improved localisation of the FUS spot and a better estimation

of the initial heating rates at the target location.

Real-time monitoring of FUS-tissue interactions

In principle, therapeutic HIFU applications are based on the

sequential adjacent placing of individual ‘shots’ to produce a

Figure 1. Diagnostic ultrasound image of the target vessel and
surrounding tissue used for the determination of the treatment planning
model parameters. The target vessel was the femoral artery of a FH pig
used in the study described in Shehata et al. [65]. Reproduced with
permission from Almekkawy [111]. S, skin; F, fat; M, muscle; CT,
connective tissue; A, artery.
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volumetric lesion of specified dimensions. Thermal and non-

thermal HIFU techniques differ in the peak intensity (or

pressure), pulse duration, and duty cycle used, but the total

time per ‘shot’ is on the order of 0.2–10 s in most

applications. Monitoring tissue response during this time

with sufficient spatial and temporal resolution would be

highly beneficial for treatment control and post-treatment

evaluation of actual exposure. An USgFUS method, if proven

reliable, would have a unique advantage over other guidance

modalities because of the availability of high frame-rate

imaging of thermal and mechanical effects [84,85].

The monitoring aspect of USgFUS has been a major

emphasis of most active research groups [80,85,117–123]. In

addition to the obvious use of hyperechoic changes in

standard B-mode imaging, methods for monitoring based on

temperature change, radiation force, and cavitation detection

and mapping have been demonstrated. A detailed description

of each of these contributions would be overly long here.

Instead, we give a general description of the methods by

category, based on the monitored bioeffect.

Real-time monitoring based on echogenicity change

Increased echogenicity from the location of lesion formation

has been observed using real-time sonography since the early

days of diagnostic ultrasound [124]. These changes result

from individual HIFU ‘shots’ capable of producing significant

bubble clouds, or from tissue water boiling, which results in a

significant increase in backscatter [125]. This is the simplest

form of monitoring/damage assessment and is currently

implemented on some clinical systems [126,127]. This

approach provides an indication of tissue response consistent

with lesion formation associated with tissue water boiling and

vaporisation [128].

A typical configuration of an integrated USgFUS system is

shown in Figure 2. A broadband, wide-sector vaginal probe is

used in conjunction with a single-element HIFU transducer

with the two transducers ‘locked’ together such that the HIFU

focus is within the imaging slice of the imaging transducer.

The HIFU exposure is synchronised with the imaging

sequence to allow the acquisition of the echoes from the

treatment region when the HIFU transducer is ‘silent’.

It is now well known that changes in echogenicity cannot

be used for localisation due to their lack of spatial sensitivity,

especially in standard B-mode. Vaezy et al. [125] investigated

the dynamics of echogenicity change and reported high levels

of variability of lesion sizes for ‘over-exposure’ conditions. In

addition, the area of the hyperechoic spot on B-mode typically

overestimates the actual lesion size, as seen on gross

histology. Non-linear imaging methods such as pulse inver-

sion imaging [83] and quadratic imaging based on second-

order Volterra filters have been shown to provide more

accurate spatial mapping to the actual lesion location on gross

histology ex vivo [129]. The main limitation of this method,

however, is that the lack of significant changes in echogeni-

city is not necessarily indicative of the failure of HIFU to

form a lesion, as ablation may occur in the absence of

significant bubble formation. For thermal treatments, while

the appearance of hyperechogenicity guarantees tissue abla-

tion, the exposure levels used are thought to be significantly

greater than the threshold needed to produce tissue necrosis.

In this sense, the tissue has been ‘overtreated’.

Real-time monitoring of thermal effects

The temperature rise due to absorption of FUS beams at both

therapeutic and sub-therapeutic levels can be monitored by

methods such as UST [47,48,112] and change in backscatter

energy (CBE) [49,130]. These methods work reasonably well

for low to moderate changes in temperature, but tend to fail at

high temperatures, for which there is significant decorrelation

in the echo data from the focus location. These decorrelations

have been exploited as a means of lesion detection during

ablative HIFU procedures [112,125,131,132]. High frame-rate

imaging demonstrates that the decorrelation is due to transient

events consistent with vaporisation of liquid, and the exsolu-

tion of formerly dissolved permanent gas out of the liquid and

into gas spaces [82,128]. These transients are distinctly

different from cavitation effects, but it is quite likely that

they coexist with cavitation. Regardless, the detection of these

transients can be a reliable indicator of thermal lesion

formation for exposure durations longer than 100 ms for most

tissues.

Real-time monitoring of cavitation

Traditionally, passive cavitation detection has been used to

characterise cavitation activity at the HIFU focus [7,70,133].

Focused passive cavitation detectors (PCDs) for which the

focal regions of the HIFU and the PCD transducers overlap

are used. The overlap may be coaxial, or at an angle that

intercepts the focal region. The spectral power density of the

acoustic emission signals picked up by the PCD allows the

detection and characterisation of cavitation activity; discrete

harmonics and sub-harmonics indicate stable cavitation, while

broadband spectra indicate non-inertial or collapse cavitation.

These signatures are quite reliable indicators of cavitation and

can easily be distinguished from other non-linear phenomena.

Figure 2. An integrated USgFUS system for real-time visualisation of
lesion formation based on echogenicity change. Reproduced from Vaezy
et al. [125]. Reproduced with permission from IEEE and Elsevier
Science and Technology Journals.
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More recently, however, the use of transducer arrays for

passive cavitation detection has allowed the use of beamform-

ing methods to map the cavitation activity to its source region

(e.g. at the HIFU focus) [134,135].

Real-time control of FUS patterns

Tissue targets are often modified by a HIFU exposure within

milliseconds of its start. For example, stable microbubbles are

generated almost instantaneously, and it is hypothesised that

they grow to a resonant size through rectified diffusion [70].

In this form they may contribute to an increase in the local

absorption, but otherwise have minimum effect on delivery of

the therapeutic dose. Above certain intensity and exposure

thresholds, inertial cavitation or tissue boiling occurs. These

can have drastic effects on the resulting lesion size and shape.

More significantly, they may affect nearby HIFU ‘shot’

locations. These effects have been described by many authors

based on empirical evidence [7,8,70,136], and there have been

efforts to model the lesion formation dynamics with and

without accounting for bubble formation [61,62,64].

However, accounting for the dynamics of transient cavitation

under the effects of HIFU in vivo remains a daunting task.

Until recently, open-loop control of thermal lesion formation

relied on some form of treatment planning to decide on

appropriate values of I and T which give a desirable lesion

size and shape. A sufficient waiting time between ‘shots’ has

been used to avoid overexposure due to heat build-up from the

individual ‘shots’ needed to cover the specified target volume

(e.g. the whole prostate in transrectal HIFU treatment). This

build up may be focal or pre-focal. This prolonged treatment

time unnecessarily and still did not guard against overexpos-

ure/underexposure due to unpredictable changes in local

tissue absorption, presence of bubbles, for example.

Therefore, methods of real-time control of lesion formation

which match the timescale of tissue modification and the

small focal volumes in which therapeutic effects are taking

place, would be of great value in terms of improving the

safety and efficacy of therapeutic HIFU.

The real-time implementation of UST was made possible by

streaming beamformed diagnostic ultrasound RF echo data to a

GPU-based PC platform using a Gigabit interface [85]. This

allowed real-time computation of the temperature change on

the same RF grid, i.e. with approximately 18.75 mm axial

spacing and 0.300 mm lateral spacing using the full frame rate

of the ultrasound imaging system. This allowed the imple-

mentation of a closed-loop temperature control algorithm

using a therapeutic array with an integrated diagnostic probe

[137]. Spatial and temporal temperature feedback from a plane

intersecting multiple-focus [98] heating patterns has been

obtained using the real-time UST method described in [85].

The power deposition to two foci was adjusted to maintain the

set-point temperatures at two distinct focal points for varying

durations. The two-focus patterns were resynthesised 25 times

per second based on real-time imaging data streamlined at 100

frames per second. Compared to closed-loop temperature

control based on MRgFUS [138–142], USgFUS allows high

spatial and temporal resolution of temperature control.

Curiel and Hynynen [143] used the change in stiffness

during lesion formation as a control parameter to stop the

application of HIFU during relatively long (� 40 s) expos-

ures. Using the system shown in Figure 3, in vivo results have

shown that a threshold change in displacement is indicative of

lesion formation and thus be used to stop the application of

the therapeutic beam.

The use of dual-mode ultrasound array (DMUA) trans-

ducers [81,144–147] may provide an improved solution to

lesion mapping based on echogenicity change. Using an

integrated diagnostic probe with a DMUA transducer, Casper

et al. [82] compared the area of a hyperechoic spot seen on

DMUA and diagnostic probe images. Mapping obtained using

DMUA images was consistent with the spatial extent of the

HIFU-induced lesions. This improved mapping can be

attributed to several factors, including 1) inherent registration

between imaging and therapy beams, 2) high sensitivity to

bubble activity due to the high array receive gain at the HIFU

focus, and 3) high sensitivity to resonant bubble activity when

performing both imaging and therapy in the same frequency

band. Casper et al. [148] demonstrated the feasibility of using

a dual-mode ultrasound transducer (DMUT) to achieve

controlled lesion size based on the detection of changes in

integrated back scattering from lesion location. Liu et al. have

demonstrated the feasibility of controlling the production of

multiple lesions using a similar DMUA prototype.

Damage assessment

Quantitative imaging of tissue property changes indicative of

lesion formation, both at the single ‘shot’ and volumetric lesion

levels, is essential for the ultimate success of any image-guided

therapy. The nature of tissue changes after lesion formation

using both thermal and non-thermal HIFU therapies are fairly

well understood, and suggests several imaging modes for

assessment, with and without the use of UCA.

Lizzi and co-workers [118] proposed radiation force

methods for monitoring the change in stiffness during lesion

Figure 3. Schematic diagram of a USgFUS system designed for
monitoring changes in lesion stiffness using localised harmonic motion
(LHM). Reproduced with permission from Curiel et al. [143,178].
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formation. Preliminary ex vivo results showed qualitative

agreement in differentiating HIFU-treated lesions from

normal tissue. Quantitative assessment is made difficult by

the transient nature of tissue boiling in the HIFU-induced

lesions [149]. Hynynen and co-workers also investigated the

use of local harmonic motion (LHM) for monitoring and

assessment [143], and reported success in using stiffness as an

indicator of lesion formation in vivo. Examination of the

HIFU exposure levels used during these experiments suggests

that boiling was not a factor as the MR-measured temperature

rise at the focus was �30 �C for a 40-s exposure. Konofagou

and co-workers have also investigated the use of LHM in

monitoring and assessment. Recently they reported the use of

this technique as a multi-parametric monitoring and assess-

ment method of HIFU boiling ex vivo [150].

Fink and co-workers have used SWEI for quantitative

assessment of thermal lesions [151]. They suggested the use

of this method to image the stiffness (or shear modulus) not

only for its temperature dependence, but also to give a

measure of the thermal dose. The ex vivo results suggest that

this approach is applicable to HIFU-induced lesions. It has

also been used for damage assessment during histotripsy

treatments [152,153]. In this case the tissue fractionation

results in a ‘softening’ at the lesion location that can be

detected with high sensitivity using SWEI. Significant

reductions in Young’s modulus have been reported after

histotripsy in tissue-mimicking phantoms and ex vivo kidney.

Classical static elastography has also been suggested as a

means of damage assessment, or of visualisation of HIFU-

induced lesions [33,55,56,117,154].

It is known that tissue absorption changes with increased

temperature, and after thermal lesion formation [155,156].

Ribault et al. [157] investigated the use of diagnostic ultrasound

for measuring the change in local absorption as an indicator of

lesion formation ex vivo. They reported a ‘strong similarity’

between the change in local absorption and the lesion volume

‘as defined by the operator.’ Liu and Ebbini [85] have

demonstrated the use of sub-therapeutic HIFU exposures in

measuring the change of relative absorption of ex vivo porcine

heart after lesion formation. Their measurement also demon-

strated the transient nature of tissue properties even minutes

after lesion formation. This is illustrated in Figure 4, which

shows the maximum temperature rise due to a sub-therapeutic

FUS beam before (blue) and after (red) lesion formation due to a

5-s HIFU exposure. These results show that it took approxi-

mately 4 min for the absorption measurement to stabilise.

Kennedy et al. [89] proposed the use of UCA for immediate

assessment of HIFU-induced damage in liver tumours. The use

of contrast-enhanced ultrasound (CEUS) for this purpose is

motivated by the known effects of damage to the vasculature in

thermal therapy. The authors provided the first documentation

of UCA delineation of the extent of HIFU ablation by

comparing pre- and immediately post-treatment perfusion

within the target (liver) tumour. These findings were backed up

by histological evaluation of the treated volume.

USgFUS versus MRgFUS

The introduction of MRgFUS in the 1990s was a major factor

in propelling therapeutic ultrasound to the exciting stage in

which we find it today. The soft-tissue contrast achieved by

MRI, together with the development of MR thermography

[39,40] and elastography [43] have helped tremendously in

convincing the clinical community. While USgFUS has been

used since the early days of diagnostic ultrasound in the 1970s

[37,158], the quality of B-mode imaging for the specific

aspects of image guidance described in the previous section

has been poor. However, several developments have occurred

during the last two decades in ultrasound imaging that are

helping to change the status of USgFUS. Examples of these

developments (which include UCA imaging, elastography,

thermography, ARFI and supersonic imaging, passive cavita-

tion mapping) have already been described above. However,

most of these are not yet clinically approved, and their use is

currently limited to the research groups that invented/

introduced them. It is expected that more widespread use of

these methods will demonstrate their applicability to clinical

procedures, and will help with the regulatory approval

processes. Table 1 summarises the various specialised

MRgFUS and USgFUS methods for imaging FUS-tissue

interactions and their potential in clinical use. We note that

the table is not about which guidance modality is better; it is

about what is available to capture key bioeffects that may

help advance the use of therapeutic applications of FUS.

Depending on the nature of the treatment and on available

resources, it may be beneficial to design image-guidance

methods based on a combination of USgFUS and MRgFUS

[159–161].

Table 1 shows the HIFU-induced lesion parameters (or

features) currently imaged using MRI and ultrasound. While

both imaging modalities have been shown to provide useful

imaging of HIFU-induced lesions, the superior soft-tissue

contrast of MRI represents a major advantage in terms of

specificity. Ultrasound has superior sensitivity to both thermal

and mechanical effects in the presence of tissue motion and

deformation, especially when high frame rates are utilised

[82,84,85,114]. Its real-time nature is a major advantage when

real-time closed-loop control of HIFU is required. The

specificity of ultrasound imaging, including quantitative

imaging, used in USgFUS will probably help to provide a

Figure 4. Maximum temperature change due to the application of 1.7-s
sub-therapeutic HIFU ‘shots’ before and after the application of a 5-s
therapeutic HIFU ‘shot’. Reproduced from Liu and Ebbini [85] with
permission.
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major push towards a more widespread adoption of image-

guided interventions.

Future trends in USgFUS

USgFUS has come a long way from simple B-mode

visualisation of echogenic changes during, and immediately

after, the application of HIFU. Numerous methods with much

higher specificity to FUS, at therapeutic and sub-therapeutic

levels, have been shown to be feasible. Undoubtedly, most of

these methods will continue to develop and eventually prove

worthy of clinical use for one or more aspects of image

guidance: planning, siting, monitoring, control, and damage

assessment. At this point, clinical USgFUS systems mainly

use echogenicity change for feedback, but colour Doppler

flow imaging (CDFI) has been used to identify the target in

one renal denervation study [162]. This is an example of the

use of multimodal ultrasound for image guidance that can

offer ultrasound a unique real-time advantage.

The increased use of high performance computing (HPC)

for beamforming and post-beamforming signal processing

(e.g. GPUs [113,163,164]) is allowing the real-time imple-

mentation of demanding algorithms for image guidance, e.g.

UST [85]. HPC has enabled the demonstration of real-time

temperature control, including the re-synthesis of multiple-

focus FUS patterns based on UST [137]. It is expected that,

with real-time implementation of the aforementioned moni-

toring methods, real-time control based on monitoring will

become routine in many applications. The myriad of closed-

loop control algorithms developed for MRgFUS

[39,138,142,165–168] offer a glimpse of what is coming in

USgFUS. Of course, with USgFUS, the high frame-rate

nature of ultrasound imaging will prove to be critical in some

applications, such as cardiac ablation.

Advances in array transducer technology, together with

HPC-based advanced beamforming and signal processing

methods, will continue to shape USgFUS applications.

Several examples of dual-mode ultrasound arrays have

recently been described [82,146,169]. Piezocomposite trans-

ducer technologies [170] offer some design options that allow

trade-offs between imaging and therapeutic performance.

Capacitive micromachined ultrasonic transducer (CMUT)

arrays [171] represent another promising technology that is

expected to provide additional design options for DMUA-

based USgFUS approaches.

The advent of real-time 3D ultrasound and its use in

USgFUS [172] may prove to be the key to overcoming a

major limitation of this image guidance modality. It is well

known that out-of-plane motion could negatively impact

USgFUS methods such as thermography, elastography, SWEI,

for example. Using 3D imaging in conjunction with these

methods could be the answer in applications involving high

levels of 3D motion and deformation. Although currently

focused on echogenicity changes [172], it is expected that

other forms of more quantitative 3D imaging will be

developed in the near future [173]. This includes 3D speckle

tracking [174], which will help to improve the robustness of

ultrasound thermography and elastography.

Where appropriate, combining USgFUS and MRgFUS

may also prove essential for improving the safety and efficacy

of the therapeutic application of FUS. This has been

suggested in some publications [159,161] and has been

suggested in related applications such as image-guided RF

ablation [175,176].

Conclusions

It is clear that advances in medical ultrasound such as

elastography, CEUS, SWEI, thermography and ultrafast

imaging are applicable for the guidance of FUS. We have

discussed examples of the use of these methods in all aspects

of image guidance, including pretreatment planning, focus

siting, monitoring, control, and damage assessment. The

adoption of GPU-based beamforming and signal processing

has led to laboratory demonstration of the feasibility of most

of these methods, which bodes well for their adoption in the

clinic.

This review has also demonstrated that many of the

ultrasound imaging methods developed for USgFUS are

maturing with their real-time, in vivo demonstration

[65,85,89,114,143,177]. The growing awareness of these

important results can be expected to increase the momentum

towards clinical adoption of ultrasound as a guidance method.

Table 1. FUS-induced lesion parameter imaging using MRgHIFU and USgHIFU.

MRgHIFU USgHIFU

Feature/parameter
to be imaged

Treatment planning Real time treatment
monitoring

Treatment planning Real time treatment monitoring

Tumour boundaries T1, T2, T2*, DWI T1, T2, T2*, DWI B-mode, CEUS B-mode
Bone T1, T2, T2*,

DWI, UTE
T1, T2, T2*, DWI B-mode B-mode (greyscale changes in soft

tissue surrounding bone)
Hypoxia DWI, DCE DWI, DCE – (CEUS)
Perfusion DSC, DCE DSC, DCE CEUS CEUS
Temperature – EPI, T2* – Speed of sound

– GRE –
Tissue changes DWI, MR elastography B-mode B-mode (greyscale changes),

Elastography, RFI, harmonic
motion imaging

DWI, diffusion weighted imaging; UTE, ultrashort echo time; DCE, dynamic contrast enhanced imaging – requires gadolinium contrast agents so only
used prior to treatment session or post-treatment; DSC, dynamic susceptibility contrast – only used in brain applications at present, requires
gadolinium; EPI, echo planar imaging – fast acquisition, sensitive to susceptibility artefacts and magnetic field inhomogeneities; GRE, gradient
recalled echo sequence – slower than EPI; CEUS, contrast enhanced ultrasound – uses microbubble contrast agents to provide scattering contrast.
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A comparison between USgFUS and MRgFUS shows that

both modalities offer options for all aspects of image

guidance. MRgFUS offers some clear advantages in terms

of lesion visualisation and, in some cases, clinical implemen-

tation of real-time thermography. For maximum patient safety

and treatment efficacy it is clear that USgFUS may be

adequate, for example in transrectal HIFU for prostatic cancer

[154]. On the other hand, applications involving transcranial

FUS [44] currently require MRgFUS. This may change with

more advanced ultrasound image reconstruction and aberra-

tion corrections, but it may also be useful to combine both

modalities in some applications.

In summary, USgFUS is gaining momentum towards wider

clinical adoption. This review provides a snapshot of a

burgeoning field on the verge of another revolution in medical

technology. The developments in quantitative, high-resolution

USgFUS methods will likely lead to unprecedented levels of

safety and efficacy in image-guided ‘bloodless’ interventions.
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