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(57) Abrege(suite)/Abstract(continued):

wave, the ultrasonic waves having different spatial frequency content; b) a coherence enhancing step in which, for each of a
plurality of virtual transmit focal zones In the imaged region, at least one set of coherent data Is synthesized from the sets of raw
data; ¢) a beamforming step in which, for each of a plurality of locations Included In each of the virtual transmit focal zones, an
Image pixel Is computed by beamforming, using the set of coherent data.
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ABSTRACT

Method for wultrasound imaging comprising at least the
following steps:

a) a transmission step in which a plurality of
ultrasonic waves are transmitted into an imaged region and
a set of raw data 1s acquired by an array of transducers 1n

response to each ultrasonic wave, the ultrasonic waves

having different spatial frequency content;
b) a coherence enhancing step in which, for each of
a plurality of virtual transmit focal zones 1in the 1imaged

region, at least one set of coherent data 1s synthesized

from the sets of raw data;

C) a beamforming step in which, for each of a
plurality of locations included in each of the virtual
transmit focal zones, an 1image pixel 1is computed by

beamforming, using the set of coherent data.
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METHOD AND APPARATUS FOR ULTRASOUND SYNTHETIC IMAGING.

FIELD OF THE INVENTION

The 1nvention relates to methods and apparatus for
ultrasound synthetic 1maging, 1n particular for medical

lmagling.

BACKGROUND OF THE INVENTION

Ultrasound standard imaging

Standard ultrasound imaging consists of an
insonification of the medium with a c¢ylindrical wave that
focuses on a given point. Using the backscattered echoes of
thlis single insonification, a complete line of the image 1is
computed using a dynamlc receive beamforming process. To
build a complete 1image, this procedure 1s repeated by
sending a set of focused waves that scan along a lateral
line at given depth (named the focal plane). For each
focused wave, a dynamic beamforming 1s performed and the
complete 1mage 1s obtained line by 1line. The dynamic
pbeamforming guarantees a uniform focusing in the receive
mode, whereas, 1n the transmit mode the focus 1s fixed at a
given depth. The final image 1is optimal in the focal plane
and 1n a limited region of the medium corresponding to the
focal axial length. However, outside this area which 1is
imposed by diffraction laws, the image quality 1s rapidly
degraded at other depths (in the near and far fields of the
focused beam).

To overcome this limitation, a classical solution 1is
to perform multi-focus 1maging: different transmit focal
depths are used to obtaln a homogeneous quality all over
the 1mage. Each transmission at a given focal depth
enables performing a partial image in the region delimited
by the axial focal length. The final image is obtained
using a recombination of these partial images
corresponding to various depths. An optimal multi-focus

image requires typically tens of focal planes. This leads
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to frame rate limitations, typically < 10 frames/second,
that are not acceptable for ultrasound imaging. A good
compromlise between image quality and frame rate 1is around
4 focal depths 1images.

Ultrasound synthetic imaging

Improvement 1n 1mage quality can be envisioned by
performing synthetic dynamic transmit focalization. Such
approach consists 1n re-synthesizing a dynamic transmit
focusing (i.e. as many focal depths as pixel in the image)
by beamforming and then combining a set of different
insonifications.

Two main 1mplementations can be considered: Synthetic
aperture and coherent plane wave compound.

1) Synthetic Aperture

In the synthetic aperture approach, the ultrasonic
array 1s fired element by element, and the complete set of
impulse responses between each transmit and receive element
1s beamformed and recorded, as disclosed for instance in
US-6 689 063. It 1s then possible to post-process these
data 1n order to generate a synthetic image relying on both
transmit and receive focusing for each pixel of the image.
It has been 1ntensely discussed in the literature whether

synthetic imaging could give better images than

conventional B-mode images, and how they will be affected
by tissue motion and limited signal-to-noise ratio. A
fundamental problem in synthetic aperture imaging is the
poor signal-to-noise ratio in the images, since a single
element 1s used for emission. This gives a much lower
emitted energy compared to using the full aperture in
conventional 1maging and therefore 1limits the depth of

penetration.
11) Synthetic plane wave approach

Synthetic plane wave imaging 1is an approach that

-

solves at least partially the 1limitations of synthetic

aperture imaging. It consists in transmitting plane waves
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of different angles 1n the medium, beamforming in receive
the backscattered signal then combine the different i1image
to re-synthesize to final 1mage, as disclosed for instance
in US-6 551 246. The transmission of a plane wave on the
complete array generates a much higher pressure field than
in the synthetic aperture approach. Moreover, diffraction
and attenuation effects during propagation 1in soft tissues
are significantly lower for an ultrasonic plane wave
compared to a single element transmission.

Synthetic dynamic transmit focusing approaches push
the boundaries of the classical Image Quality/Frame rate
compromise. Optimal 1mage qualities can be obtained at
higher frame rates (>10 Hz).

However, the currently known synthetic ultrasound
imaging methods which use the plane wave approach still
need to be 1mproved 1n terms of accuracy of the image.

OBJECTS AND SUMMARY OF THE INVENTION

L.L

One objective of the present invention is to propose a
new synthetic ultrasound 1maging method which enables to
improve the past plane wave synthetic ultrasound imaging
methods.

To this end, according to an embodiment of the
invention, a method for ultrasound imaging is provided
which comprises at least the following steps:

a) a transmission step 1n which a plurality of
ultrasonic waves are transmitted 1nto an imaged region and
a respective set of raw data 1s acquired by an array of
transducers 1n response to each ultrasonic wave, said
ultrasonic waves having different spatial fregquency
content, for each of a plurality of imaged locations in the
region, each set of raw data representing the time signals
received by the transducers in response to the

corresponding ultrasonic wave;

D) a coherence enhancing step in which, for each of

a plurality of virtual transmit focal zones in the imaged
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regilon, at least one set of coherent data 1s synthesized
from the sets of raw data;
C) a beamforming step 1in which, for each of a

plurality of 1locations 1ncluded 1n each of the virtual

transmit focal zones, an 1image pixel 1s computed by
pbeamforming, using the set of coherent data.

Thanks to these dispositions, the spatial coherence
of the raw data 1s recovered at step b) prior to
beamforming, thus enabling to accurately combline the data
recelved from the transmission of the wvarilous ultrasonic
waves. The need to recover spatial coherence 1s due the
fact that, when 1illuminating the 1maged region with
spatially widely spread wavefield, the echoes coming back
from the medium can be seen as a wavefield originating from
incoherent sources (the scatterers) randomly distributed in
the 1maged region: thus, the spatial coherence of the
wavefleld i1is lost (or very poor) in the raw data.

The beamforming may then be performed on the
coherent data resulting from the coherence recovery step,
thus resulting 1n a more accurate 1image.

On the contrary, 1n the prior art synthetic
ultrasound 1maging methods, the beamforming was first
performed on the raw data and the resulting 1mages
corresponding to the various plane waves were later
combined, but a lot of 1information 1is lost 1in the
beamforming process and the combination of 1images as
performed 1n the prior art did not enable to recover a
spatial coherence.

In various embodiments of the method for ultrasound
imaging according to the above embodiment of the invention,
one may possibly have recourse in addition to one and/or
other of the following arrangements:

= the wultrasonic waves are plane waves having
different propagation directions;

- the ultrasonic waves are divergent waves having
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different propagation directions;

- the ultrasonic waves are spatio-temporal coded
excitations;

- the coherence enhancing step 1s performed using a
fixed sound speed value;

- the coherence enhancing step 1ncludes a global
sound speed value estimation of the imaged region;

= the coherence enhancing step 1ncludes global
sound speed estimation for each 1imaged 1location of the
region;

- the coherence enhancing step 1ncludes phase
aberration corrections;

- in the coherence enhancing step, each wvirtual
transmit focal zone i1s a straight line perpendicular to the
transducer array;

- the coherence enhancing step i1ncludes:

—— a first substep of computing a coherent data
set for each virtual transmit focal zone by applyling
delays to the raw data for performing a virtual
dynamic transmit focusing on saild virtual transmit
focal zone, assuming that the speed of sound 1is
homogeneous 1n the region;

- a second substep in which said delays are
corrected by an estimation of aberrations 1in the
imaged region Dpbased on the coherent data set
calculated at the first substep, and the corrected
delays are used to compute a new coherent data set by
performing a virtual dynamic transmit focusing on said
virtual transmit focal zone;
= at least said second substep (i.e. the second

substep or both first and second substeps) 1is performed
several times;

- in said second substep, the estimatlion of

aberrations 1s done by cross correlating the coherent data

corresponding to different transducers in each coherent
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data set.

Another object of the present 1nvention 1s an
apparatus for ultrasound imaging, comprilising:

= means for transmitting a plurality of ultrasonic

waves 1nto a region, sailid ultrasonlic waves having different

.

spatial frequency content, for each of a plurality of

imaged locations 1n the region;

= means for acquiring a respective set of raw data
1s acqulred 1n response to each ultrasonic wave;

= means for synthesizing at least one set of
coherent RF data 1s synthesized from each set of raw data
for each of a plurality of virtual transmit focal zones 1n
the region;

= beamforming means for computing a beamformed
signal along at least one direction using the set of
coherent data for each of a plurality of locations included
1n each of the virtual transmit focal zones.

BRIEEF DESCRIPTION OF THE DRAWINGS

Other features and advantages of the invention
appear from the following detailed description of one
embodiment thereof, given by way of non-limiting example,
and with reference to the accompanyling drawlings.

In the drawings:

- Figure 1 1s a schematic drawing showing a
synthetic ultrasound 1maging apparatus according to one
embodiment of the i1nvention;

- Figure 2 1i1s a block diagram showing part of the
apparatus of Figure 1; and

- Figure 3 1is a diagram illustrating a synthetic
ultrasound 1maging method which can be implemented by the
apparatus of Figures 1 and 2.

MORE DETAILED DESCRIPTION

In the Figures, the same references denote

identical or similar elements.

The apparatus shown on Figure 1 1s adapted for
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synthetic ultrasound 1imaging of a region 1, for 1instance
living tissues and 1n particular human tissues of a
patient. The apparatus may include for instance:

- an ultrasound transducer array 2, for 1nstance a
linear array typically including a few tens of transducers
(for instance 100 to 300) juxtaposed along an axis X as
already known 1n usual echographilic probes (the array 2 1s
then adapted to perform a bidimensional (2D) i1maging of the
region 1, but the array 2 could also be a bidimensional
array adapted to perform a 3D imaging of the region 1);

- an electronic bay 3 controlling the transducer
array and acqulring signals therefrom;

~ a microcomputer 4 for controlling the electronic
bay 3 and viewling ultrasound 1images obtained from the
electronic bay (in a variant, a single electronic device
could fulfill all the functionalities of the electronic bay
3 and of the microcomputer 4).

As shown on Figure 2, the electronic bay 3 may
include for i1instance:

- n analog/digital converters 5 (A/D1-A/Dp)
individually connected to the n transducers (T;-T,) of the
transducer array 2;

- n buffer memories 0 (B1—-B,) respectively
connected to the n analog/digital converters 5,

— a central processing unit 8 (CPU)
communicating with the Dbuffer memories © and the
microcomputer 4,

- a memory 9 (MEM) connected to the central
processing unit 8 ;

- a digital signal processor 10 (DSP) connected to
the central processing unit 8.

Figure 3 shows one example of implementation of the
method o©of the present 1nvention with the apparatus of
Figures 1 and 2, including three main steps:

a) Transmission and data recording;
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b) Synthesis of coherent RF data;

C) Receive beamforming.

These method steps are controlled mainly by the
central processing unit 7 with the help of the digital
signal processor 9.

Step a: Transmission and data recording

The transducer array is put 1n contact with the medium
to be imaged (e.g. a patient’s body), and a number N of
tilted ultrasound plane waves are successively sent 1n the
region 1 by the transducer array 2. The number N of the
tilted plane waves may be comprised for i1nstance between 2
and 100. The frequency of the ultrasound waves may be
comprised for instance between 0.5 and 100 MHz, for
instance between 1 and 10 MHz.

Each tilted plane wave 1s characterized by the angle «
of inclination of 1ts direction of propagation with regard
to axis Z (axis Z 1s perpendicular to the axis X of the
linear transducer array 2 and defines the 1maging plane
with axis X).

Each tilted plane wave encounters a number of
scatterers (speckle) and i1s backscattered to the transducer

array 2, so that each transducer T:-T, o0of the array

recelves a backscattered signal. The backscattered signals
of the n transducers are then respectively digitized by the
analog-digital converters 5 and memorized 1n the n buffer
memories 6. The data stored in the n buffer memories after
transmission of one plane wave will be called hereafter the
raw RF data. Thus, the raw RF data can be considered as a
matrix which 1s representative of the time signals received
by all the transducers of the array 2 after transmission of
a plane wave. “RF” 1s a usual term in the art and just
refers to the frequency of the ultrasound wave (usually 1n
the range of 0.5 to 100 Mhz), but this expression 1s not
limltative in any way.

It should be noted that the ultrasonic plane waves
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could also be replaced by divergent ultrasonic waves having
different propagation directions.

In all cases, the ultrasonic waves could be spatio-
temporally coded, for 1instance to enable a simultaneous
transmission and treatment of several ultrasonic waves of
different directions.

Step b: Synthesis of coherent RF Data

From the N acquired raw RF data matrices, M coherent
synthetic RF data matrices are computed using stretchilng
time delaying and summing processes. Each one of the M
computed matrices corresponds to the backscattered echoes
resulting from a given virtual dynamic transmit focusing
line. This may be achieved following the processes
described below.

1) Substep b.l: Synthetize a first set of coherent RF
Data assuming a constant speed of sound in the whole

medium.

For sake of simplicity we take here as a convention
that the wavefield 1s emitted at time t=0 on the
transducer located at {x=0,z=0}. Let us consider a virtual
transmit  focus location F(x;,2z). If the medium 1s

insonified using a plane wave with inclination «, the

time needed for the wave to reach the location F(x;,z) 1n

the medium is:

T, (a,x,z)=(zcosa + x,sina)/c, (1)
where x; and z are abscises along axes X and Z and ¢ 1s
the speed of sound in the region 1. The speed of sound c
may be a predetermined value, or a global estimated value.

The time needed to come back to a given transducer

placed in x 1s:

v (x,x,2)=4z"+(x-x))"/c. (2)

The total travel time 7 for a steered plane wave

insonification 1s then:
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1 :
(o, X, X,2)=1, +7T,, =—|(zcosa + x; sinat) + Jzz +(x—x1)2] (3)
C

The total travel time gives the 1link between the raw RF

data (RFraw (x,z,a)) and the spatially coherent RF Data
(REcoherent (x, ,x,2)) for the virtual transmit focus

location F(x;,z) considered:

RFcoheren{x, ,x,z) = Z B(a)RFram(xst(a, x,, X, Z), ) (4)

where B(o) 1s a welghting function for each angle
contribution. A virtual focalisation line 1s defined by all
the wvirtual focus point F(x;,z) with the same lateral
position x;. Each virtual focalisation line along a given

lilne X; 1s represented by a 2D coherent RF data matrix: the

matrix RFcoherent (x ,x,z).

M of those coherent RF data matrices are computed, M
being the number of virtual transmit focalisation 1lines
that needs to be computed (i1.e. for M values of xq).

M might for example correspond to the number of

transducers 1n the array 2, or might be a larger number.

2) Substep b.2: Determine the correct focalisation

laws of the medium by correcting the aberrations

Potential aberrations of the medium that could distort
the ultrasound wave propagation are not taken into account
in the previous calculation. Those local aberrations may be
constituted by local changes of acoustic properties such as
speed of sound, density or sound absorption (In medical
ultrasound, such heterogeneities exists as sound speed
ranges roughly from 1460 m.s ' for fat to 1560 ms™* for
muscle). Such aberrations introduce errors that degrade the
spatial coherency of the synthesized signal and the quality
of the final ultrasound image.

In order to correct such errors, known aberration
correction methods can be used. By applying these methods

to the coherent synthetic RF data coming from line x;, the

corrected focusing law described by a set of time delays
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o(xX1,X,2) can be estimated and added to the different

travel times:
r (a,x,x,z)=1(a,x;,x,2) + O(x,, X, Z) (5)

where & 1s the delay correction for the error induced by
assuming a cylindrical focalization law.

The M coherent synthetic data matrices of step b.l are
the computed agailn using Tpew (O, X1, X, 2Z) as a new value of
1{(, X1, X, z) 1n formula (4).

These phase aberration corrections are equivalent to a
local estimation of the sound speed for each 1maged
location of the region 1.

Aberration correction methods rely on the spatial
coherency of the recorded wavefield.

The spatial coherency of a wavefield 1s measured by
1ts spatial covarilance. It measures the correlation between
the values of a field sensed at two points as a function of
their spacing. This correlation function corresponds to the
second order statistics of the spatial fluctuations of the
wavefleld produced by an incoherent source.

One of the major theorems of optics, the so-called Van
Cittert-Zernike theorem, describes these second order
statistics of such field. The Van Cittert-Zernike theorem
says that the spatial covariance of the field sensed at two
points X1 and X2 of an observation plane 1s equal to the
Fourler transform of the source aperture function taken at
spatial frequency (X2-X1)/Az where A is the wavelength and
Z 1s the distance between the source and the observation
plane.

As a direct consequence, the sharper is the incoherent
source spot, the larger 1s the area 1in the observation
plane where the field sensed at two different points has a
high similarity.

Aberration corrections techniques in medical
ultrasound 1maging are malnly based on this conseguence.

Indeed, 1f the field recorded on an array of transducers is
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corresponding to the backscattered echoes coming from a set
of 1incoherent sources located 1in a small spatial spot
(focal spot), then the field received on one element of the
array will have high similarity with the field received on
neighbouring elements. Then, a simple crosscorrelation
between signals received on neighbouring elements enables
recovering the time delay between these signals. Applying
this concept to the whole set of array elements permits to
find the set of time delays between all elements and thus
to fully describe the aberrating medlium (aberrations
corrections techniques make the assumption that the
aberrating layer 1s thin located close to the array and

introduces only time shifts on the elements of the array:

the well known “phase screen approximation”).

3) Eventually, reiterate substep b.2

Eventually, step b.2 may then be reiterated. The
number of reiterations may be predetermined, or stopping
the reiterations may be subject to an error value inferilor

to a predetermined 1limit. The error value may be for
' 2
instance: E=Z5(xl,x,z) , Or else.

Instead of reiterating only substep b.2, 1t 1s
possible to reiterate both substeps b.l1l and b.2 in order to
refine the estimate of the delay laws.

Step ¢: Receive beamforming

After step b), a receive beamforming 1s then performed
on each of the M coherent RF data matrices to compute the
final ultrasonic 1image. The delay law used 1s the one
calculated by the aberration correction method:

A point (xi1,z) of the 1mage 1s obtained by adding

coherently the contribution of each scatterer, that 1is to
say delaying the RF, (x,t) signals by mew(x,x,z)and adding

them in the array direction X:

s(x,,2) = _[A(xl , X)X RF, (x, mew(Xx,, X, z))dx (6)
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where A 1s the receive apodization function as a function
of x for the building of line x; in the final image.

The 1mage thus comprises M lines.

Variants

It 1s ©possible to 1improve the variance of the
aberration distortions estimates, by slightly refining the
previous 1mplementation.

In step b, each one of the M computed matrices
corresponds to the backscattered echoes resulting from a
given virtual dynamic transmit focusing 1line obtained by
summing over the raw per channel data for different angles
o

However, 1n some cases, 1t 1s interesting for step b
of the implementation to synthesize K independent versions
of the same matrix corresponding to one given line Xx;.

For example, such 1independent versions can be built
easlily by using for each version only a different and
reduced set of angles <.

Another way to acqulire K independent versions of the
same matrix corresponding to one given line x; consists in
modifying step a: the N tilted plane waves can be sent for
successive subsets of transducers of the array (i.e.
successive subapertures). Then, in step 2, the K versions
of the virtual matrix corresponding to line x; are built
using the set of N raw RF data acquired from different
subapertures of the array.

The estimation of the aberrations distortions
o (xX1,%X,2) 1n step b.2 can then be improved as these
aberrations should be the same for the K different versions
of the matrix corresponding to the virtual line x;. Thus,
simply averaging 0 (xi,x,z) for K different versions of the
same matrix will reduce the variance of the estimates.

More complex recombinations such as DORT techniques

can also be performed (see for instance: Prada C, Thomas

JL. Experimental subwavelength localization of scatterers
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by decomposition of the time reversal operator interpreted
as a covariance matrix. JOURNAL OF THE ACOUSTICAL SOCIETY
OF AMERICA 114 (1): 235-243 JUL 2003,

and Prada C, Manneville S, Spoliansky D, et al.
Decomposition of the time reversal operator: Detection and
selective focusing on two scatterers. JOURNAL OF THE
ACOUSTICAL SOCIETY OF AMERICA 99 (4):.: 2067-2076 Part 1 APR
1990) .

The method according to the invention may be used for
instance:

= to perform at least one 2D or 3D ultrasound image
dynamically focused in transmit and receive;

- to perform at set of steered ultrasound image
dynamically focused 1n transmit and receive that can be
incoherently summed to produce a compounded image;

= to perform at least one 2D or 3D ultrasound image
and one 2D or 3D color flow image both dynamically focused
in transmit and receive;

- to perform at least one 2D or 3D high gquality
ultrasound tissue harmonic image;

- to perform at least one 2D or 3D high gquality
ultrasound contrast image using injected contrast agents;

- to perform at least one 2D or 3D ultrasound image
dynamically focused in transmit and receive and combined

wlith other classical modes such as focused color flow or

harmonic imaging.
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CLAIMS:
1. Method for ultrasound imaging comprising at least
the following steps:
a) a transmission step 1n which a plurality of

ultrasonic waves are transmitted into an imaged region and
a respective set of raw data 1is acquired by an array of
transducers 1n response to each wultrasonic wave, said
ultrasonic waves having different spatial frequency
content, for each of a plurality of imaged locations in the
region, each set of raw data representing the time signals
received by the transducers in response to the
correspondling ultrasonilic wave;

b) a coherence enhancing step in which, for each of
a plurality of virtual transmit focal zones in the 1maged
region, at least one set of coherent data is synthesized
from the sets of raw data;

C) a beamforming step 1in which, for each of a
plurality of 1locations 1included 1in each of the wvirtual
transmit focal zones, an 1image pixel 1is computed by
beamforming, using the set of coherent data.

2 . Method according to c¢laim 1, wherein the
ultrasonic waves are ©plane waves having different
propagation directions.

3. Method according to «claim 1, wherein  the
ultrasonic waves are divergent waves having different
propagation directions.

4. Method according to «c¢laim 1, wherein the
ultrasonic waves are spatio-temporal coded excitations.

5. Method according to anyone of the preceding
claims, wherein the coherence enhancing step is performed
using a fixed sound speed value.

6. Method according to anyone of the preceding
claims, wherein the coherence enhancing step includes a
global sound speed value estimation of the imaged region.

7. Method according to anyone of claims 1-5, wherein
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the coherence enhancing step 1includes global sound speed
estimation for each imaged location of the region.

8. Method according to anyone of the preceding
claims, wherein the coherence enhancing step includes phase
aberration corrections.,

9. Method according to anyone of the preceding
claims, wherein 1in the c¢oherence enhancing step, each
virtual transmit focal zone is a straight line
perpendilcular to the transducer array.

10. Method according to anyone of the preceding
claims, wherein the coherence enhancing step includes:

= a first substep of computing a coherent data set
for each virtual transmit focal zone by applying delays to
the raw data for performing a virtual dynamic transmit
focusing on said virtual transmit focal zone, assuming that
the speed of sound is homogeneous in the region;

- a second substep 1in which said delays are
corrected by an estimation of aberrations in the imaged
region based on the coherent data set calculated at the
first substep, and the corrected delays are used to compute
a new coherent data set by performing a virtual dynamic
transmit focusing on said virtual transmit focal zone.

11. Method according to claim 10, wherein at least
sald second substep 1s performed several times.

12. Method according to c¢laim 10, wherein in said
second substep, the estimation of aberrations is done by
cross correlating the coherent data corresponding to
different transducers in each coherent data set.

13. Apparatus for ultrasound imaging, comprising:

- means for transmitting a plurality of ultrasonic
waves 1nto a region, said ultrasonic waves having different
spatial frequency content, for each of a plurality of
imaged locations in the region;

- means for acquiring a respective set of raw RFE

data 1s acquired 1n response to each ultrasonic wave;
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= means for synthesizing at least one set of

coherent data 1is synthesized from each set of raw data for
each of a plurality of virtual transmit focal zones 1in the
region;

- beamforming means for computing a beamformed
signal along at least one direction using the set of
coherent data for each of a plurality of locations 1ncluded

in each of the virtual transmit focal zones.
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