
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization

International Bureau
(10) International Publication Number

(43) International Publication Date
30 January 2014 (30.01.2014)

WO 2014/016600 Al
P O P C T

(51) International Patent Classification: (72) Inventors: BAMBER, Jeffrey, Colin; CR-UK and
A61B 5/00 (2006.01) A61B 8/14 (2006.01) EPSRC Cancer Imaging Centre, Division of Radiotherapy

and Imaging, Institute of Cancer Research and Royal
(21) International Application Number: Marsden NHS Foundation Trust, 15 Cotswold Road, Bel

PCT/GB20 13/05 1983 mont Sutton Surrey SM2 5NG (GB). FRENZ, Martin; In

(22) International Filing Date: stitute of Applied Physics, University of Bern, Sidlerstrasse
24 July 2013 (24.07.2013) 5, CH-3012 Bern (CH). JAEGER, Michael; Institute of

Applied Physics, University of Bern, Sidlerstrasse 5, CH-
(25) Filing Language: English 3012 Bern (CH).

(26) Publication Language: English (74) Agent: GILL, Stephen; Mewburn Ellis LLP, 33 Gutter

(30) Priority Data: Lane, London, Greater London EC2V 8AS (GB).

1213304.7 26 July 2012 (26.07.2012) GB (81) Designated States (unless otherwise indicated, for every

(71) Applicants: THE INSTITUTE OF CANCER RE¬ kind of national protection available): AE, AG, AL, AM,

SEARCH : ROYAL CANCER HOSPITAL [GB/GB]; AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

123 Old Brompton Road, London, Greater London SW7 BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,

3RP (GB). UNIVERSITY OF BERN [CH/CH]; 4 Hoch- DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,

schulstrasse, CH-3012 Bern (CH). HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

[Continued on nextpage]

(54) Title: ULTRASONIC IMAGING

(57) Abstract: Method of ultrasound imaging in
which vibration- induced localised (LOVFT) dis
placements code the ultrasound signal at theb) ARF push
place of origin, enabling clutter cancellation.
The require displacements can be induced by an
acoustic radiation force (ARF) generated by an
ultrasonic focused beam. One possibility for
ARF-LOVIT is to acquire one photoacoustic
(PA) image prior to the ARF push, and a second
image immediately after the push when the non

) zero displacement transient at the focus region is
present. A difference image then highlights the
signal from optically absorbing structures loc

ζ ated inside the displacement region. Direct clut

ARF beam ter, in contrast, originates from outside the im
aged region where no displacement occurs, and
is thus estimated. Echo clutter from acoustic
scattering at echogenie structures inside the dis
placement region also shows up on the differ
ence image, but at a different depth from where

o it was generated owing to the additional acoustic
Fig. 1 round-trip time as compared to PA signals.

©

o
o



w o 2014/016600 Ai II II II I III IIII I I III III II II II III II I II

TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK, Published:
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,

— with international search report (Art. 21(3))
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, — before the expiration of the time limit for amending the
GW, KM, ML, MR, NE, SN, TD, TG). claims and to be republished in the event of receipt of

amendments (Rule 48.2(h))
Declarations under Rule 4.17:

— of inventorship (Rule 4.17(iv))



ULTRASONIC IMAGING

Field of the Invention

The present invention relates to a method and a system for ultrasonic imaging, and in particular

for reducing or eliminating clutter in photoacoustic and other types of ultrasonic images.

Background of the invention

n photoacoustic (PA) imaging, tissue irradiation using light (typically pulsed laser light), and

subsequent thermo-elastic conversion of absorbed light to ultrasound, allows the detection of

optically absorbing structures deep inside biological tissue with high resolution using ultrasound

receive beamforming This technique is especially promising for functional imaging of the

vasculature , and of the blood oxygenation level using a mu ti optical wavelength approach

based on the different optical absorption spectra of oxy- and deoxyhaemogiobin .

Photoacoustic imaging therefore holds promise for the diagnosis of vascular diseases and

cancer and monitoring response to treatment addition, gold nanoparticies, tailored to

strongly absorb light in the N R range, can serve as contrast media , and their

functionalisation for specific chemical targets allows early detection of e.g. cancer and

atherosclerosis

Potentialy, PA methods can provide an additional functional imaging modality, augmenting

conventional ultrasound (US), for example in a real-time, safe, cheap, and versatile multimodal

device for improved clinical diagnostics. For versatile imaging of the human body, an epi-style

setup is preferred, combining the optical components with the acoustic probe for optical

irradiation of the tissue from the same body surface as acoustic signal detection. In this way the

influence of bones, acoustically attenuating tissue, and gas on ultrasound propagation from the

illuminated tissue region to the acoustic probe can be reduced.

An important requirement for a clinically adequate and thus successful combination of PA and

US imaging is an imaging depth of several centimetres, which is feasible in theory taking into

account optical attenuation and transducer noise . Such an imaging depth has, however, been

difficult to achieve in practice. A reason is that the epiphotoacoustic setup causes severe

clutter, which degrades contrast and limits imaging to depths considerably less than the noise-

limited theoretical depth, at typically one centimetre or even less . Clutter can emerge from

strong PA transients that are generated at the site of tissue irradiation close to the ultrasound

probe, where optically absorbing structures such as melanin and the microvasculature are

exposed to the greatest intensity of irradiating light, or potentially elsewhere if a strong enough

PA signal is generated. These transients obscure weak signals from deep inside the tissue

when propagating directly to the acoustic receiver (direct clutter), and to the acoustic receiver

via acoustic scattering from echogenic structures when propagating into the tissue (echo

clutter).

Deep clinical PA imaging thus requires methods for clutter reduction to achieve the theoretical

depth of several centimetres. For this purpose, displacement-compensated averaging (DCA)

was previously developed _1 , a technique exploiting the clutter decorreiation that naturally

occurs when palpating the tissue with the ultrasound probe, in motions parallel to the imaging



plane. When compensating the resulting PA image sequence for the local relative tissue

displacement, the "true" PA signai remains well registered and correlated whereas clutter

decorrelates and can be reduced by averaging. DCA takes advantage of a combined PA and

US system, because US speckle tracking provides the knowledge of local tissue displacement

required for DCA.

Evaluation of DCA in combined PA and US imaging of human volunteers has demonstrated that

clutter is an actual issue in clinical imaging, and that clutter reduction is feasible . DCA,

however, shows several disadvantages at the clinical application level. First, it can only be

employed for easily palpable tissue such as breast and limb muscles, and requires a

considerable amount of practice for controlled palpation in a free-hand approach. More

significantly, however, is its limited clutter reduction and hence image contrast gain, determined

by the maximum achievable tissue deformation on one side and by the minimum deformation

required for clutter decorrelation on the other side. This typically results in a contrast gain not

larger than three 2, whereas a significantly larger contrast gain is desirable to achieve strongly

increased imaging depth down to the noise limit.

Similar problems of clutter-limited image contrast exist in conventional US imaging, and

potentially other forms of imaging such as optical coherence tomography (OCT) in

conventional US echography, acoustic clutter may, for example, arise from acoustic scatterers

interacting with side lobes or grating lobes, which may generate clutter echoes that return to the

acoustic receiver either directly or after being scattered by other echogenic structures, or

reverberation of ultrasound between acoustic scatterers that are proximal to the depth of

interest . Approaches that are similar to DCA have been developed for US pulse-echo

imaging independently and apparently without awareness of those developed for PA imaging,

and perform with similar limitations to DCA in PA imaging . In OCT the strong and multiple

optical scattering by tissue may generate substantial optical clutter. In the most common form

of OCT this is substantially reduced by the use of a highly collimated beam of light .

However, not only does this not fully remove the possibility of optical clutter generation at

depths where the beam has been diffused by scattering, it has the substantial disadvantage that

to produce an OCT image this beam must be scanned, reducing image frame rate. Alternative

parallel acquisition methods using large area detectors offer potential for high frame and volume

rate imaging but suffer from poor, optical c!utter-iimited, image contrast. DCA methods may well

be applicable to OCT and other imaging methods, although do not appear to have been tried

and can be expected to perform with similar limitations to their performance in PA and US

imaging.

Accordingly, for PA, US, OCT and other forms of imaging, an alternative approach to reducing

or eliminating clutter is required.

Summary of the invention

in general terms, the present invention provides a method in which vibration-induced localised

displacements, as opposed to the quasi-static deformation in DCA, "tag" the ultrasound signal at

the place of origin, enabling the unambiguous identification of this signal and, in theory, full

clutter cancellation.



In a first aspect, the present invention provides a method of imaging a region of interest of a

body, the body having sites outside the region which can produce image c!utter, the method

including:

generating a first pattern of vibration within the body to produce a localised first

displacement at the region and localised first disp!acements at the clutter-producing sites;

while the body undergoes the first displacements, generating ultrasound signals from the

region, and detecting the ultrasound signals to generate a first image of the region;

generating a second pattern of vibration within the body to produce a localised second

displacement at the region and localised second displacements at the clutter-producing sites;

while the body undergoes the second displacements, generating ultrasound signals from

the region, and detecting the ultrasound signals to generate a second image of the region; and

combining the first and second images to produce a third image of the region;

wherein the first and second vibration patterns are selected such that the first and

second displacements combine in the production of the third image to reduce or eliminate the

clutter in the third image relative to the clutter i the first and second images.

The third image can conveniently be a difference image of the first and second images. For

example, one option is to select one of the first or second vibration patterns such that it

produces substantially the same predetermined displacement at the region and the clutter-

producing sites. In this case, the other of the first or second vibration patterns can be selected

such that it also produces the same predetermined displacement at the clutter- producing sites,

but produces a different displacement at the region. Such a selection of vibration patterns can

facilitate difference image production.

According to the above option, the predetermined displacement can be a zero displacement.

However, more generally it is possible to generate one of the images without a corresponding

vibration pattern at all. Thus, in a second aspect, the present invention provides a method of

imaging a region of interest of a body, the body having sites outside the region which can

produce image clutter, the method including:

generating a pattern of vibration within the body to produce a non-zero localised

displacement at a first location which is one of (A) the region and (B) the clutter-producing sites

and substantially no displacement at a second location which is the other of (A) the region and

(B) the clutter-producing sites;

while the first location undergoes the displacement, generating ultrasound signals from

the region, and detecting the ultrasound signals to generate a first image of the region;

in the absence of displacement at the region and the clutter-producing sites, generating

ultrasound signals from the region, and detecting the ultrasound signals to generate a second

image of the region;

combining the first and second images to produce a third image of the region, the clutter

in the third image being reduced or eliminated relative to the clutter in the first and second

images.

Again, conveniently, in the method of the second aspect, the third image produced by

combining the first and second images can be a difference image. In particular, the difference

image approach can be facilitated by having the first location as (A) the region.



n the first or second aspect, each non-zero localised displacement is a transient or dynamic

localised displacement produced by the respective vibration pattern. In contrast, DCA does not

produce such transient or localised displacements but relies instead on quasi-static tissue

displacement and deformation of the entire tissue produced by tissue paipation.

Advantageously, the methods of the first and second aspects enable clutter reduction or

elimination without a need for such palpation. The methods of the first and second aspects also

work in a fundamentally different way to DCA; DCA distinguishes clutter from required signal,

and produces clutter reduction, by using differences in global deformation-induced decorreiation

of the image structure, whereas in the methods of the above aspects the localised and dynamic

nature of the induced displacement allows "tagging" or coding of either the generated

ultrasound signal in the region of interest or the clutter, so as to be able to distinguish between

the two. In the second aspect, for example, when the first location is (B) the clutter-producing

sites the method can not only facilitate clutter reduction but can allow the source of clutter to be

identified as located at the position of vibration tagging that maximises clutter reduction. Such

an outcome is ot possible with DCA.

a third aspect, the present invention provides a method of imaging a body including:

repeatedly performing the method either the first or the second aspect for different

regions of interest of the body; and

combining the third images from the repeat performances to build up a composite image

of the body.

In a fourth aspect, the present invention provides a system for imaging a region of interest of a

body, the body having sites outside the region which can produce image clutter, the system

including:

(i) an apparatus for (a) generating a pattern of vibration within the body to produce a

localised displacement at the region and localised displacements at the clutter-producing sites,

(b) while the body undergoes the displacements, generating ultrasound signals from the region,

and (c) detecting the ultrasound signals to generate an image of the region; and

(si) a computer system which controls the apparatus to: either (a) generate a first pattern

of vibration within the body to produce a localised first displacement at the region and localised

first displacements at the clutter-producing sites; while the body undergoes the first

displacements, generate ultrasound signals from the region, and detect the ultrasound signals

to generate a first image of the region; generate a second pattern of vibration within the body to

produce a localised second displacement at the region and localised second displacements at

the clutter-producing sites; while the body undergoes the second displacements, generate

ultrasound signals from the region, and detect the ultrasound signals to generate a second

image of the region; or (b) generate a pattern of vibration within the body to produce a non-zero

localised displacement at a first location which is one of (A) the region and (B) the clutter-

producing sites and substantially no displacement at a second location which is the other of (A)

the region and (B) the clutter-producing sites; while the first location undergoes the

displacement, generate ultrasound signals from the region, and detect the ultrasound signals to

generate a first image of the region; in the absence of displacement at the region and the

clutter-producing sites, generate ultrasound signals from the region, and detect the ultrasound

signals to generate a second image of the region;



wherein the computer system further combines the first and second images to produce a

third image of the region, the clutter in the third image being reduced or eliminated relative to

the clutter in the first and second images. The system may further include one or more displays

for displaying the images.

in a fifth aspect, the present invention provides the computer system of the fourth aspect.

In a sixth aspect, the present invention provides a computer program comprising code which,

when run on a computer, causes the computer to control an apparatus for (a) generating a

pattern of vibration within the body to produce a localised displacement at the region and

localised displacements at the clutter-producing sites, (b) while the body undergoes the

displacements, generating ultrasound signals from the region, and (c) detecting the ultrasound

signals to generate an image of the region;

the computer program controlling the apparatus to: either (a) generate a first pattern of

vibration within the body to produce a localised first displacement at the region and localised

first displacements at the clutter-producing sites; while the body undergoes the first

displacements, generate ultrasound signals from the region, and detect the ultrasound signals

to generate a first image of the region; generate a second pattern of vibration within the body to

produce a localised second displacement at the region and localised second displacements at

the clutter-producing sites; while the body undergoes the second displacements, generate

ultrasound signals from the region, and detect the ultrasound signals to generate a second

image of the region; or (b) generate a pattern of vibration within the body to produce a non-zero

localised displacement at a first location which is one of (A) the region and (B) the clutter-

producing sites and substantially no displacement at a second location which is the other of (A)

the region and (B) the clutter-producing sites; while the first location undergoes the

displacement, generate ultrasound signals from the region, and detect the ultrasound signals to

generate a first image of the region; in the absence of displacement at the region and the

clutter-producing sites, generate ultrasound signals from the region, and detect the ultrasound

signals to generate a second image of the region;

wherein the computer program further comprises code which combines the first and

second images to produce a third image of the region, the clutter in the third image being

reduced or eliminated relative to the clutter in the first and second images.

In a seventh aspect, the present invention provides a computer readable medium storing the

computer program of the sixth aspect.

Each of: the system of the fourth aspect, the computer system of the fifth aspect, the computer

program of the sixth aspect, and the computer readable medium of the seventh aspect can be

used to perform the method of any one of the first to third aspects. Thus for example, in relation

to the third aspect, the computer system of the fourth or fifth aspect, and/or the computer

program of the sixth or seventh aspect may further: control the apparatus to generate first and

second images for different regions of interest of the body, combine the first and second images

for the different regions to produce respective third images of the regions, and combine the third

images to build up a composite image of the body.



Further optional features of the invention of the first to seventh aspects will now be set out.

Unless otherwise stated, these are applicable singly or in any combination with any aspect of

the invention of the first to seventh aspects.

In general, the longest duration of the transient displacement that would be produced by the

vibration pattern or, correspondingly, the lowest useful temporal frequency of vibration, can be

determined by the requirement to be able to identify the locality of the vibration at any moment,

and this is in turn can be determined by, amongst other things, the speed with which the

dynamic tissue deformation induced by the vibration is propagated away from the intended

location. Such speed may be that of a shear wave, Rayleigh wave, Lamb wave, or other wave,

the type of wave being determined by the mode of propagation that dissipates the energy of the

vibration to locations in the tissue other than the imaged region or the clutter region. For

example, frequencies used in the current medical imaging methods of transient eiastography

, shear wave eiastography f, and acoustic radiation force impulse imaging which are in the

region of 50 Hz to 1200 Hz, may provide sufficient spatial localisation, the higher the frequency

the better, although this does not exclude the use of frequencies outside this range. Thus, the

or each localised displacement may be caused by a vibration having a frequency of at least 50

Hz.

The imaging of the region of interest can be performed using photoacoustic imaging. Thus the

ultrasound signals can be generated from the region optically by irradiating the region using

light, which is typically pulsed light such as pulsed laser light. Alternatively, the imaging of the

region of interest can be performed using e.g. echo ultrasound, optical coherence tomography

or another imaging technique.

The imaging of the region of interest can be performed by epi-acoustic imaging, in which the

procedure to generate the ultrasound signals (i.e. the optical irradiation in the case of

epiphotoacoustic imaging), and the ultrasound signal detection are performed from the same

surface of the body.

The method may be a method of photoacoustically imaging in which the optical irradiation and

the ultrasound signal detection are performed from different locations outside or inside the body.

The body may be a human or animal body, or a part thereof.

The first and the second images may each be generated by combining a piuraiity of sequentially

acquired image frames n this way the signal to noise ratio (SNR) of the images can be

improved. Conveniently, during their sequential acquisition, the image frames of the first image

may be interleaved with the image frames of the second image.

The method may further include: generating one or more further patterns of vibration within the

body to produce, for each further pattern, a localised further displacement at the region and

localised further displacements at the clutter-producing sites; while the body undergoes the

further displacements of each further vibration pattern, generating ultrasound signals from the

region, and detecting the ultrasound signals to generate a respective further image of the region

for each further vibration pattern; and combining the one or more further images with the first

and second images to produce the third image of the region. In general, the more images of a



region there are available, the more possibilities exist for combining images to reduce or

eliminate clutter. In particular, echo clutter may be further reduced in this way.

Although it can be convenient to produce a simple difference image from the first and second

images, more sophisticated image production procedures can be adopted, particularly when

further images are used to produce the third image. For example, the third image can be

produced by solving a system of linear equations corresponding to the first, second and further

images. Such a system can include the use of filters and weighted combinations of the first,

second and further images derived from techniques such as principle components, multiple

discriminant analysis, neural networks, blind source separation and other methods for

distinguishing between one vibration tagging/coding (i.e. localised displacement) and another,

or between vibration and no vibration.

general, the vector(s) of the localised displacement(s) produced by the or each vibration

pattern may be used to produce the third image, along with the first, second and (optional)

further images. In some situations, these vectors may be known or may be calculable from the

physical properties of the body and the parameters used to generate the vibration pattern.

However, particularly when the body is formed of human or animal tissue, the vectors may not

be known or readily calculable. Thus, the method may further include: measuring the vector(s)

of the localised displacement(s) produced by the or each vibration pattern. The vectors can be

measured using known approaches, such as correlation based tracking of the phase of, or the

envelope of, the radio frequency (RF) pulse-echo signal, and/or ultrasound elastography (e.g.

when imaging the region using an echo ultrasound imaging system, or using echo ultrasound

mode in a combined echo ultrasound and photoacousfic imaging system).

Conveniently, the or each vibration pattern may be generated by the acoustic radiation force of

a focused ultrasonic beam. However, other techniques for generating vibration patterns may be

adopted. For example, a shear wave can be generated at the surface of the body (e.g. using a

vibrating indenter) forming a transient impulsive or harmonic shear wave propagating into the

body. Advantageously a single such propagating shear wave can be used as the vibration

pattern for the performance of photoacoustic imaging or other types of ultrasonic imaging at

respective regions along the path of travel of the propagating wave (i.e. when the propagating

shear wave reaches each region along the path, that region can be optically or acoustically

irradiated using pulsed light or ultrasound to generate ultrasound signals from the region, and

the ultrasound signals can be detected to generate an image of the region). Another option is to

generate a vibration pattern by imposing a fluctuating magnetic field on the body to vibrate

magnetic particles in the body.

Combination approaches can be envisaged, one example being the combination of multiple

different localised transient displacement vectors of different directions, amplitudes and/or

frequencies, to improve multivariate discrimination of signal from clutter, another being the

combination of multiple different propagating shear waves of either different direction, different

source location or different frequency, used with an appropriate "inverse solution" or "synthetic

aperture" data processing method to generate each vibration-tagged image.



Conveniently, the same ultrasound imaging probe may be used to detect the ultrasound signals

as may be used to generate the respective vibration pattern. Such an arrangement can help to

align the vibration pattern-forming beam with the image-forming beam. However, another

option, particularly when using a focused ultrasonic beam lying in the plane of the images, is for

the beam to penetrate the body at an angle relative to the direction of detection of the

ultrasound signals.

Efficient image acquisition procedures can be adopted whereby the detected ultrasound signals

used to generate an image of a region can be reused to generate images of one or more

additional (e.g. neighbouring) regions. By reusing the ultrasound signals in this way, it is

possible to build up more quickly a composite image of the body. For example, the first

vibration pattern and the second vibration pattern may be complimentary and opposite, such

that, if the first vibration pattern is superimposed on the second vibration pattern, in the plane of

the images the resulting combined localised first and second displacements are uniform or zero

across the body. Thus, the first and second vibration patterns could each produce a

checkerboard pattern of high amplitude displacement regions and low or zero amplitude

displacement regions, one checkerboard pattern being the negative of the other. Such an

arrangement can lead to highly efficient image acquisition. In particular, each pattern can be

used to generate respective images from its regions which can then be combined with the

corresponding images from the other pattern to produce low clutter third images for ail the

regions.

The computer-readable medium of th seventh aspect includes, but is not limited to, portable or

fixed storage devices, wireless channels and other storage mediums capable of storing,

containing or carrying instruction(s) and/or data. A storage medium may represent one or more

devices for storing data, including read only memory (ROM), random access memory (RAM),

magnetic RAM, core memory, magnetic disk storage mediums, optical storage mediums, flash

memory devices and/or other machine readable mediums for storing information.

Furthermore, embodiments may be implemented by hardware, software, firmware, middleware,

microcode, hardware description languages, or any combination thereof. When implemented in

software, firmware, middleware or microcode, the program code or code segments to perform

the necessary tasks may be stored in a computer-readable medium in the computer system of

the fourth or fifth aspect, one or more processor may perform necessary tasks. More generally,

another option is to take advantage of naturally occurring tissue motion. If such tissue motion is

sufficiently localised and dynamic, as may be the case for small pulsating arteries, it may

represent an alternative means of inducing the localised displacements for implementing a

passive form of the method, i.e. without actively producing a localised vibration, albeit with the

possible disadvantage that clutter reduction can only be achieved at specific (uncontrolled)

locations of e.g. identified pulsating blood vessels. Alternatively, cardiac and/or vascular

pulsations may act as a source of shear waves, which can then be used for performance of

clutter-reduced photoacoustic imaging or other types of ultrasonic imaging at respective regions

along the path of travel of the propagating waves.

Thus, in an eighth aspect, the present invention provides a method of imaging a region of

interest of a body, the body having sites outside the region which can produce image clutter,



and the body undergoing autonomous tissue motion which produces a localised first

displacement at the region and localised first displacements at the clutter-producing sites, and

which further produces a localised second displacement at the region and localised second

displacements at the clutter-producing sites, the method including:

while the body undergoes the first displacements, generating ultrasound signals from the

region, and detecting the ultrasound signals to generate a first image of the region;

while the body undergoes the second displacements, generating ultrasound signals from

the region, and detecting the ultrasound signals to generate a second image of the region; and

combining the first and second images to produce a third image of the region;

wherein the first and second vibration patterns are selected such that the first and

second displacements combine in the production of the third image to reduce or eliminate the

clutter in the third image relative to the clutter in the first and second images.

Thus the meihod of the eighth aspect is similar to the method of the first aspect except that the

first and second displacements derive from autonomous tissue motion rather than the active

generation of patterns of vibration within the body. For example, the autonomous tissue motion

may be produced by artery pulsation or by shear waves produced by cardiac and/or vascular

pulsations. The first and second displacements can then correlate to different phases in the

heart cycle, the artery being in different states of localised displacement, or the shear waves

producing different states of localised displacement, at the different phases.

In the eighth aspect, each localised displacement is a transient or dynamic localised

displacement produced by the autonomous tissue motion, the localised and dynamic nature of

the induced displacement allowing "tagging" or coding of either the generated ultrasound signal

in the region of interest or the clutter, so as to be able to distinguish between the two. As

previously mentioned, DCA does not produce such transient or localised displacements but

relies instead on quasi-static tissue displacement and deformation of the entire tissue produced

by tissue palpation. Thus, the method of the eighth aspect, like those of the first and second

aspects, enables clutter reduction or elimination without a need for such palpation.

In a ninth aspect, the present invention provides a system for imaging a region of interest of a

body, the body having sites outside the region which can produce image clutter, and the body

undergoing autonomous tissue motion which produces a localised first displacement at the

region and localised first displacements at the clutter-producing sites, and which further

produces a localised second displacement at the region and localised second displacements at

the clutter-producing sites, the system including:

(i) an apparatus for (a) while the body undergoes the displacements, generating

ultrasound signals from the region, and (b) detecting the ultrasound signals to generate an

image of the region; and

(ii) a computer system which controls the apparatus to: while the body undergoes the

first displacements, generate ultrasound signals from the region, and defect the ultrasound

signals to generate a first image of the region; while the body undergoes the second

displacements, generate ultrasound signals from the region, and detect the ultrasound signals

to generate a second image of the region;

wherein the computer system further combines the first and second images to produce a

third image of the region, the clutter in the third image being reduced or eliminated relative to



the clutter in the first and second images. The system may further include one or more displays

for displaying the images.

In a tenth aspect, the present invention provides the computer system of the ninth aspect.

In an eleventh aspect, the present invention provides a computer program comprising code

which, when run on a computer, causes the computer to control an apparatus for (a) while the

body undergoes the displacements, generating ultrasound signals from the region, and (b)

detecting the ultrasound signals to generate an image of the region;

the computer program controlling the apparatus to: while the body undergoes the first

displacements, generate ultrasound signals from the region, and detect the ultrasound signals

to generate a first image of the region; while the body undergoes the second displacements,

generate ultrasound signals from the region, and detect the ultrasound signals to generate a

second image of the region;

wherein the computer program further comprises code which combines the first and

second images to produce a third image of the region, the clutter in the third image being

reduced or eliminated relative to the clutter in the first and second images.

in a twelfth aspect, the present invention provides a computer readable medium storing the

computer program of the eleventh aspect.

Each of: the system of the ninth aspect, the computer system of the tenth aspect, the computer

program of the eleventh aspect, and the computer readable medium of the twelfth aspect can

be used to perform the method of the eighth aspect.

Further optional features of the invention of the eighth to twelfth aspects will now be set out.

Unless otherwise stated, these are applicable singly or in any combination with any aspect of

the invention of the eighth to twelfth aspects.

The imaging of the region of interest can be performed using photoacoustic imaging. Thus the

ultrasound signals can be generated from the region optically by irradiating the region using

light, which is typically pulsed light such as pulsed laser light. Alternatively, the imaging of the

region of interest can be performed using e.g. echo ultrasound, optical coherence tomography

or another imaging technique.

The method may be a method of photoacousticaily imaging in which the optical irradiation and

the ultrasound signal detection are performed from different locations outside or inside the body.

The body may be a human or animal body, or a part thereof.

The first and the second images may each be generated by combining a plurality of sequentially

acquired image frames in this way the signal to noise ratio (SN R) of the images can be

improved. Conveniently, during their sequential acquisition, the image frames of the first image

may be interleaved with the image frames of the second image.

The body may undergo autonomous tissue motion which produces one or more further localised

displacements at the region and one or more further localised displacements at the clutter-



producing sites. The method may then further include: while the one or more further

displacements are produced, generating ultrasound signals from the region, and detecting the

ultrasound signals to generate one or more respective further images of the region; and

combining the one or more further images with the first and second images to produce the third

image of the region. For example, the further localised displacements can correlate to further

different phases in the heart cycle.

Although it can be convenient to produce a simple difference image from the first and second

images, more sophisticated image production procedures can be adopted, particularly when

further images are used to produce the third image. For example, the third image can be

produced by solving a system of linear equations corresponding to the first, second and further

images. Such a system can include the use of filters and weighted combinations of the first,

second and further images derived from techniques such as principle components, multiple

discriminant analysis, neural networks, blind source separation and other methods for

distinguishing between one vibration tagging/coding (i.e. localised displacement) and another,

or between vibration and no vibration.

The computer-readable medium of the twelfth aspect includes, but is not limited to, portable or

fixed storage devices, wireless channels and other storage mediums capable of storing,

containing or carrying instruction(s) and/or data. A storage medium may represent one or more

devices for storing data, including read only memory (ROM) , random access memory (RAM),

magnetic RAM, core memory, magnetic disk storage mediums, optical storage mediums, flash

memory devices and/or other machine readable mediums for storing information.

Furthermore, embodiments may be implemented by hardware, software, firmware, middleware,

microcode, hardware description languages, or any combination thereof. VWsen implemented in

software, firmware, middleware or microcode, the program code or code segments to perform

the necessary tasks may be stored in a computer-readable medium. In the computer system of

the ninth aspect, one or more processor may perform necessary tasks.

Further optional features of the invention are set out below.

Brief Description of the Drawings

Embodiments of the invention will now be described by way of example with reference to the

accompanying drawings.

Fig. : a) Setup with a linear probe used for both imaging and acoustic radiation force (ARF)

generation using an ultrasonic focused beam. The z-direction is known as the axial direction,

the x-direction as the lateral direction, and y-direction (orthogonal to both the x- and z-

directions) as the elevation direction b) The signal from a point absorber is shifted in axial

direction when comparing PA images acquired pre and post ARF push. The images show the

point-spread function from the point absorber, as well as the axial profile of the PSF along the

dashed lines c) In a difference image the signal of the point absorbers has a slightly changed

PSF.



Fig. 2 : a) Example origin of direct clutter b) Example origin of echo clutter c) PA signals of

interest, direct clutter, and echo clutter are differently influenced by ARF-induced tissue

displacement.

Fig. 3 : a) Schematic view of the ARF transducer, showing dimensions of its focal region b)

Detail view of the experimental setup showing the ARF transducer and the imaging probe,

together with a phantom.

Fig. 4 : Tissue optical properties for human breast, liver, and skeletal muscle a) Absorption

coeff icient b) Effective attenuation coefficient.

Fig. 5 : a) Photograph of a section through phantom 1 at the location of the imaging plane,

taken after the experiment b) B-mode ultrasound of the phantom c) Photoacoustic B-mode

image.

Fig. 6 : a) to c) Snapshots of shear wave propagation after the ARF push at different points of

time and d) local displacement as function of time at constant depth indicated by the dashed

horizontal line in (a) to (c). The times at which the snapshots were taken are indicated in (d) by

dotted horizontal lines. The ARF beam transmission period is indicated with a black bar, and

the slope of the shear wave propagation with a solid arrow.

Fig. 7 : a) Conventional PA image b) Localised displacement after ARF push c) Resulting

LOVIT image d) Dependence of LOVIT amplitude on displacement.

Fig. 8 : Composite LOViT results (b, d , f) of the three phantoms, compared to the conventional

PA images (a, c , e). a) and b) Phantom I . c) and d) Phantom II. e) and f) Phantom i .

Fig. 9 : a) Sketch for the overlap of PA signal and residual echo clutter in the LOVIT image b)

Difference image of two post-A F PA frames with adjacent ARF focus positions.

Detailed Description and Further Optional Features of the Invention

n the following the term LOVIT is used to denote the approach of the present invention, in

which localised displacements provide vibration tagging of the ultrasound signal (hence LOVIT

from localised vibration tagging). These displacements can be induced, among other potential

methods, by means of the acoustic radiation force (ARF) generated by an ultrasonic focused

beam. A convenient way of implementing ARF is to use an imaging transducer also for

transmission of the focused beam. This allows the focused beam to be steered during the

transmit phase of the individual transducer elements, generating a transient push in any location

which is inherently aligned with the imaging plane. The ARF ultrasound can be transmitted over

a fraction of a millisecond to generate a localised transient tissue displacement on the order of a

few tens of , i.e. the ARF-generated vibration pattern can comprise a non-zero displacement

transient at the focal region and substantially no displacement elsewhere '"' .

One possibility for ARF-LOVIT is to acquire one PA image prior to the ARF push (i.e. in the

absence of displacement at the focus region), and a second image immediately after the push

when the non-zero displacement transient at the focus region is present. A difference image



then highlights the signal from optically absorbing structures located inside the displacement

region. Direct clutter, in contrast, originates from outside the imaged region where no

displacement occurs, and is thus eliminated. Echo clutter from acoustic scattering at echogenic

structures inside the displacement region also shows up on the difference image, but at a

different depth from where it was generated owing to the additional acoustic round-trip time as

compared to PA signals. This allows spatial separation of echo clutter from true PA signal

provided a narrow axial profile of the focused ARF beam.

Below we describe an example experimental study of one embodiment of ARF-LOVIT. In this

exampie, a linear array of acoustic detectors is employed, where optical irradiation is provided

by rows of fibre-optic illuminators that flank the linear array.

1. Theory

ARF-LOVIT clutter reduction employs localised transient tissue displacement which is remotely

induced inside the tissue by transmission of an ultrasonic focused beam (ARF beam). The high

intensity ultrasound in the focus of the ARF beam generates a volumetric radiation force upon

absorption and backscattering. integration of this force over the duration of the transmission

period (few 00 microseconds) results in an impulse transfer to the tissue (ARF push) that is

able to initiate a localised tissue displacement of up to several tens of micrometres in

magnitude, limited by the tissue elasticity and ultrasound safety standards. The theoretical

considerations presented below assume that ARF beam transmission is implemented together

with PA data acquisition using the same linear array transducer. This is a preferred mode of

operation for clinical implementation of LQV!T because in such a setup the ARF beam is

inherently aligned with imaging beamforming, and the ARF push position can be flexibly chosen

via the transmit phase of the individual transducer elements. However, the theory can be

readily adapted for different ARF beam configurations (or indeed for other approaches of

generating vibration patterns which produce localised displacement transients) and different

types of acoustic detectors, whether single element, two-dimensional arrays, ring arrays, or

other configurations.

A first PA image is acquired prior to the ARF push, and a second one after the push. The ARF

push in-between the two acquisitions leads to a spatially confined tissue displacement at the

time of the second acquisition relative to the first acquisition. The spatial extent of the

displacement region is determined both by the size of the ARF focus and by the shear wave

propagation during the transmission period. It is assumed that this period is short enough so as

to provide a narrow and short region of tissue displacement confined to the size of the ARF

focus in all three directions it is further assumed that: the ARF beam axis runs parallel to the

transducer's axial direction, the ARF intensity is only a function of the coordinates of the

imaging plane (x: lateral direction parallel to the linear array; z : axial direction), and the local

displacement has only an axial component ∆ ζ (χ , z) (see Fig. 1) . These assumptions simplify

the theoretical analysis, and in practice can be relaxed (see the discussion section).

Firstly we consider a situation without clutter, where a single hypothetical point absorber is

located at point (x, z) in the imaging plane and inside the displacement region. The pre-ARF PA

image shows the point-spread function (PSF), centred at (x, z) (Fig. 1b, left side) . The



amplitude U is proportional to the local fluence and the absorption cross-section of the point

target. The post-ARF PA image shows the same PSF but shifted by ∆ζ(χ , z) in axial direction

(Fig. , right side). On subtracting the two images a new image is obtained, with a signal

occurring at point (x, ∑) but with a different point-spread function (PSF') and a different

amplitude ( T) (Fig. 1c). T and PSF' are determined by eq. 1 :

. f Xi ) .U PSF(x, : A: - PSF (x.z) a ~U -&∑· P$F {x z ≡ U PSF <(x z)

i ::

PSF'ix. z ==
v . . ·

(1)

To maintain sensible units and magnitudes for both L and PSF', the acoustic wavelength at the

centre frequency of the imaging probe, ,was introduced. Assuming a simple cosine model for

the axial profile of the PSF, the above definition ensures that PSF and PSF' have equal

amplitude. Eq. 1 illustrates that the PSF' of the difference image is in first approximation the

axial derivative of the initial PSF, and the amplitude T is proportional to both the initial

amplitude U and the displacement ∆ζ . The linear approximation to the axial derivative in eq. 1

holds for Az λ0 < 0.5. This describes the reality well, where achievable displacements (on the

order of few tens of micrometres) are far smaller than the wavelength typically used for imaging

(e.g. 200 micrometres for a 7.5 MHz centre frequency probe).

Next, clutter is taken into account in this example, direct clutter emerges from optically

absorbing structures that are located outside the imaging region, but directly exposed to the

irradiating laser light (Fig. 2a). The resulting strong PA transients, even though detected by the

probe at an angle where elevational sensitivity is low, obscure the weak PA signals from

structures that are hidden deep inside the tissue. Echo clutter (Fig. 2b) may be generated by

the same PA transients that cause direct clutter, but via acoustic scattering at echogenic

structures located inside the imaging region. Epiphotoacoustic images of the human body

usually show both clutter types, and it is impossible to distinguish clutter from "true" PA signal in

a conventional image. This limits the effective imaging depth to typically less than one

centimetre, even if a larger depth would be feasible given the optical penetration depth and the

acoustic sensitivity. I general, clutter will tend to originate from any strong optical absorber

that is not at the region being imaged, and it is more likely to arise at locations close to the site

of optical irradiation where the optical fluence is greatest. n the example experimental study, a

linear-array acoustic receiver is employed with lines of fibre-optic illuminators flanking the array.

The most likely position of clutter sources is therefore outside the imaging plane of the array.

For systems employing two-dimensional matrix arrays, ring arrays, or other acoustic transducer

configurations, which may be used for volumetric PA imaging, this may not be true, and

depending on the pattern of optical irradiation that is chosen, clutter sources may exist within

the field of view of the receiver.

ARF-LQVIT theoretically allows full cancellation of both direct and echo clutter if ideal conditions

are met. An ARF push that is in elevation confined to the imaging plane (as in the case where

the same transducer is used for ARF and imaging) does not displace the PA clutter sources that



lie outside the imaging plane (see Fig. 2c), and an ARF push that is spatial confined laterally

and axially to an imaged region does not displace the PA clutter sources away from this region,

thus direct clutter (i.e. the PA signal from these sources) does not show up in the LOVIT

difference image. Echo clutter on the other hand is caused by acoustic scattering of the same

PA transients from within the imaging plane. Because echogenic structures are displaced

together with the tissue, echo clutter from scattering inside the displacement region cannot be

eliminated. However, this echo clutter shows up at a different depth in the image to the PA

signals, because the ultrasound that ultimately leads to echo clutter propagates through the

tissue both from the source of clutter to the echogenic structure and from the echogenic

structure to the acoustic receiver. Therefore, provided the axial extension of the ARF focus is

small enough, direct PA signals and echo clutter are spatially separated (see Fig 2c), and the

LOVIT image shows PA signals from inside the displacement region free of both direct and

echo clutter.

This section illustrates that the LOVIT image of the displacement region can be perceived as an

original PA image but without clutter, compounded with the spatial distribution of the

displacement ∆ζ(χ, z) and with a slightly changed PSF. The original PSF can again be obtained

by spatial integration and the original amplitude by calibration for ∆ζ . By scanning the imaging

plane with the ARF focus, a clutter-free composite LOV!T image can thus be generated of the

full imaging plane which conserves the true PA image, but eliminates clutter. The conservation

of absolute signal amplitude by LOVIT is important in view of data analysis that relies on

accurate amplitude, such as blood oxygen saturation imaging.

2. Materials and Methods

A goal of the experimental study was the proof of principle of clutter elimination using ARF-

LOVIT. In a preferred mode of implementation of ARF-LOVIT, the same transducer is used

both for ARF beam transmission and for imaging. This is technically feasible, and already

commercially implemented for radiation force eiastography , . However, this study used a

separate transducer for ARF beam transmission, in conjunction with a commercial ultrasound

scanner for imaging.

2.1 Equipment and Setup

A commercial ultrasound scanner was used (z.one™ from Zonare Medical Systems Inc. USA)

for PA imaging, in conjunction with a linear array probe (L10-5, Zonare). When operated in its

research mode, the z.one facilitated parallel readout and storage of channel data from a

subaperture of 64 elements out of the 128 element array. This allowed the acquisition of a PA

frame with 19 mm aperture and several centimetres depth after each laser pulse, and storage of

long frame sequences (up to minutes at the laser pulse repetition rate) on internal memory for

subsequent read-out. The L10-5 featured a bandwidth (-3dB) of 5 to 10 MHz and 7.5 MHz

centre frequency corresponding to an acoustic wavelength of 200 m. For PA signal

generation, a Q-switched Nd:YAG laser (ELEN, Italy) was used at 1064 nm wavelength,

delivering 70 mJ per pulse with a 7 ns pulse duration, at 10 Hz repetition rate. The laser light

was guided via a bifurcated fibre-optic bundle (Fibreoptic, Switzerland) through two profile



converters, both at the same side of the linear probe, generating a line of irradiation of 20 mm

length and about 5 mm width parallel to one long side of the linear aperture.

Besides PA imaging, the z.one was used for additional purposes. First, it allowed the

acquisition of conventional B-mode ultrasound images of the investigated phantoms for

comparison of the PA images with "anatomical" features seen in B-mode. Second, pu!se-echo

channel data could be acquired at a high framerate of 2000 Hz for characterising the

displacement magnitude in the ARF focus and the subsequent shear-wave propagation using

correlation-based tracking of the axial phase. This was important in view of interpretation of the

LOVIT results.

For ARF beam transmission a separate cylindricaily shaped single-element transducer was

custom-designed to provide a flat beam with a narrow focus in the lateral dimension of the

beam plane, but wide in the e!evationai dimension (Fig. 3a). This approximately mimicked the

spatial characteristics of an ARF push that would have been produced if the linear array probe

had been used to generate it. This ARF transducer could be scanned in a plane using two

remote-controlled motorised linear stages (T-LLS105, Zaber), and the imaging array was

aligned opposite to the ARF transducer, such that the imaging plane matched the ARF-beam

scanning plane. Fig 4b shows a detail view of the setup with the ARF transducer and the

imaging transducer inside a water tank. The size and location of the phantom is also illustrated

and the focal position inside the phantom is indicated. The ARF transducer was driven at its

centre frequency (2 MHz) using a waveform generator (33220A, Agilent) via an RF-amplifier

(Tomco).

2 2 Tissue Phantom

The tissue phantoms were intended to mimic average optical properties of human tissue in the

NIR range where PA imaging can in theory achieve several centimetres imaging depth. Fig. 4

summarises optical properties of various human tissue types in the range from 650 n to 1100

nm, quoted from 2 2 2 The effective optical attenuation coefficient of the bulk tissue

determines the depth-dependent PA signal level whereas the bulk absorption coefficient

determines the level of direct clutter, and together with the tissue echogenicity the echo clutter

level. Therefore optical attenuation, absorption and acoustic echogenicity together determine

the clutter-limited imaging depth in addition to that, the phantom had to have an elasticity

similar to that of tissue.

In order to meet ail these criteria the phantoms were built from gelatine for elasticity (Fluka

analytical, from porcine skin), Ti0 2 for optical scattering (Sigma A!drich), India ink for optical

absorption (951 black Wlnsor & Newton), and cellulose for echogenicity (Sigmacell Type 20).

For the assessment of the effect of LOVIT on contrast and imaging depth, 2-mrn-diameter

gelatine cylinders that were optically absorbing (India ink) and hypoechoic (no cellulose) were

embedded in the phantom, imitating blood vessels whose true position could be identified on B-

mode US.

Three different phantoms were built with slightly differing optical properties. The compositions of

the phantoms (all % in weight), as well as key optical properties, are listed in Table 1 . The



absorption coefficient of the inclusions was estimated based on a priori photometric

measurement of the India ink. The absorption in the "skin" layer of phantom HI was estimated

based on the absorption coefficient and the thickness of the layer. The bulk effective optical

attenuation coefficient eff at the wavelength used for the experiments (1064 nm) was

determined a posteriori based on the depth dependent amplitude of the PA signal of the

absorbing inclusions, and results match the βί in the wavelength range between 650 to 950 nm

of tissue between breast and muscle. The bulk absorption coefficient was probably equal to

water, with cellulose having no influence (see results section). Cellulose is a popular agent for

acoustic scattering in ultrasound phantoms, with concentrations ranging from 0.25 % to

several percents 25. We chose an intermediate concentration.

Table 1 : Composition and key optical properties of the phantoms

2.3 ARF-LOVIT Acquisition Procedure

The first experimental step was the characterisation of the magnitude and spatial extent of the

ARF-induced localised displacement and of the subsequent shear wave propagation. For this

purpose the z one was operated in the research mode for acquisition of pulse-echo RF channel

data. An internal trigger of the z.one triggered the acquisition of a sequence of 30 pulse-echo

frames at 2000 fps frame rate (total 15 s duration). One ms after the first frame, an ARF

beam was transmitted for 0.5 ms duration. After ARF beam transmission, the time-dependent

local displacement inside the phantom could be observed in the reconstructed pulse-echo RF

frames. Pulse-echo frames were reconstructed offline using a frequency-domain synthetic

aperture algorithm 2 , . The local displacement was determined using correlation-based axial

tracking of the RF echo phase resulting in a movie of the local displacement after the ARF

push and of the subsequent shear wave propagation. Both the magnitude of the displacement

and the shear wave speed could be determined from this movie.

For the ARF-LOVIT experiment, the z.one was operated in the research mode for RF channel

data acquisition, but with ultrasound transmission inactive and with the laser active. The z.one

triggered the acquisition of a sequence of 20 PA reference frames (without preceding ARF



push) and 0 PA post-ARF frames. In addition, 2 0 frames with only noise (without laser

irradiation) were acquired to characterise the stochastic noise level. A single conventional PA

image was obtained from averaging the 2 0 reference frames with laser irradiation. A pre- ARF

image and a post-ARF image were obtained by averaging 10 reference frames and the 1 post-

ARF frames, respectively, and a single LOV!T image was obtained taking the difference of the

two images, multiplied by a factor o f 0.5 so that the conventional PA image and the LOVIT

image were obtained from the same number of acquisitions and exhibited the same stochastic

noise level.

This procedure provided a LOV T image from inside the spatially confined displacement region

around a single ARF focus po s it io n in order to obtain a large field of view, the imaging plane

was scanned with the ARF focus in steps of 2 m m laterally and 5 m axially, and a separate

LOVIT image was recorded for each focal position. Then a composite LOVIT image was

generated by mosaicking from all focus positions.

2 4 Data Display

The field of view (FOV) of the reconstructed frames was 19 m m (lateral) by 5 0 m m (axial) for the

fast pulse-echo mode frames, and 3 8 m m (lateral) by 5 0 m m (axial) for the PA images. The

lateral extent o f the FOV for the PA images was deliberately chosen larger than the extent o f

the receiving aperture (19 mm) for two reasons. First, this allowed simpler comparison of the

PA images with the z .one's conventional pulse-echo images. Second, this accounted for the

possibility o f receive angles pointing outside the axial projection of the active aperture. For

display, B-mode PA images were obtained using envelope detection and logarithmic

compression. All displayed B-mode PA images cover the same amplitude range, starting at a n

identical level and spanning 40dB, for fair comparison of all the results.

3. Results

3.1 Conventional Combined PA and Puise-Echo Imaging

Fig. 5 a shows a photograph of a section through phantom 1 , where the imaging plane was

located for subsequent experiments. The imaging plane was aligned perpendicular to the

cylindrical inclusions, and the cross-sections o f the inclusions can be seen a s circular grey

areas arranged along a n oblique line. Fig. 5 b is the z one B-mode ultrasound image obtained at

the same position, which allows the identification of the optically absorbing inclusions a s

hypoechoic regions inside the echogenic background. Fig. 5 c is the conventional PA B-mode

image. This image represents the state-of-the-art of epiphotoacoustic imaging without clutter

reduction. In Fig. 5c, only the most superficial two inclusions can be clearly identified o n the PA

image. The reason for this is clutter, which obscures the deeper inclusions and limits imaging to

depths far less than those which could be achieved if optical attenuation and transducer noise

were the only limiting factors. A goal o f the present study was the demonstration of both

improved contrast and imaging depth using LOViT, a s compared to this conventional image.

3.2 Shear Wave and Displacement Characterisation



The magnitude of the ARF-induced localised displacement as well as the spatial extension of

the disp!acement region are important parameters for the performance of ARF-LOVIT. For

assessment of these parameters the ARF focus was centred in the FOV, and a fast pulse-echo

sequence was acquired and analysed as described in the previous section. Fig. 6 displays a

sequence of displacement snapshots taken at different times after the ARF push, as well as the

displacement along a constant depth as function of time. The time evolution shows the

localised displacement immediately after the end of the ARF push as well as the subsequent

generation and propagation of transient shear waves. Note that all displacements are positive,

although the ARF push acted in the negative axiai direction towards the imaging probe. This is

a mere convention. The temporal slope of the shear wave propagation allowed the

determination of the shear wave speed to 1 m/s ± 0 .1 m/s. Based on the time evolution of the

displacement, the post-ARF acquisition delay was chosen to be 1 ms for the subsequent LOVIT

experiment. The achieved displacement magnitude was 130 µ η , and the size of the

displacement region was roughly 2 mm (laterally) by 5 mm (axialiy) . This also determined the

scanning stepsize for the generation of the large FOV composite LOVIT image.

3.3 ARF-LOVIT, Single Push Location

In a second experimental stage, LOVIT clutter reduction was demonstrated with a single ARF

focus position. Fig. 7a is the conventional PA image of phantom III, with the inclusion positions

indicated by white arrowheads. As previously mentioned, only the most superficial two

inclusions can be clearly identified. The dashed circle indicates where the ARF focus was

positioned for LOVIT clutter reduction, and Fig. 7b shows the localised displacement 1 ms after

the ARF push, the time of post-ARF acquisition in this experiment.

The resulting LOVIT difference image, Fig. 7c, shows strongly improved contrast compared to

the conventional image, leading to the visibility of the inclusion inside the displacement region

(indicated by white arrowhead). Posterior to the ARF focus position, the difference image

shows a region of diffuse signal (left boundary indicated by small white arrows) which extends

down to the bottom of the image. This is presumably echo clutter, which emerges from acoustic

backscattering inside the displacement region but turns up in the difference image at a larger

depth owing to the longer acoustic round-trip time. The PA transients that result in echo clutter

originate from distributed sources and thus give the echo clutter region a large spatial

extension.

Fig. 7d shows the amplitude of the PA signal in the difference image (LOVIT amplitude) as a

function of the localised displacement magnitude. For this measurement the ARF beam

transmission period was changed from short to long, to generate different displacement

magnitudes. The result confirms the linear relation between displacement and LOVIT amplitude

which was suggested in eq. , for displacements smaller than 60 rr . The LOVIT amplitude

achieves a maximum at around 1 0 m displacement corresponding to half the acoustic

wavelength at the imaging centre frequency, and then decreases again. At the maximum

LOVIT amplitude, the same S is obtained as would be achieved with simple averaging over

the identical number of frames, but with clutter virtually eliminated around the absorbing

inclusion.



3.4 ARF-LOVIT, 2D Scan

The LOVIT result from a single ARF focus position demonstrated that, within the localised

displacement region, clutter can be largely eliminated and thus contrast of true PA signals

strongly improved. To demonstrate a process for achieving a fu -FOV clutter free image, the

phantom was therefore 2-dimensionaliy scanned with the ARF focus, in steps of 2 mm laterally

and 5 mm axia!ly. A composite LOVIT image was then generated by mosaicking as explained

in the materials and methods section. The results for the different phantoms are shown in the

second column of Fig. 8 . For a fair comparison, the same mosaicking procedure as for the

LOVIT composite image was employed to generate the conventional PA images. These results

are shown in the first column of Fig. 8 .

All three examples demonstrate both improved contrast and increased imaging depth when

using LOVIT compared to conventional PA imaging. The residual background signal of the

LOVIT image is a combination of system noise, residual echo clutter (see discussion), and true

inhomogeneous optical absorption in the imaging plane. Limited by this residual background,

the deepest visible inclusion that can unambiguously be identified is indicated for each image in

Fig. 8 (white arrowhead). The imaging depth obtained with LOVIT, as well as the clutter- l ted

conventional imaging depth, is listed in Table 2 for the different phantoms. The theoretical

imaging depth limited by only system noise is also listed, extrapolated based on the slope of the

depth-dependent PA amplitude and on the residual noise level. An SNR of 1QdB was assumed

as threshold for inclusion detection, in agreement with the detection threshold found in the

conventional PA images.

Table 2 : Imaging depth obtained with the different phantoms and the different methods

3.5 Optical Properties Assessment

The effective optica! attenuation coefficient of the different phantoms was estimated a posteriori
from the slope of the depth-dependent PA amplitude of the inclusions. This slope was 1.7 cm 1 ,

1.5 cm 1, and 1.35 cm 1 for phantoms , II, and III, respectively. The standard error was around

0.1 cm 1 . Assuming homogeneous irradiation of the phantom surface and a Beer-Lambert law

this translates directly into the effective optical attenuation coefficient eff. However irradiation

was not homogeneous but occurred on a single line adjacent to the linear probe. Based on the

diffusion approximation solution for a line source 83 , a Q.2 cm 1 lower µ is more realistic. For

phantom , only amplitude measurements close to the surface were available, which might have

lead to an underestimation of µ ίί owing to the boundary conditions. Earlier phantom

experiments with the same concentration of Ti0 2 as in phantom , but 0.5 % instead of 2%

cellulose, suggested a eli of 1.8 cm 1 when deeper amplitude measurements were available



owing to lower echo clutter n summary the µ of phantom was larger than 1.5 cm ' , but

potentially around 1.8 cm 1 ± 0.2 cm~1, and of phantom I I and III was 1.2 cm 1 ± 0.1 cm 1 .

The bulk absorption coefficient was then calculated as follows. The reduced scattering

coefficient of the 0.02% Ti0 2 was estimated to 2 6 cm 1 l/g or 5.2 cm 9. Assuming a simplified

relation µ 2 = 3µ .µ ' , and based on the ratio of the µ « obtained with and without Ti0 2, the

reduced scattering coefficient of the cellulose alone was 4.2 cm 1 ± 2.4 cm 1 n a next step the

bulk µ (combination of water and cellulose) could be calculated to 0.12 cm 1 ± 0.06 cm 1 . The

of the water alone at 1064 nm is 0.15 cm 0 . Therefore we assumed that the bulk was

determined by the water alone, i.e. the contribution of the cellulose was negligible.

4. Discussion

The results demonstrate that ARF-LOVIT facilitates strongly improved contrast and imaging

depth in a situation where PA contrast is limited by clutter rather than by system noise. With

various phantoms mimicking optical properties in the range between human breast and muscle

tissue, imaging depth could be increased close to the noise limit, suggesting that close to full

clutter elimination would be possible with ARF-LOVIT. The largest increase in imaging depth

was obtained with phantom III, from - 5 mm to 30 mm, more than doubling the conventional

imaging depth. The smaller conventional imaging depth in phantom ll as compared to phantom

I is explained with the higher echo clutter level owing to the absorbing "skin" layer. Comparison

of the phantom I I and Ml results demonstrates that the same noise-limited imaging depth can be

achieved using LOVIT, independent of the initial clutter level.

Optical absorption in the skin layer has previously been shown to be a prominent source of

echo clutter which significantly limits imaging depth in clinical epiphotoacousfic imaging of the

breast . This may be especially important for patients with high melanin content, who may be

excluded from PA imaging if no clutter reduction method is used. Previously DCA was

developed for clutter reduction. DCA however allows only partial clutter reduction by typically a

factor of 3 , corresponding to an increase by 7 mm in imaging depth when assuming a of 1.5

cm-1. In comparison, our results demonstrate that LOVIT should allow full clutter elimination

and thus noise-limited imaging, which in the case of phantom I led to an increase in imaging

depth by 15 to 20 mm. LOV T can therefore make a significant contribution to successful

clinical epiphotoacoustic imaging.

Two factors contributed to the excellent performance of LOVIT in the presented proof-of-

principie study. First, a fairly large localised dispiacement, in the range of half the acoustic

imaging wavelength, allowed maximum LOVIT amplitude. Second, and more important, a small

displacement region allowed the substantial elimination of echo clutter. For full elimination of

direct clutter using LOVIT fagging of true PA signal, tissue dispiacement should be confined to a

tightly bounded region. This condition was met because ARF beam transmission was strongly

focused and of short duration, and the tagged image was acquired before the shear wave

generated by the ARF beam had spread too far. Echo clutter elimination on the other hand

typically requires a displacement region that is particularly well-confined in the axial direction, to

allow spatial separation of true PA signal and echo clutter that both originate from the same

region. Generally, this requirement cannot be fully satisfied because significant displacement is



generated all along the ARF beam path even with a focused beam, leading to an overlap of PA

signals and echo clutter in the difference image. This is illustrated in Fig 9 . LOVIT amplifies

PA signals proportional to the displacement ∆ζ(χ, z) determined by the ARF beam profile. At

the same time, it amplifies echo clutter at larger depth, approximately proportional to a stretched

profile, related to but not necessarily equal to z(x, z/2), due to the extended round-trip time of

the echoes relative to direct PA signal. Because ∆ζ(χ, z) is not perfectly confined in the axial

direction, the two profiles overlap resulting in residual echo clutter in the LOVIT image at point

(x, z). For this reason the axial length of the dispiacement region should generally be kept as

short as possible. This was achieved in the present study by a small ARF depth-of-focus (well-

confined in the axial direction) on one hand and, on the other, by taking advantage of the slow

shear wave propagation (as possessed by tissue) during ARF beam transmission and during

the post-ARF acquisition delay.

For further reduction of echo ciutter, advantage may be taken of the possibility to vibration tag

the signals using a strong ARF focus at one depth, which will vibrate the acoustic scatterers at

that depth, and then inspect the signals at the (e.g. double) depth expected for the

corresponding echo clutter, to detect whether the vibration coding is present and, if it is,

eliminate these signals from the final image. Advantage may also be taken of the opportunity to

subdivide a very large ARF focusing aperture into different sub-apertures, so as to create

different ARF beams where each will steer the ARF-generated displacement vector in a

different direction. This technique can direction-code, as well as vibration-code, the clutter

signal, for subsequent recognition and elimination. These methods may be applied alone or in

combination.

In clinical practice, both a large dispiacement and a tightly confined dispiacement region can be

problematic and are partially exclusive. Displacement magnitudes that are typically obtained in

human tissue with radiation force elastography are situated in the range of 5 to 40 , obtained

with ARF beam transmission periods between 100 and 500 ε 4 17 . The maximum mechanical

index (Ml) limits the acoustic peak intensity of the ARF beam, thus larger displacements can

only be achieved with a longer ARF beam transmission period. Because shear wave

propagation already occurs during ARF beam transmission, a longer period above a certain

threshold comes with a larger dispiacement region which in turn reduces the capability of echo

clutter cancellation.

For the above reasons, in the case where echo ciutter prevails over direct ciutter, a tightly

confined dispiacement region with moderate displacement magnitude (e.g. around 20 ) might

be preferable compared to a larger but less localised displacement. In this respect the

achievable SNR of this first example of ARF-LOV!T (SNRiovit) (i.e. without implementing

additional coding schemes as mentioned in the paragraph above) compared to conventional PA

imaging assuming no clutter and averaged over the same number of acquisitions (SNR v) is of

interest (SNR gain G). Eq. 1 yields a useful relation between the displacement and G for this

simple situation:



For ∆ζ = 20 µηι and λ = 200 µηι , the SNR gain becomes G = ττ/10. This means that with this

first example implementation of LOVIT and with displacements typical for radiation force

eiastography, the SNR of the PA image is reduced by a factor of three by ARF-LGVIT

compared to simply averaging. n alternative implementations of ARF-LOVIT advantage may

be taken to increase the SNR by increasing the signal for large displacement magnitudes by, for

example, processing the acoustic signal envelope rather that the RF signal, or by the use of

signal amplitude "unwrapping" by obtaining multiple results either as a function of displacement

magnitude or as a function of acoustic receiver wavelength. The alternative techniques

discussed above for calculating the final image, i.e. other than difference imaging, may also

help to further improve the final SNR.

A preference for a short displacement region (i.e. one that is well confined in the axial direction),

for successful echo clutter reduction, sets a limitation to the real-time capability of LOVIT: a

short displacement region goes hand in hand with a large number of ARF focus positions for a

full FOV composite LOVIT image. With a focal size of the displacement region of 2 mm laterally

and 5 mm axially, the minimum amount of acquisitions required to cover a FOV of 20 mm by 40

mm is 80 post-ARF frames plus one reference frame in minimum. If motion artifacts are to be

avoided, 80 reference frames, acquired directly before the ARF push, are preferable. This

would result in 160 acquisitions, or 16 seconds acquisition time for a single composite image.

Alternatively, lasers with a higher pulse repetition rate might be used to increase acquisition

speed. However, higher pulse repetition rates are only possible with reduced pulse energy in

order to comply with the tissue's maximum permissible laser exposure 2 . This leads to further

reduced enhancement of SNR of LOVIT over that for conventional PA imaging.

On the other hand, the total number of acquisitions for a single composite image, and thus

acquisition time, can be reduced by employing more sophisticated acquisition and data

processing schemes than the one used for this proof-of-principle study. n a first step the

number of acquisitions can be reduced by a factor of two because the pre-ARF reference

frames are obsolete. Post-ARF frames obtained with spatially separate focal zones can serve

as respective reference frames. Fig. 9b shows the result of this approach for phantom , for

two focal zones adjacent to each other, around the position of the absorbing inclusion already

shown in Fig. 7c. The same contrast improvement as in Fig. 7c is obtained!

A high acquisition rate might ultimately conflict with ultrasound safety because the rate of ARF

beam transmissions is limited by the maximum permissible average ultrasound intensity. If this

is the case, the total number of ARF beam transmissions can potentially be reduced by taking

advantage of shear wave propagation, and acquiring multiple PA frames after a single ARF

push. W th multiple focal positions during a single push, the initial displacement distribution can

be tailored in a way that leads to directive shear wave propagation, a method similar to what is

called "supersonic shear imaging" of shear-wave speed in ARF shear wave eiastography

Such directive propagation requires an elongated shear wave-front, in conflict with the narrow



displacement region earlier required for efficient echo clutter elimination. However, at the

crossing point of various such directed shear wave fronts, propagating at different angles, a

narrow displacement region can be obtained by data processing. Furthermore, such shear

waves, used with laser irradiation pulsed to produce the PA image at the appropriate time, may

provide a convenient means of vibration tagging the clutter signals at their source, which is an

alternative to vibration tagging of the true PA signals. n the present example experiment, these

clutter sources were outside the imaging plane and would thus have required a separate ARF

transducer to displace them, which would be inconvenient in a future system. The use of shear

waves can overcome such inconvenience.

n a clinical application of LOVIT, cardiovascular, respiratory or other tissue motion can

potentially influence and degrade the outcome of clutter reduction. However, LOVIT using ARF

or shear waves is still possible provided that the time delay between pre- and post-ARF image

frames is short enough such that tissue motion between the two frames is sufficiently small if

this is not possible then the effect of tissue motion on LOVIT performance may be removed by

motion compensation prior to subtracting the tagged and the reference images. For example, a

number of pulse-echo image acquisitions that occur shortly before each pre-ARF frame can be

used for motion tracking, and tissue motion can be extrapolated from many such pulse-echo

frames to the time of the post-ARF acquisition. Conversely, if the tissue motion is sufficiently

localised and dynamic, as may be the case for small pulsating arteries or for shear waves

produced by cardiac and/or vascular pulsations, it may represent an alternative means of

inducing the displacement for implementing a passive form of LOVIT, i.e. without actively

creating a localised vibration.

In summary, for this first example implementation of LOVIT, in the case where the ratio of the

clutter level to the system noise is much larger than the SNR reduction with LOVIT, reduction in

SNR is acceptable given the benefit of clutter elimination. However, the above discussed

limitations to real-time capability count only for echo-clutter. Direct clutter can always be

eliminated owing to the ability to narrowly localise the ARF beam in the lateral and elevation

directions, even with a long ARF beam depth-of-focus. The benefits of this implementation of

LOVIT therefore are: full direct clutter cancellation and partial echo clutter canceliation, and thus

improved imaging depth over DCA; applicability to non-palpable tissue; and no special skills

required. Further improvements in performance may be brought about by implementing

extensions of the technique such as those described above (e.g. direction coding of the induced

displacements for echo clutter cancellation and displacement amplitude phase-unwrapping,

envelope processing, etc., for SNR improvement).

n addition to photoacoustic imaging, LOVIT has potential for clutter reduction in echo

ultrasound, optical coherence tomography and other imaging techniques in conventional US

echography, where the acoustic signals are generated by acoustical irradiation of the body

rather than optical irradiation, acoustic clutter may, for example, arise from acoustic scatterers

outside the imaged region, which may generate clutter echoes that return to the acoustic

receiver either directly (US direct clutter) or after being scattered by other echogenic structures

(US echo clutter). Localised vibration fagging as described in the present invention can be used

to reduce such US clutter, although the vibration should be generated in a sufficiently localised

manner, bearing in mind that for ARF-LOVIT the clutter sources in a US image are acoustic



scatterers and may therefore also affect the ARF beam. The use of shear wave or other

sources of localised vibration can also be used to overcome such a potential problem. In OCT

the strong and multiple opticai scattering by tissue may generate substantial optical clutter. In

the most common form of OCT, this is substantially reduced by the use of a highly collimated

beam of light. However, not only does this not ful!y remove the possibility of optical clutter

generation at depths where the beam has been diffused by scattering, it has the substantial

disadvantage that to produce an OCT image this beam must be scanned, reducing image frame

rate. Alternative parallel acquisition methods using large area detectors offer potential for high

frame and volume rate imaging but suffer from poor, optical clutter-limited, image contrast. The

LOVIT approach of the present invention can be used to reduce optical clutter in OCT and other

optica! imaging methods, such as diffuse optical tomography and optica! computed tomography.

While the invention has been described in conjunction with the exemplary embodiments

described above, many equivalent modifications and variations will be apparent to those skilled

in the art when given this disclosure. Accordingly, the exemplary embodiments of the invention

set forth above are considered to be illustrative and not limiting. Various changes to the

described embodiments may be made without departing from the spirit and scope of the

invention.
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CLAIMS

. A method of imaging a region of interest of a body, the body having sites outside the

region which can produce image clutter, the method including:

generating a first pattern of vibration within the body to produce a localised first

displacement at the region and localised first displacements at the clutter-producing sites;

while the body undergoes the first displacements, generating ultrasound signals from the

region, and detecting the ultrasound signals to generate a first image of the region;

generating a second pattern of vibration within the body to produce a localised second

displacement at the region and localised second displacements at the clutter-producing sites;

while the body undergoes the second displacements, generating ultrasound signals from

the region, and detecting the ultrasound signals to generate a second image of the region; and

combining the first and second images to produce a third image of the region;

wherein the first and second vibration patterns are selected such that the first and

second displacements combine in the production of the third image to reduce or eliminate the

clutter in the third image relative to the clutter in the first and second images.

2 . A method of imaging a region of interest of a body, the body having sites outside the

region which can produce image clutter, the method including:

generating a pattern of vibration within the body to produce a non-zero localised

displacement at a first location which is one of (A) the region and (B) the clutter-producing sites

and substantially no displacement at a second location which is the other of (A) the region and

(B) the clutter-producing sites;

while the first location undergoes the displacement, generating ultrasound signals from

the region, and detecting the ultrasound signals to generate a first image of the region;

in the absence of displacement at the region and the clutter-producing sites, generating

ultrasound signals from the region, and detecting the ultrasound signals to generate a second

image of the region;

combining the first and second images to produce a third image of the region, the clutter

in the third image being reduced or eliminated relative to the clutter in the first and second

images

3 . A method according to claim 1 or 2 which is a method of photoacoustic imaging, the

ultrasound signals being generated from the region by optically irradiating the region using light

4 . A method according to any one of the previous claims in which the third image produced

by combining the first and second images is a difference image.

5 . A method according to any one of the previous claims in which the first and the second

images are each generated by combining a plurality of sequentially acquired image frames.

6 . A method according to claim 5 , wherein, during their sequential acquisition, the image

frames of the first image are interleaved with the image frames of the second image.

7 . A method according to any one of the previous claims further including:

generating one or more further patterns of vibration within the body to produce, for each

further pattern, a localised further displacement at the region and localised further



displacements at the clutter-producing sites;

while the body undergoes the further displacements of each further vibration pattern,

generating ultrasound signals from the region, and detecting the ultrasound signals to generate

a respective further image of the region for each further vibration pattern; and

combining the one or more further images with the first and second images to produce

the third image of the region.

8 . A method according to any one of the previous claims further including:

measuring the vector(s) of the localised dispiacement(s) produced by the or each

vibration pattern.

9 . A method according to any one of the previous claims in which the or each vibration

pattern is generated by the acoustic radiation force of a focused ultrasonic beam.

10. A method according to any one of the previous claims in which the same ultrasound

imaging probe is used to detect the ultrasound signals as is used to generate the respective

vibration pattern.

11 . A method of imaging a body including:

repeatedly performing the method of any one of the previous claims for different regions

of interest of the body; and

combining the third images from the repeat performances to build up a composite image

of the body.

12. A method according to claim , wherein, in the repeat performances, the detected

ultrasound signals used to generate an image of one region are reused to generate images of

one or more additional regions.

13. A system for imaging a region of interest of a body, the body having sites outside the

region which can produce image clutter, the system including:

(i) an apparatus for (a) generating a pattern of vibration within the body to produce a

localised displacement at the region and localised displacements at the clutter-producing sites,

(b) while the body undergoes the displacements, generating ultrasound signals from the region,

and (c) detecting the ultrasound signals to generate an image of the region; and

(ii) a computer system which controls the apparatus to: either (a) generate a first pattern

of vibration within the body to produce a localised first dispiacement at the region and localised

first displacements at the clutter-producing sites; while the body undergoes the first

displacements, generate ultrasound signals from the region, and detect the ultrasound signals

to generate a first image of the region; generate a second pattern of vibration within the body to

produce a localised second displacement at the region and localised second displacements at

the ciutter-producing sites; while the body undergoes the second displacements, generate

ultrasound signals from the region, and detect the ultrasound signals to generate a second

image of the region; or (b) generate a pattern of vibration within the body to produce a non-zero

localised dispiacement at a first location which is one of (A) the region and (B) the clutter-

producing sites and substantially no dispiacement at a second location which is the other of (A)

the region and (B) the clutter-producing sites; while the first location undergoes the



displacement, generate ultrasound signals from the region, and detect the ultrasound signals to

generate a first image of the region; in the absence of displacement at the region and the

clutter-producing sites, generate ultrasound signals from the region, and detect the ultrasound

signals to generate a second image of the region;

wherein the computer system further combines the first and second images to produce a

third image of the region, the clutter in the third image being reduced or eiiminated relative to

the clutter in the first and second images.

14. The computer system of claim 13.

15. A computer program comprising code which, when run on a computer, causes the

computer to control an apparatus for (a) generating a pattern of vibration within the body to

produce a localised displacement at the region and localised displacements at the clutter-

producing sites, (b) while the body undergoes the displacements, generating ultrasound signals

from the region, and (c) detecting the ultrasound signals to generate an image of the region;

the computer program controlling the apparatus to: either (a) generate a first pattern of

vibration within the body to produce a localised first displacement at the region and localised

first displacements at the clutter-producing sites; while the body undergoes the first

displacements, generate ultrasound signals from the region, and detect the ultrasound signals

to generate a first image of the region; generate a second pattern of vibration within the body to

produce a localised second displacement at the region and localised second displacements at

the clutter-producing sites; while the body undergoes the second displacements, generate

ultrasound signals from the region, and detect the ultrasound signals to generate a second

image of the region; or (b) generate a pattern of vibration within the body to produce a non-zero

localised displacement at a first location which is one of (A) the region and (B) the clutter-

producing sites and substantially no displacement at a second location which is the other of (A)

the region and (B)the clutter-producing sites; while the first location undergoes the

displacement, generate ultrasound signals from the region, and detect the ultrasound signals to

generate a first image of the region; in the absence of displacement at the region and the

clutter-producing sites, generate ultrasound signals from the region, and detect the ultrasound

signals to generate a second image of the region;

wherein the computer program further comprises code which combines the first and

second images to produce a third image of the region, the clutter in the third image being

reduced or eliminated relative to the clutter in the first and second images.

16. A computer readable medium storing the computer program of claim 15.

17. A method of imaging a region of interest of a body, the body having sites outside the

region which can produce image clutter, and the body undergoing autonomous tissue motion

which produces a localised first displacement at the region and localised first displacements at

the ciutter-producing sites, and which further produces a localised second displacement at the

region and localised second displacements at the clutter-producing sites, the method including:

while the body undergoes the first displacements, generating ultrasound signals from the

region, and detecting the ultrasound signals to generate a first image of the region;

while the body undergoes the second displacements, generating ultrasound signals from

the region, and detecting the ultrasound signals to generate a second image of the region; and



combining the first and second images to produce a third image of the region;

wherein the first and second vibration patterns are selected such that the first and

second displacements combine in the production of the third image to reduce or eliminate the

clutter in the third image relative to the clutter in the first and second images.

18. A method according to claim 17, wherein the autonomous tissue motion is artery

pulsation.
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