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(57) Abstract

Method and apparatus for 3D/4D ultrasonic imaging. An array of ultrasonic sources and receivers (7) positioned over or near tissue
(6) transmit short encoded omnidirectional ultrasonic shots (9). The amplitude and phase of the resulting reflected waves (10) are detected,
sampled and digitised. Traces from each shot are reconstructed by digital data processing. A three dimensional data volume is constructed
corresponding to reflection amplitude through a regular volume. The data volume may then be imaged through any arbitrary plane. Time
varying images can be readily produced as the process takes only a fraction of a second.
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3D 4D Ultr nd i i m

The present invention describes an ultrasound imaging
system capable of displaying three dimensional images
either singly or consecutively in time sequence (four
dimensional images). 1In particular, the ultrasound
imaging system will commonly be applied to medical
diagnostic imaging and to imaging during medical

intervention.

Ultrasound imaging is commonly used for medical

diagnostics as it represents a safe and non-invasive

technique for real-time imaging. The most commonly used

devices at the present time produce 2D images of planes

through imaged tissue.

Typically, these images are produced using one or two

dimensional arrays of ultrasound sources/receivers which

transmit/receive highly directional, short, radio-

frequency (typically 3-20 MHz) pulses, with a bandwidth

of under one octave.



S W 0O N o0 U W N =

W W W W NN NN DD NN NN NN = a2 s sy s A s
w N = O W 0 NN U WD, O VDN U W

WO 00/43809 PCT/GB00/00167

Individual scans may be one-dimensional (wavefront axial
or paraxial) or two-dimensional (wavefield confined to a
plane) and use arrays of sources and receivers which are
distributed along a line or around a circle. 1In each
case, enerqgy is commonly focussed to target depths within
the tissue and the amplitude of reflected energy is
detected and used to form the image. Ultrasonic waves
may be scattered and modified by a variety of physical
processes; however, the term "reflected" will be used
herein to refer to all ultrasonic waves including all
forms of elastic waves reaching the receivers due
originally to the ultrasonic sources. Furthermore, the
terms “ultrasound” and “ultrasonic” will be used in a
more general form than usual herein, to include all forms
of high frequency elastic waves, and not just acoustic

(sonic, or sound) waves.

Medical practitioners typically wish to study three
dimensional structures. A three dimensional effect can
be imitated by moving a 2D-ultrasound scanner around
interactively and examining continually updated 2D-
images. This is unsatisfactory in practice as it is slow
compared with the motion of tissue, particularly motion
related to the cycle of heart beat and blood flow.
Furthermore, the directionality and focussing depth of
the 2D images are commonly fixed, often leaving gaps in

the reflectivity information.

It would therefore be desirable to provide a 3D imaging
system which used true 3D geometry, rather than simply
combining information from individual 2D slices. 1In
particular, it would be advantageous to be able to

collect and process data for a 3D volume holistically,
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rather than focussing'solely on individual features

within the body.

Some 3D imaging systems have been devised which operate
by performing a series of 2D scans to provide a 3D record
of tissue. These provide additional information to the
user; however, image production is slow compared with
periodic movements in tissue and typically require
several seconds to several minutes to provide images. It
would clearly be advantageous to provide an imaging
system capable of providing a complete picture in less
than the duration of a single human heart beat (say, 1

second) .

Furthermore, medical practitioners also wish to view
time-varying ultrasound images and, indeed, conventional
2D ultrasound imagers will typically display a rapidly
updated image. However, the 3D scanning techniques which
compose their image from multiple 2D scans are
unsatisfactory for this purpose due to the length of time
required. Partly, they are unsatisfactory to watch as
the update time is long. In particular, as the update
time is long relative to’the timescale of periodic tissue
movements, accurate time-varying imaging requires use of
complex additional techniques such as attempting to
strobe the images in phase with the repetitive cyclic

motion.

It would therefore be advantageous to provide a system
capable of producing time-varying 3D images (4D-images)
with an update time faster than the duration of a single

heartbeat, preferably much faster.
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The following referenced documents, discussed below,
contain prior art in the fields of geophysics and pre-
stack migration and their disclosure is incorporated

herein by reference:

1. Geyer, R. L. (editor), 1989. Vibroseis. Geophysical
Reprint Series Number 11. Society of Exploration

Geophysicists, Tulsa, Oklahoma, 830 pp.

2. Yilmaz, O., 1987. Seismic Data Processing.
Investigations in Geophysics, Volume 2, Society of

Exploration Geophysicists, Tulsa, Oklahoma, 526 pp.

3. Geophysics, volumes 1-64, 1936-1999, Society of

Exploration Geophysicists, , Tulsa, Oklahoma.

4. The Leading Edge (Full title: Geophysics, The Leading
Edge of Exploration), volumes 1-18, 1982-1999, Society

of Exploration Geophysicists, , Tulsa, Oklahoma.

5. Geophysical Prospecting, volumes 1-47, 1953-1999,
European Association of Geoscientists and Engineers
(formerly European Association of Exploration

Geophysicists), Houten, The Netherlands.

6. First Break, volumes 1-17, 1983-1999, European
Association of Geoscientists and Engineers (formerly
. European Association of Exploration Geophysicists),

Houten, The Netherlands.

7. Bancroft, J. C., 1997. A practical Understanding of

Pre- and Poststack Migrations. Volume 1 (Poststack).
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Course Notes Series Number 7, Society of Exploration

Geophysicists, Tulsa, Oklahoma.

Bancroft, J. C., 1998. A practical Understanding of Pre-
and Poststack Migrations. Volume 2 (Prestack). Course
Notes Series Number 9, Society of Exploration

Geophysicists, Tulsa, Oklahoma.

According to a first aspect of the present invention
there is provided a method for elastic wave imaging of a
three dimensional object using an array of elastic wave
sources and receivers of known position, the method

comprising the steps of:

(a) the elastic wave sources emitting elastic wave
pulses that are reflected within the volume of
the three dimensional object;

(b) the elastic wave receivers measuring the
reflected elastic wave pulses;

(c) constructing an image of the three dimensional
object from the resulting record of the

reflected elastic wave pulses.

characterized in that the elastic wave pulses are
ultrasound pulses, the elastic wave sources are
ultrasound sources, the elastic wave receivers are
ultrasound receivers, the ultrasound receivers
measure both the phase and amplitude of the
ultrasound pulses, that both phase and amplitude
information of the reflected ultrasound pulses is
retained and used in constructing an image of the

three dimensional object.
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An ultrasound pulse may comprise a shot, a shot being a
discrete emission of ultrasound from a single ultrasound

source.

Preferably, a shot is omnidirectional and point-like in

character.

An ultrasound pulse may comprise a plurality of shots
activated concurrently with appropriate time delays to
produce an approximately planar wavefront moving in a

prescribed direction.
Ultrasound pulses may be S-waves.

Typically, each ultrasound receiver records displacement,

velocity or acceleration variation as a vector quantity.

Preferably, a plurality of traces are constructed and
then used, in an otherwise known method, to construct an
image of the three dimensional object, each trace being a
record of the data recorded by an individual ultrasound

receiver due to an individual ultrasound pulse.

Preferably, an ultrasound pulse is a known encoded signal

defined by a time series.

More preferably, different elastic wave pulses are

different known encoded signals.

Most preferably, the method includes the step of
converting the traces to the form they would have had
were each elastic wave pulse in the form of a sharp,

short-duration pulse.



O W 00 N O U B W NN -

W W W DN NN NN D NN NN N = 2 4 s s A
N =2 O W 00 30 U W N 2O W oY ;NN WD

WO 00/43809 PCT/GB00/00167

Optiocnally, only low-frequency data might be used for
forming an image of the three dimensional object by using

a truncated pilot sweep.

An individual ultrasound transducer may act as both an

ultrasound source and an ultrasound receiver.

Typically, the position of the sources and receivers is
known through their being incorporated onto a fixed,

resilient recording surface.

The position and orientation of the recording surface may

be monitored throughout data acquisition.

The recording surface may have apertures therein.

The ultrasound sources and ultrasound receivers may be

positioned in a regular array.

An array of elastic wave sources and receivers may be
separated from the three dimensional object by an
ultrasound transmitting medium.

The ultrasound transmitting medium may be a fluid.

Some receivers may be linked together in parallel during

data acquisition to form a receiver array.

Preferably, images are calculated in rapid succession to

provide a time-varying three-dimensional record.
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According to a second aspect of the present invention
there is provided elastic wave imaging apparatus for
producing an image of a three dimensional object, the
apparatus comprising an array of elastic wave sources
adapted to emit elastic wave pulses which are reflected
within the volume of the three dimensional object, an
array of elastic wave receivers for measuring the
reflected elastic wave pulses, a dataprocessing means for
calculating an image of the three dimensional object;
characterized in that‘the elastic wave pulses are
ultrasound pulses, the elastic wave sources are
ultrasound sources, the elastic wave receivers are
ultrasound receivers, the ultrasound receivers measure
both the phase and amplitude of the ultrasound pulses,
that both phase and amplitude information of the
reflected ultrasound pulses is retained and used in

constructing an image of the three dimensional object.

Typically, an ultrasound pulse comprises a shot, a shot
being a discrete emission of ultrasound from a single

ultrasound source.

Preferably, a shot is omnidirectional and point-like in

character.

An ultrasound pulse may comprise a plurality of shots
activated concurrently with appropriate time delays to
produce an approximately planar wavefront moving in a

prescribed direction.

Ultrasound pulses may be S-waves.
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Preferably, each ultrasound receiver records
displacement, velocity or acceleration variation as a

vector quantity.

Preferably, a plurality of traces are constructed and
then used, in an otherwise known method, to construct an
image of the three dimensional object, each trace being a
record of the data recorded by an individual ultrasound

receiver due to an individual ultrasound pulse.

Preferably, an ultrasound pulse is a known encoded signal

defined by a time series.

More preferably, different elastic wave pulses are

different known encoded signals.

Preferably also, traces are converted to the form they
would have had were each elastic wave pulse in the form

of a sharp, short-duration pulse.

Optionally, only low-frequency data may be used for

forming an image of the three dimensional object by using

a truncated pilot sweep.

An individual ultrasound transducer may act as both an

ultrasound source and an ultrasound receiver.

The position of the sources and receivers may be known

through their being incorporated onto a fixed, resilient

recording surface.

The position and orientation of the recording surface may

be monitored throughout data acquisition.
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The recording surface may have apertures therein.

Typically, the ultrasound sources and ultrasound

receivers are positioned in a regular array.

Optionally, an array of elastic wave sources and
receivers 1s separated from the three dimensional object

by an ultrasound transmitting medium.
The ultrasound transmitting medium may be a fluid.

Some receivers may be linked together in parallel during

data acquisition to form a receiver array.

Preferably, images are calculated in rapid succession to

provide a time-varying three-dimensional record.

An example embodiment .of the present invention is

described with reference to the following Figures:

Figure 1 shows perspective views of example shapes
of the recording sufface; and

Figure 2 shows a cross-section through an example
recording surface positioned over tissue;

Figure 3 shows a perspective view of orthogonal
components of reflected shot energy expressed as a
vector quantity; and

Figure 4 shows a cross-section through an embodiment

in which tissue immersed in liquid is imaged.

Figure 1 shows example shapes of the recording surface.

A plurality of piezo-electric ultrasonic combination
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source-receivers 1 is held in a fixed, known grid
pattern. In the example embodiments, this surface may be
planar 2, a segment of a cylinder 3 or a segment of a
sphere 4. The recording surface may, however, be of
arbitrary shape and dimension. The recording surface
need not remain in one place throughout use and might be
interactively moved by the user. The position and
orientation of the recording surface is monitored

throughout acquisition by standard methods.

The recording surface.need not have an even distribution
of sources and receivers. As an example, the surface may
have a plurality of holes through it to permit
instruments such as endoscopes and laparoscopes to be
used. Therefore the volume of tissue may be imaged
interactively during medical intervention procedures, and
not merely as a diagnostic tool prior to medical

intervention.

Figure 2 shows a cross-section through an example
embodiment of the recording surface 5 positioned over
tissue 6. On the recording surface are fixed combination
source/receivers 7. Each source is activated in turn 8
and transmits a short ultrasonic pulse referred to as a
shot. The emitted ultrasonic pulse has at least one
octave bandwidth (preferably more than three octaves) and
transmits an approximately hemispherical wavefront 9 into
this tissue. Preferably there should be little or no
amplitude variation of the elastic energy distributed
over the wavefront; that is to say, the source is omni-
directional and point-like in character. Ultrasonic waves
are reflected from structures in tissue and the reflected

waves 10 are detected by receivers which record pressure
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information that is sampled and digitised in real time.
Typically, a 16 bit word will be stored for each
instantaneous pressure value. The resulting time series

is referred to as a trace.

Each source may create an ultrasonic pulse comprising
longitudinal or compressional waves, referred to as P-
waves, or alternatively may produce an ultrasonic pulse
comprising transversal or shear waves, referred to as S-

waves.

Each receiver may detect the amplitude of the reflected
energy as a displacement, as a velocity, or as an
acceleration, and may transform the energy into an
electrical signal. Each receiver may be capable of
recording pressure variation with time as a scalar
quantity resulting from the reflected shot energy. In an
alternative embodiment each receiver may be capable of
receiving the reflected shot energy as a vector quantity.
In one example embodiment, each receiver may record the
reflected energy in the form of three orthogonal
components of the vector, resulting in three separate
data traces for each receiver for each shot. Figure 3
shows a perspective view of such an embodiment, in which
the three components labelled x, y and z are mutually
perpendicular. The normal to the wavefront 11 strikes the
receiver 12 which is designed such that the three
components labelled x, y and z are recorded on separate
channels (data streams). This method is especially
advantageous since it facilitates the separation of
reflected P-waves and S-waves, and additionally
facilitates the recognition of other modes of elastic

wave propagation such as surface waves.
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The recording surface need not necessarily be in direct
physical contact with the tissue to be imaged, but may be
separated from it by a fluid or solid medium having
suitable elastic properties. Figure 4 shows a cross-
section through one example embodiment of such indirect
contact, in which breast tissue 21 is immersed in a
suitable liquid 22 contained within a container 23. The
recording surface 24 lies below the tissue. This method
is particularly advantageous as it involves negligible
pressure distortion of the tissue, in contrast to

existing ultrasound methods.

In the preferred embodiment, each shot is encoded; for
example, each shot may consist of a chirp signal (a
sweep) which rises from 100 to 1000 KHz over 1 ms. Such a
sweep in which the frequency increases monotonically is
defined as an upsweep. A sweep in which the frequency
decreases monotonically is defined as a downsweep.
Individual traces are then converted to the form which
they would have had were each shot in the form of a
sharp, short-duration pulse by application of standard
data processing and compfessing techniques including
cross-correlating the individual traces with a recorded
copy of the transmitted encoded signal. This copy is

defined as the pilot sweep.

In an alternative embodiment, successive shots are
encoded differently and the traces due to each are cross-
correlated with the different appropriate shot signals.
An important benefit of this technique is that, since the
data resulting from successive shots can be distinguished

after application of standard data processing techniques,
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it is not necessary for each shot to have died away to
negligible levels before beginning the next shot. This
would speed up data collection which is highly
advantageous for imaging rapidly moving objects. In one
example embodiment, an upsweep and a downsweep may be
initiated simultaneously from separate sources, but the
reflected data from each source can be distinguished
after cross-correlation of each trace with the
appropriate pilot sweep, to yield two sets of data traces
as if each shot had been initiated and recorded
separately. The standérd data acquisition and data
processing techniques which are used in the field of
geophysics and which use sweeps as a source signal are
referred to collectively as the vibroseis technique (see
for example, published reference 1). These techniques may
be applied with appropriate spatial and temporal scaling

to the area of medical ultrasound.

Once traces have been converted to the form which they
would have were each shot in the form of a sharp, short-
duration pulse they are used to form a three dimensional
image by adaptation of techniques known in digital data
processing in general ahd geophysical imaging in
particular, as described, for example in published
references 1-6. There are two principal approaches used
to convert the traces into an image. The process may be
described as migration. The first such approach performs
the migration process after a plurality of traces has
been summed or stacked, and may be referred to as post-
stack migration (published reference 7 describes post-

stack migration). It is summarised below by way of

example:
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* Static corrections are applied to traces. That is to

say, they are adjusted to earlier or later relative
times to compensate for the non-planarity of the
recording surface in most embodiments and any other
delaying effects local to individual transmitters and
receivers. Data are reduced to the form they would

have if the recording surface had been a plane.

A common mid-point gather is used to form a first

approximation to the reflection points within tissue.

The velocity of the elastic wave at each point within
the volume of tissue to be imaged is determined using
statistical methods such as semblance. As a first
approximation, a cohstant velocity throughout the
volume is assumed for the purpose of correcting the
common-mid-point gather travel times using dip move-

out.

Normal-move-out corrections are applied to each trace
to correct for the different travel times due to
different raypath lengths which have been traversed.

It might be assumed that velocities are constant.

The many traces in each common-mid-point gather can now
be summed to produce one output trace for each gather.
This process, known as stacking, substantially reduces
the volume of data Whilst increasing the signal to

noise ratio.

The imaging process, migration, is applied to the
stacked traces as a post-stack process and moves the

amplitude and phase information within each trace to
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the correct position corresponding to the location of
each reflector or scatterer. Migration will be applied

in 3-D and not confined to any 2-D slice.

In the second approach to imaging, the migration
process may also be applied to data before stacking,
and the approach may be called pre-stack migration
(published reference 8 describes pre-stack migration);
however, it is more processor-intensive than performing
this operation on previously stacked data, but it is
advantageous in that the resulting image may be more

accurate.

Notwithstanding the approach employed, the output from
this migration process is a 3D-data volume with digital
records corresponding to reflection amplitude over a
regular volume. The data volume might then be imaged

through any arbitrary plane.

Note that as phase and amplitude have been preserved at
every stage, trace attributes such as instantaneous
frequency, phase and amplitude can be estimated via
calculation of the complex trace from a single data

trace.

s Data from successive shots are grouped together to make
the 3D image. The shooting process can be continuous
so that a later group of shots can be used to make
another 3D image at - a later time. A 4D time series of

3D images can therefore be produced.

e Multiple reflections from any given reflector might be

suppressed. Elastic waves other than compressional
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body waves or P-waves that are generated in solid
tissue at the source or by mode conversion may be

retained or suppressed.

* The image may be constructed using only P-waves, or
alternatively only S-waves. The use of S-waves may be
particularly advantageous in medical ultrasound imaging
in that S-wave images may be constructed in the
presence of gaseous zones, for example within abdominal
tissue, under conditions in which a P-wave image would

be of relatively poor quality.

By way of illustration only, typical scales and
parameters are listed below. Many of these values could
readily vary by an order of magnitude or more.

Taking the speed of sound in water as 1.5 km s™', and
considering an encoded chirp signal rising from 100 to
1000 KHz in 0.1 ms gives ultrasound wavelengths from 15
to 1.5 mm and a width of the principal zero-lag peak of
the Klauder wavelet of the order of 3 mm. Interpretative
resolution of the resulting 3D volume, given that
amplitude and phase infofmation have been retained, is

empirically one twentieth of this value, i.e. 0.15 mm.

It should be noted the resolution achieved in this
example embodiment is equal to or better than that of
conventional 2D systems, despite the fact that the source
frequencies postulated are one to two orders of magnitude

less than those used in conventional systems.

The aperture might consist of 50 x 50 active receivers

spaced on a 2 mm square planar grid. The total area of
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this aperture is about 100 mm x 100 mm and therefore
suitable for depth penetration to around 100 mm.

Sampling frequency would typically be 5 MHz (period 0.2
us) giving a total data rate of 12.5 GHz. The length of

each trace before correlation would be 1.2 ms (6000
samples) or 0.2 ms (1000 samples) after correlation. If
a 16 bit word is used to store each reading, one shot

comprises 30 Mb (uncorrelated) or 5 Mb (correlated) of

data.

Typically, 100 consecutive shots are taken over 120 ms
for each 3D stacked déta volume. This is 250,000 traces.
There will be 100 x 100 = 10,000 common-mid-point gathers
at 1 mm spacing provided that the aperture has not been
moved. The multiplicity of data (the fold) within each
gather is therefore 25. This would provide a 3D data
volume with an x-y spacing of 1 mm across a 100 mm x 100
mm area with vertical resolution of 0.15 mm to a depth of
100 mm acquired in only 120 ms. The data have a
bandwidth over three octaves and a dynamic range in

amplitude of the order of 96 dB.

If, in the example illustration given above, it is
required to produced a real-time 4D image of very rapidly
moving tissue, the following adjustments may be made to
the processing and imaging stages, but with a

corresponding loss of resolution:
* Only the lower-frequency data are used, by correlating
the raw data traces with a pilot sweep which has been

appropriately truncated.

e The fold of coverage is reduced.
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However, notwithstanding the above requirement for a

real-time 4D image, the complete high-resolution dataset

may simultaneously be recorded and processed without any

loss of quality, for subsequent off-line viewing as an

animated 4-D image.

The above embodiment is described for tissue imaging but

could readily be adapted to imaging other materials. Such

alternative embodiments include by way of example:

Imaging of animal tissue for veterinary purposes.

Imaging of dead human or animal tissue or tissue in

vitro for forensic purposes.

Imaging of inanimate material to detect interior flaws

in construction.

Further modifications and improvements may be

incorporated without departing from the scope of the

invention herein described.

PCT/GB00/00167
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CLAIMS

A method for elastic wave imaging of a three
dimensional object using an array of elastic wave
sources and receivers of known position, the method

comprising the steps of:

(d) the elastic wave sources emitting elastic wave
pulses that are reflected within the volume of
the three dimensional object;

(e) the elastic wave receivers measuring the
reflected elastic wave pulses;

(f) constructing an image of the three dimensional
object from the resulting record of the

reflected elastic wave pulses.

characterized in that the elastic wave pulses are
ultrasound pulses, the elastic wave sources are
ultrasound sources, the elastic wave receivers are
ultrasound receivers, the ultrasound receivers
measure both the.phase and amplitude of the
ultrasound pulses, that both phase and amplitude
information of the reflected ultrasound pulses is
retained and used in constructing an image of the

three dimensional object.

A method for elastic wave imaging as claimed in
Claim 1 wherein an ultrasound pulse comprises a
shot, a shot being a discrete emission of ultrasound

from a single ultrasound source.

PCT/GB00/00167
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A method for elastic wave imaging as claimed in
Claim 2 wherein a shot is omnidirectional and point-

like in character.

A method for elastic wave imaging as claimed in
Claim 2 or Claim 3 wherein an ultrasound pulse
comprises a plurality of shots activated
concurrently with appropriate time delays to produce
an approximately planar wavefront moving in a

prescribed direction.

A method for elastic wave imaging as claimed in any
preceding Claim wherein ultrasound pulses are S-

waves.

A method for elastic wave imaging as claimed in any
preceding Claim wherein each ultrasound receiver
records displacement, velocity or acceleration

variation as a vector quantity.

A method for elastic wave imaging as claimed in any
preceding Claim wherein a plurality of traces are
constructed and then used, in an otherwise known
method, to construct an image of the three
dimensional object, each trace being a record of the
data recorded by an individual ultrasound receiver

due to an individual ultrasound pulse.

A method for elastic wave imaging as claimed in any
preceding Claim in which an ultrasound pulse is a

known encoded signal defined by a time series.
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11.

12.

13.

14.
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A method for elastic wave imaging as claim in Claim
8 wherein different elastic wave pulses are

different known encoded signals.

A method for elastic wave imaging as claimed in any
of Claims 7 to 9 wherein the method includes the

step of converting the traces to the form they would
have had were each elastic wave pulse in the form of

a sharp, short-duration pulse.

A method for elastic wave imaging as claimed in any
preceding claim wherein only low-frequency data are
used for forming an image of the three dimensional

object by using a truncated pilot sweep.

A method for elastic wave imaging as claimed in any
preceding Claim, wherein an individual ultrasound
transducer acts as both an ultrasound source and an

ultrasound receiver.

A method for elastic wave imaging as claimed in any
preceding Claim wherein the position of the sources
and receivers is known through their being
incorporated onto a fixed, resilient recording

surface.

A method for elastic wave imaging as claimed in
Claim 13 wherein the position and orientation of the
recording surface is monitored throughout data

acquisition.
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15.

16.

17.

18.

19.

20.

21.
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A method for elastic wave imaging as claimed in
Claim 13 or Claim 14 wherein the recording surface

has apertures therein.

A method for elastic wave imaging as claimed in any
preceding Claim wherein the ultrasound sources and
ultrasound receivers are positioned in a regular

array.

A method for elastic wave imaging as claimed in any
preceding Claim wherein an array of elastic wave
sources and receivers is separated from the three
dimensional object by an ultrasound transmitting

medium.

A method for elastic wave imaging as claimed in
Claim 17 where the ultrasound transmitting medium is

a fluid.

A method for elastic wave imaging as claimed in any
preceding claim wherein some receivers are linked
together in parallel during data acquisition to form

a receiver array.

A method for elastic wave imaging as claimed in any
preceding claim wherein images are calculated in
rapid succession to provide a time-varying three-

dimensional record.

Elastic wave imaging apparatus for producing an
image of a three dimensional object, the apparatus
comprising an array of elastic wave sources adapted

to emit elastic wave pulses which are reflected
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23.

24.

25.
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within the volume of the three dimensional object,
an array of elastic wave receivers for measuring the
reflected elastic wave pulses, a dataprocessing
means for calculating an image of the three
dimensional object; characterized in that the
elastic wave pulses are ultrasound pulses, the
elastic wave sources are ultrasound sources, the
elastic wave receivers are ultrasound receivers, the
ultrasound receivers measure both the phase and
amplitude of the ultrasound pulses, that both phase
and amplitude information of the reflected
ultrasound pulses is retained and used in
constructing an image of the three dimensional

object.

Elastic wave imaging apparatus as claimed in Claim
21 wherein an ultrasound pulse comprises a shot, a
shot being a discrete emission of ultrasound from a

single ultrasound source.

Elastic wave imaging apparatus as claimed in Claim
22 wherein a shot is omnidirectional and point-like

in character.

Elastic wave imaging apparatus as claimed in Claim
22 or Claim 23 wherein an ultrasound pulse comprises
a plurality of shots activated concurrently with
appropriate time delays to produce an approximately

planar wavefront moving in a prescribed direction.

Elastic wave imaging apparatus as claimed in any of
claims 21 to 24 wherein ultrasound pulses are S-

waves.

PCT/GB00/00167
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26.

27.

28.

29.

30.

31.

25

Elastic wave imaging apparatus as claimed in any of
claims 21 to 25 wherein each ultrasound receiver
records displacement, velocity or acceleration

variation as a vector quantity.

Elastic wave imaging apparatus as claimed in any of
claims 21 to 26 wherein a plurality of traces are
constructed and then used, in an otherwise known
method, to construct an image of the thrée
dimensional object, each trace being a record of the
data recorded by an individual ultrasound receiver

due to an individual ultrasound pulse.

Elastic wave imaging apparatus as claimed in any of
claims 21 to 27 in which an ultrasound pulse is a

known encoded signal defined by a time series.

Elastic wave imaging apparatus as claimed in Claim
28 wherein different elastic wave pulses are

different known encoded signals.

Elastic wave imaging apparatus as claimed in any of
Claims 27 to 29 wherein the method includes the step
of converting the traces to the form they would have
had were each elastic wave pulse in the form of a

sharp, short-duration pulse.

Elastic wave imaging apparatus as claimed in any of
Claims 21 to 30 wherein only low-frequency data is
used for forming an image of the three dimensional

object by using a truncated pilot sweep.
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32.

33.

34.

35.

36.

37.
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Elastic wave imaging apparatus as claimed in any of
Claims 21 to 31, wherein an individual ultrasound
transducer acts as both an ultrasound source and an

ultrasound receiver.

Elastic wave imaging apparatus as claimed in any of
Claims 21 to 32 wherein the position of the sources
and receivers is known through their being
incorporated onto a fixed, resilient recording

surface.

Elastic wave imaging apparatus as claimed in Claim
33 wherein the position and orientation of the
recording surface is monitored throughout data

acquisition.

Elastic wave imaging apparatus as claimed in Claim
33 or Claim 34 wherein the recording surface has

apertures therein.

Elastic wave imaging apparatus as claimed in any of
Claims 21 to 35 wherein the ultrasound sources and
ultrasound receivers are positioned in a regular

array.

Elastic wave imaging apparatus as claimed in any of
Claims 21 to 36 wherein an array of elastic wave
sources and receivers is separated from the three
dimensional object by an ultrasound transmitting

medium.
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38.

39.

40.

41.

27

Elastic wave imaging apparatus as claimed in Claim
37 where the ultrasound transmitting medium is a

fluid.

Elastic wave imaging apparatus as claimed in any of
Claims 21 to 38 wherein some receivers are linked
together in parallel during data acquisition to form

a receiver array.

Elastic wave imaging apparatus as claimed in any of
Claims 21 to 39 wherein images are calculated in
rapid succession . to provide a time-varying three-

dimensional record.

An acoustic wave imaging system which produces three
dimensional images, the system comprising an array
of acoustic sources and receivers adapted to operate
with acoustic waves above 20KHz and distributed in a
known geometry over, or in the vicinity of, a common
physical surface plus associated data processing and
image display equipment; a plurality of sources are
activated, a plurality of receivers record the
reflected acoustic waves retaining phase
information; the data processing equipment applies
standard data processing techniques to construct the
trace at each receiver due to each activation of a
source; an image is constructed using standard data

processing techniques.
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