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CLUTTER SUPPRESSION IN ULTRASONIC
IMAGING SYSTEMS

This application is a continuation-in-part of U.S. patent
application Ser. No. 13/234,927 filed on Sep. 16, 2011,
which in turn claimed priority from U.S. patent application
Ser. No. 11/722,246 filed on Jun. 20, 2007, now U.S. Pat.
No. 8,045,777, issued 25 Oct. 2011, both applications being
incorporated herein by reference in their entirety.

FIELD OF THE INVENTION

The present invention relates generally to ultrasonic imag-
ing systems, e.g., for medical imaging, and particularly to
methods and systems for suppressing clutter effects in
ultrasonic imaging systems.

BACKGROUND OF THE INVENTION

Ultrasonic medical imaging plays a crucial role in modern
medicine, gradually becoming more and more important as
new developments enter the market. One of the most com-
mon ultrasound imaging applications is echocardiography,
or ultrasonic imaging of the cardiac system. Other wide-
spread applications are obstetrics and gynecology, as well as
abdominal imaging, to name a few. Ultrasonic imaging is
also used in various other industries, e.g., for flaw detection
during hardware manufacturing.

Ultrasonic imaging systems typically produce relatively
noisy images, making the analysis and/or diagnosis of these
images a task for highly trained experts. One of the most
problematic imaging artifacts is clutter, i.e., undesired infor-
mation that appears in the imaging plane, obstructing data of
interest.

One of the main origins of clutter in ultrasonic imaging is
effective imaging of objects outside the probe’s mainlobe,
also referred to as sidelobe clutter. For example, in echocar-
diography, the dominant reflectors outside the probe’s main-
lobe are typically the ribcage and the lungs.

Another origin of clutter is multi-path reflections, also
called reverberations. In some cases, the geometry of the
scanned tissue with respect to the probe, as well as the local
reflective characteristics of the tissue, causes a noticeable
percentage of the transmitted energy to bounce back and
forth in the tissue before reaching the probe. As a result, the
signal measured for a specific range with respect to the probe
may include contributions from other ranges, in addition to
the desired range. If the signal emanating from other ranges
is caused by highly reflective elements, it may have a
significant effect on the image quality.

A common method for enhancing the visibility of the
desired ultrasonic image relative to the clutter, particularly
in patients with low echogenicity (a common phenomenon
among obese patients), is administering contrast agents.
Such agents enhance the ultrasonic backscatter from blood
and aid in its differentiation from the surrounding tissue.
This method is described, for example, by Krishna et al., in
a paper entitled “Sub-harmonic Generation from Ultrasonic
Contrast Agents,” Physics in Medicine and Biology, vol. 44,
1999, pages 681-694, which is incorporated herein by ref-
erence.

Using harmonic imaging instead of fundamental imaging,
1.e., transmitting ultrasonic signals at a certain frequency and
receiving at twice the transmitted frequency, also reduces
clutter effects. Spencer et al. describe this method in a paper
entitled “Use of Harmonic Imaging without Echocardio-
graphic Contrast to Improve Two-Dimensional Image Qual-
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ity,” American Journal of Cardiology, vol. 82, 1998, pages
794-799, which is incorporated herein by reference.

U.S. Pat. No. 6,251,074, by Averkiou et al., issued on Jun.
26, 2001, titled “Ultrasonic Tissue Harmonic Imaging,”
describes an ultrasonic diagnostic imaging system and meth-
ods, which produce tissue harmonic ultrasonic images from
harmonic echo components of a transmitted fundamental
frequency. Fundamental frequency waves are transmitted by
an array transducer to focus at a focal depth. As the
transmitted waves penetrated the body, the harmonic effect
develops as the wave components begin to focus. The
harmonic response from the tissue is detected and displayed,
while clutter from fundamental response is reduced by
excluding fundamental frequencies.

Furthermore, image-processing methods have been devel-
oped for detecting clutter-affected pixels in echocardio-
graphic images by means of post-processing. Zwirn and
Akselrod present such a method in a paper entitled “Sta-
tionary Clutter Rejection in Echocardiography,” Ultrasound
in Medicine and Biology, vol. 32, 2006, pages 43-52, which
is incorporated herein by reference.

Other methods utilize auxiliary receive ultrasound beams.
In U.S. Pat. No. 8,045,777, issued on 25th Oct. 2011, titled
“Clutter Suppression in Ultrasonic Imaging Systems,”
Zwirn describes a method for ultrasonic imaging, compris-
ing: transmitting an ultrasonic radiation towards a target;
receiving reflections of the ultrasonic radiation from a region
of the target in a main reflected signal and one or more
auxiliary reflected signals, wherein each one of the reflected
signals is associated with a different and distinct beam
pattern, wherein all of the reflected signals have an identical
frequency; determining a de-correlation time of at least one
of: the main reflected signal and the one or more auxiliary
reflected signals; applying a linear combination to the main
reflected signal and the one or more auxiliary reflected
signals, to yield an output signal with reduced clutter,
wherein the linear combination comprises a plurality of
complex number weights that are being determined for each
angle and for each range within the target tissue, wherein
each complex number weight is selected such that each
estimated reflection due to the clutter is nullified, wherein a
reflection is determined as associated with clutter if the
determined de-correlation time is above a specified thresh-
old.

U.S. patent application 2009/0141957, by Yen and Seo,
published on Jun. 4, 2009, titled “Sidelobe Suppression in
Ultrasound Imaging using Dual Apodization with Cross-
Correlation,” describes a method of suppressing sidelobes in
an ultrasound image, the method comprising: transmitting a
focused ultrasound beam through a sub-aperture into a target
and collecting resulting echoes; in receive, using a first
apodization function to create a first dataset; in receive,
using a second apodization function to create a second
dataset; combining the two datasets to create combined RF
data; calculating a normalized cross-correlation for each
pixel; performing a thresholding operation on each correla-
tion value; and multiplying the resulting cross-correlation
matrix by the combined RF data.

An additional class of currently available methods for
handling clutter is a family of clutter rejection algorithms,
used in color-Doppler flow imaging. These methods esti-
mate the flow velocity inside cardiac chambers or other
blood vessels and suppress the effect of slow-moving
objects; assuming that the blood flow velocity is signifi-
cantly higher than the motion velocity of the surrounding
tissue. These methods are described, for example, by Her-
ment et al. in a paper entitled “Improved Estimation of Low
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Velocities in Color Doppler Imaging by Adapting the Mean
Frequency Estimator to the Clutter Rejection Filter,” IEEE
Transactions on Biomedical Engineering, vol. 43, 1996,
pages 919-927, which is incorporated herein by reference.

SUMMARY OF THE INVENTION

Embodiments of the present invention provide methods
and devices for reducing clutter effects in ultrasonic imaging
systems.

The present invention provides a method of ultrasound
imaging, said method comprising: transmitting ultrasound
radiation towards a target and receiving reflections of the
ultrasound radiation from a region of the target in a main
reflected signal and one or more auxiliary reflected signals,
wherein each one of the reflected signals comprises an input
dataset and is associated with a beam with a different and
distinct beam pattern; compounding the input datasets from
the main reflected signal and one or more auxiliary reflected
signals, by the use of a compounding function, said com-
pounding function using parameters derived from spatial
analysis of the input datasets, said compounding function
parameters being derived from at least one of:

(a) The local phase difference and/or magnitude difference
and/or magnitude ratio and/or complex signal ratio
between different receive beams, and/or functions of one
or more of the aforementioned parameters;

(b) Spatial functions of the local phase difference and/or
magnitude difference and/or magnitude ratio and/or com-
plex signal ratio between different beams;

(c) The local difference and/or ratio between spatial func-
tions of the local magnitude and/or phase and/or complex
signal in the different receive beams;

(d) Applying multiple temporal band-pass filters to the local
magnitude and/or phase and/or complex signal in the
different receive beams, applying spatial analysis to the
outputs of multiple temporal band-pass filters and com-
pounding the results;

(e) Applying multiple temporal band-pass filters to the local
phase difference and/or magnitude difference and/or mag-
nitude ratio and/or complex signal ratio between different
receive beams, applying spatial analysis to the outputs of
multiple temporal band-pass filters and compounding the
results; or

(f) Spatial-temporal functions of the local phase difference
and/or magnitude difference and/or magnitude ratio
between different beams, wherein spatial derivatives of
the local phase difference and/or magnitude difference
and/or magnitude ratio between different beams, are
applied after local temporal filtering; or wherein the local
difference and/or ratio between spatial functions of the
magnitude and/or phase and/or complex signal in the
different beams are applied after local temporal filtering.

Other aspects of the present invention are detailed in the
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention for clutter suppression in ultrasonic imag-
ing systems is herein described, by way of example only,
with reference to the accompanying drawings.

With specific reference now to the drawings in detail, it is
stressed that the particulars shown are by way of example
and for purposes of illustrative discussion of the preferred
embodiments of the present invention only, and are pre-
sented in the cause of providing what is believed to be the
most useful and readily understood description of the prin-
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4

ciples and conceptual aspects of the invention. In this regard,
no attempt is made to show structural details ofthe invention
in more detail than is necessary for a fundamental under-
standing of the invention, the description taken with the
drawings making apparent to those skilled in the art how the
several forms of the invention may be embodied in practice.

FIG. 1A is a schematic, pictorial illustration of an ultra-
sonic imaging system, in accordance with an embodiment of
the present invention;

FIG. 1B is a schematic, pictorial illustration of a probe
used in an ultrasonic imaging system, in accordance with an
embodiment of the present invention;

FIG. 2 is a schematic illustration of the beam pattern of
two exemplary receive beams, defined in terms of gain as a
function of the azimuth angle, in accordance with an
embodiment of the present invention;

FIG. 3A is a schematic illustration of the expected mag-
nitude ratio between the two receive beams of FIG. 2,
defined for a point-like reflector as a function of the azimuth
angle, wherein the azimuth scale is different than that in FIG.
2, providing a zoom on angles close to 0°, in accordance
with an embodiment of the present invention;

FIG. 3B is a schematic illustration of the expected phase
difference between the two receive beams of FIG. 2, defined
for a point-like reflector as a function of the azimuth angle,
wherein the azimuth scale matches that of FIG. 3A, in
accordance with an embodiment of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

System Description

In broad terms, the present invention relates to methods
and systems for suppressing clutter effects in ultrasonic
imaging systems. In some embodiments, these methods and
systems also result in enhancement of the ultrasound
images’ lateral resolution, i.e., the resolution along direc-
tions perpendicular to the centerline of an ultrasound beam.

Before explaining at least one embodiment of the inven-
tion in detail, it is to be understood that the invention is not
limited in its application to the details of construction and
the arrangement of the components set forth in the following
description or illustrated in the drawings. The invention is
capable of other embodiments or of being practiced or
carried out in various ways. Also, it is to be understood that
the phraseology and terminology employed herein is for the
purpose of description and should not be regarded as lim-
iting.

FIG. 1A is a schematic, pictorial illustration of an ultra-
sonic imaging system 20, in accordance with an embodi-
ment of the present invention.

System 20 comprises an ultrasound scanner 22 that scans
organs of a patient using ultrasound radiation. A display unit
24 displays the scanned images. A probe 26, connected to
scanner 22 by a cable 28, is typically held against the patient
body in order to image a particular body structure, such as
the heart (referred to as a “target”). Alternatively, the probe
may be adapted for insertion into the body, e.g.. in transe-
sophageal or transvaginal configurations. The probe trans-
mits and receives ultrasound beams required for imaging.
Scanner 22 comprises control and processing circuits for
controlling probe 26 and processing the signals received by
the probe.

FIG. 1B is a schematic, pictorial illustration of probe 26
used in imaging system 20, in accordance with an embodi-
ment of the present invention. The probe comprises an array
of transducers 30, e.g., piezoelectric transducers, which are
configured to operate as a phased array. On transmission, the
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transducers convert electrical signals produced by scanner
22 into a beam of ultrasound radiation transmitted into the
patient’s body. On reception, the transducers receive the
ultrasound radiation reflected from different body tissues,
and convert it into electrical signals sent to scanner 22 for
processing.

Probe 26 typically comprises several dozens and up to
several hundreds of transducers 30 arranged in a horizontal
linear array. The horizontal aperture of the array, typically of
the order of several centimeters, affects the minimal hori-
zontal beam-width of the probe and the resulting horizontal
angular resolution. The vertical beam-width may be adjusted
by an acoustic lens. Some probes, referred to as “1%
dimensional probes,” comprise several rows of transducers
in the vertical dimension, providing a vertical sector-like
beam pattern. Other probes comprise a complete two-di-
mensional (or multi-dimensional) array of transducers,
enabling control over both horizontal and vertical directional
beam patterns. The terms “horizontal” and “vertical” are
used here solely for convenience, as the array may be
positioned during imaging in any appropriate orientation
relative to the patient’s body.

A single array of transducers may generate different beam
patterns, whose mainlobe may be pointed at different direc-
tions. On transmission, the direction of the mainlobe is
typically set by adjusting the relative phase and/or the
relative time delay of the signals fed to the different trans-
ducers. On reception, the direction of the mainlobe is usually
set by adjusting the phase shift and/or time delay introduced
to the signal received by each transducer.

The beam pattern on both transmission and reception may
be adjusted by applying different apodizations. On recep-
tion, apodization is a process of multiplying the output
signal of each transducer by a multiplicative coeflicient
(“apodization coeflicient”), before combining the outputs of
all transducers to generate an overall array output signal. A
reciprocal process is performed on transmission (in many
cases a constant apodization is used on transmission).

Let k be the transducer index (k should go over all
transducers even if the transducer array comprises of more
than one dimension), s, be the signal measured by transducer
k, a, be the apodization coeflicient of transducer k on
reception, and ¢, be the phase shift for transducer k on
reception. Beamforming on reception, for obtaining the
signal S at time t, may be performed using eq. (1):

SO sy oy

Alternatively, when using time-delays instead of phase

shifts, where 7, is the time-delay for transducer k, one may
use eq. (2) for beamforming on receive:

SO=Zar (s (1-;) @

Similar equations may be used for combined time-delay
and phase-shift design. Comparable equations may also be
utilized on transmission.

Depending on system design, the signal reaching the
different transducers may be sampled (by one or more
analog-to-digital converters in scanner 22) at different beam-
forming stages, e.g., for each transducer separately, for
different groups of transducers, or for all transducers com-
bined. Eq. (1) and eq. (2) and combinations or variations
thereof are applicable to all these cases.

Moreover, some systems perform sampling for all trans-
ducers combined (i.e., at the beam level), but use more than
one set of apodization coeflicients a, and/or more than one
set of phase shifts ¢, and/or more than one set of time-delays
Ty, a setting commonly referred to as multi-line acquisition,
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or MLA. In MLA configurations, the beam pattern used on

transmission is typically wider than those used on reception,

so as to provide ultrasound energy to most or all of the
volume covered by the different receive beams.

Certain scanners 22 apply filtering matched to the trans-
mitted waveform and/or down-conversion analogically,
before sampling, whereas others apply matched filtering
and/or down-conversion digitally. The matched filtering
and/or down-conversion may be applied in any of the
beamforming stages.

Some scanners 22 sample the real data at one or more of
the beamforming stages, whereas others use quadrature
receivers, providing complex samples, including both a real
in-phase component and an imaginary quadrature compo-
nent.

Further types of scanners 22 use multiple concurrent
beams on transmission, each of which having a different
waveform (e.g., different central transmission frequency,
different pulse encoding configuration). In these cases, each
receive beam is typically generated using a specific matched
filter, corresponding to one of the transmission waveforms.

Note that in some probe designs, a planar array is used
instead of a phased array. In such cases, only a small set of
predefined time-delays and/or phase-shifts is supported by
the transducer array, wherein the beam formed by each such
set is typically sampled separately. Further probe designs do
not use transducer arrays, but instead allocate a single
transducer to each transmit and/or receive beam.

Probe 26 typically scans the region of interest, which may
be one-dimensional (1D), two-dimensional (2D) or three-
dimensional (3D), by one or more of the following:

(a) Electronic beam-steering, i.e., changing the direction of
the mainlobe by adjusting the relative phase and/or the
relative time delay of the signals fed to the different
transducers.

(b) Electronic change of the phase center of the transducer
array, performed by adjusting the apodization pattern,
e.g., by setting certain regions of the apodization pattern
to 0. As a result, the vector between the phase center of the
beam and the peak of its mainlobe (the “beam direction™)
may be spatially shifted, producing another vector parallel
to the former one.

(¢) Mechanical beam-steering, i.e., mechanically moving
portions of or all of the transducer array, thus affecting the
direction of its mainlobe.

System Configurations for Clutter Suppression
In embodiments of the present invention, one or more

auxiliary receive beams are used for suppressing clutter

effects. The auxiliary receive beams may be generated using
any configuration known in the art, including but not limited
to those described hereinabove.

Augxiliary receive beams may be allocated separately for
each beam used normally for imaging (“main beam”), or for
groups of main beams. The latter configuration may be
useful, e.g., in MLA configurations, where multiple main
beams are typically used concurrently on reception, corre-
sponding to a single transmission beam, and one or more
auxiliary beams may be defined.

The auxiliary receive beams may be generated at the same
time as the corresponding main receive beam or beams, or
at different times. Combinations can also be considered, i.e.,
some of the auxiliary receive beams may be generated at the
same time as the corresponding main receive beam or
beams, and others may be generated at different times.
Various sequences of relative timing between the different
beams may be defined, e.g., alternating generation of main
and auxiliary receive beams. If some or all of the auxiliary
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receive beams are generated at different times than the
corresponding main receive beam or beams, separate trans-
mission beams may be used for the main and auxiliary
receive beams or groups thereof, using the same or different
beam patterns.

In exemplary embodiments, one main receive beam and
one auxiliary receive beam are utilized, corresponding to a
single transmission beam or two separate transmission
beams. In such a case, the auxiliary receive beam may have
a different beam pattern than the main receive beam, e.g., it
may be pointed at the same direction but its beam width may
be wider (or narrower).

In further exemplary embodiments, corresponding to an
MLA configuration, multiple concurrent main receive beams
(e.g., 16 or32) may be used with a single transmission beam,
and one auxiliary receive beam is added, to be used for all
concurrent receive beams. In most MLA cases, the beam
patterns for all main receive beams are similar, but each
main receive beam points at a slightly different direction. In
order to provide reference information for all main receive
beams, the auxiliary receive beam may be wider than some
of them, e.g., its width may match that of the transmission
beam.

In even further exemplary embodiments, multiple main
receive beams may be used with a single transmission beam,
wherein one or more auxiliary receive beams may be added
for each main receive beam or for each group of main
receive beams.

In certain embodiments, one or more receive beams may
be treated as both main receive beams and auxiliary receive
beams, in the context of different computations.

Clutter Suppression Method

In the embodiments of the present invention, compound
information is provided by one or more main receive beams
and one or more auxiliary receive beams so as to provide
clutter suppressed outputs. The process may be applied in
various processing phases of scanner 22, and to different
types of data, e.g., analogically or digitally, to real or
complex samples, before or after matched filtering and/or
down-sampling.

In some cases, conversions which would be easily under-
stood by people knowledgeable in the art may be required.
For example, some embodiments require that the input data
for each receive beam would be complex. In such cases, if
the input data for one or more receive beams is real, a Hilbert
transform may be applied to the real data for each receive
beam, and an inverse Hilbert transform may be applied to
the clutter suppression outputs if necessary.

In configurations where scanner 22 performs sampling for
each transducer separately or for different groups of trans-
ducers, the clutter suppression process may be applied
separately for different groups of transducers. In such cases,
“synthetic” main and auxiliary receive beams may be
defined for computation purposes only, for each group of
transducers separately, and the clutter suppressed outputs for
the different transducer groups may be used for further
stages of beamforming.

In certain embodiments, the information for each main
receive beam and/or auxiliary receive beam may be
described as an array of real or complex measurements, each
of which corresponding to a certain volume covered by the
mainlobe (and sidelobes) of the applicable beam, between
consecutive iso-time surfaces of the ultrasound wave within
the medium (with respect to the probe 26), typically but not
necessarily matching constant time intervals. Each such
volume is commonly referred to as a volume pixel, or voxel.
The samples are commonly referred to as range-gates, since
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the speed of sound does not change significantly while

traversing soft tissues, so that iso-time surfaces can approxi-

mately be referred to as iso-range surfaces.

In some embodiments, a 1D, 2D or 3D region of interest
is scanned by scanner 22. The scanning may be performed
by any method known in the art, including but not limited to
the techniques mentioned hereinabove. For example, differ-
ent beams may have the same phase center but different
beam directions. In such cases, a polar coordinate system is
typically used in 2D scanning, and a spherical coordinate
system is typically used in 3D scanning. When using a polar
coordinate system, the location of each voxel may be defined
by the corresponding range-gate index and the angular
direction of the beam with respect to the broadside of probe
26, wherein the probe’s broadside is defined by a line
perpendicular to the surface of probe 26 at its phase center,
and wherein said angular direction may be defined in a
Euclidian space by an azimuth angle, or by the u coordinate
in sine-space. Similarly, when using a spherical coordinate
system, the location of each voxel may be defined by the
corresponding range-gate index and the angular direction of
the beam with respect to the broadside of probe 26, wherein
the angle direction may be defined either by the azimuth and
elevation angles and/or by the (u,v) coordinates in sine-
space.

Additionally or alternatively, different beams may have
different phase centers, wherein the beams may or may not
be parallel to each other. In the case of parallel beams, a 2D
or 3D Cartesian coordinate system may be used, wherein the
location of each voxel is defined by its corresponding
range-gate index and the location of the phase center.

Regardless of the scanning method and coordinate system
used, the dataset collected by one or more receive beams,
which may or may not be concurrent, in each time-swath
(“frame”) may be organized in a 1D, 2D or 3D array
(“scanned data array”), using any voxel arrangement known
in the art, wherein each index into the arrays relates to a
different axis (e.g., in a polar coordinate system, a range-gate
index and an azimuth index may be utilized), so that voxels
which are adjacent to each other in one or more axes of the
coordinate system also have similar indices in the corre-
sponding axes. In certain cases, the scanned data array may
use a coordinate system which does not correspond to the
scanning method, e.g., all receive beams may have the same
phase center but different beam directions, but the scanned
data array may utilize Cartesian rather than polar or spheri-
cal coordinates. This may be obtained by spatial interpola-
tion and/or extrapolation, using any method known in the
art, e.g., nearest neighbor interpolation, linear interpolation,
spline or smoothing spline interpolation, and so forth.

In some embodiments, the scanned data array adheres to
the following requirements, in which case the scanned data
arrays are referred to as “common configuration scanned
data arrays™:

(a) All the data in a scanned data array corresponds to
receive beams with the same beam pattern, except, per-
haps, for translations and/or rotations.

(b) All the data in a scanned data array corresponds to
receive beams using the same central frequency on recep-
tion.

(c) All the data in the scanned data array corresponds to
receive beams used in conjunction with transmit beams
using the same waveforms and the same transmit beam
pattern, except, perhaps, for translations and/or rotations.

(d) The data in a scanned data array originates from receive
beams which may be concurrent, divided into multiple
groups each of which is concurrent (this is the most
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common case when using MLA configurations), or non-

concurrent. In other embodiments, one or more of require-

ments (a)-(d) may not be met.

Compounding Functions
In exemplary embodiments, the compounding of infor-

mation provided by a main receive beam and one or more
associated auxiliary receive beams is performed by comput-
ing a function of the local signal in two or more receive
beams (“compounding function™), wherein the term local
signal refers to a certain volume region, which is partially or
wholly covered by more than one of the receive beams, e.g.,
a certain range-gate index of the different receive beams in
cases where multiple receive beams have the same sampling
frequency. The local signal in each such receive beam may
be generated by setting the matched filters to fundamental
imaging, i.e., using a reception frequency band centered at
the center frequency of the corresponding transmission
beam, or to harmonic imaging, i.e., using a reception fre-
quency band centered at a frequency which is a natural
number multiplied by the center frequency of the corre-
sponding transmission beam (harmonies of the transmission
frequencies). In some embodiments, different receive beams
may use different harmonies of the transmission frequencies,
including but not limited to first harmonies (i.e., fundamen-
tal imaging). The output of the compounding function for
each entry into the scanned data array and/or each frame
may be used instead of the measured signal for the main
receive beam in any further processing performed by ultra-
sound imaging systems, such as:

(a) Log-compression, i.e., computing the logarithm of the
local signal magnitude.

(b) Time-gain control, ie., applying a range-dependent
correction for the signal attenuation within the medium.

(¢) Global gain control.

(d) Doppler processing, e.g., for color-Doppler flow imag-
ing, tissue-Doppler imaging, and/or pulse-Doppler stud-
ies. Note that Doppler processing typically entails ana-
lyzing data from two or more pulses for each applicable
voxel.

In some embodiments, the compounding function may
use parameters (“compounding function parameters™)
derived from at least one of:

(a) The local phase difference and/or magnitude difference
and/or magnitude ratio between different receive beams,
and/or functions of one or more of the aforementioned
parameters, e.g., the magnitude ratio converted into deci-
bel units.

(b) Spatial functions of the local phase difference and/or
magnitude difference and/or magnitude ratio between
different beams, e.g., various spatial derivatives of said
parameters, using any operator known in the art, such as

. -1 01 | -1 -1 -1
—[—1 0 l]and 3[0 0 0]_
11 1

3
-1 01
(c) The local difference and/or ratio between spatial func-
tions of the local magnitude and/or phase and/or complex
signal in the different receive beams, e.g., the ratio of local
magnitude derivatives along a certain spatial axis; the
ratio of local normalized magnitude derivatives along a
certain spatial axis, wherein a local normalized derivative
is defined as the local signal derivative divided by the
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local signal; the ratio of local magnitude spatial deriva-
tives, wherein the spatial derivative is computed using a
“Laplacian filter”, i.e.,

1'—1 -1 -1
_[—1 8 -1];
8

-1 -1 -1

the ratio of local magnitude normalized spatial derivatives,
wherein the spatial derivative is computed using a “Lapla-
cian filter”; the ratio of normalized magnitude spans,
wherein a normalized signal span is defined as the difference
between the maximal and minimal value, divided by the
mean value, wherein an outlier rejection scheme may be
applied prior to the statistical functions minimum, maximum
and/or mean; and so forth.

(d) Temporal functions of the local phase difference and/or
magnitude difference and/or magnitude ratio between
different beams, e.g., various temporal low-pass, band-
pass or high-pass filters.

(e) Spatial-temporal functions of the local phase difference
and/or magnitude difference and/or magnitude ratio
between different beams, e.g., spatial derivatives of the
local phase difference and/or magnitude difference and/or
magnitude ratio between different beams, applied after
local temporal filtering; local difference and/or ratio
between spatial functions of the magnitude and/or phase
and/or complex signal in the different beams, applied after
local temporal filtering; and so forth.

In that context, spatial filtering may be applied to the
scanned data array for a specific frame, whereas the tem-
poral filtering may be applied to a specific voxel or group of
adjacent voxels over multiple consecutive frames.

In some embodiments, one or more of the following
assumptions may be utilized when selecting and/or making
use of the compounding function parameters:

(a) The local phase difference and/or magnitude difference
and/or magnitude ratio are indicative of the angular
direction of the signal source. By definition, non-clutter
signals originate from angular directions close to that of
the mainlobe of a main receive beam. For example, when
using a main receive beam and an auxiliary receive,
whose mainlobes point at the same spatial angle, one
would expect that for reflectors at the center of the
mainlobes, which by definition generate non-clutter sig-
nals:

(1) the local phase difference between the main and auxiliary
receive beams would be close to 0;

(i) the local magnitude ratio between the main and auxiliary
receive beams, wherein the auxiliary receive beam’s
signal is normalized so that its maximal gain matches the
maximal gain of the main receive beam, would be close
to 1.0; and

(iil) the local magnitude difference between the main and
auxiliary receive beams, wherein the auxiliary receive
beam’s signal is normalized so that its maximal gain
matches the maximal gain of the main receive beam,
would be close to 0.0.

These assumptions may be derived from beamforming
equations such as eq. (1) and eq. (2). A schematic illustration
of two exemplary beam patterns, 51 and 52, defined in terms
of gain as a function of the azimuth angle, is shown in FIG.
2. The resulting magnitude ratio between the main and
auxiliary receive beams, defined for a point-like reflector as
a function of the azimuth angle, can be seen in graph 55 in
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FIG. 3A. The resulting phase difference between the main

and auxiliary receive beams, defined for a point-like reflec-

tor as a function of the azimuth angle, can be seen in graph

56 in FIG. 3B. Note that the azimuth angle scale in FI1G. 3B

matches that of FIG. 3A, but does not match that of FIG. 2.
Similarly, when using a main receive beam and an aux-

iliary receive, whose mainlobes do not point at the same

spatial angle, one would expect that for reflectors at the
center of the mainlobes, which by definition generate non-
clutter signals:

(1) the local phase difference between the main and auxiliary
receive beams would be close to a constant, which may be
calculated based on the spatial angles of the mainlobes of
the main and auxiliary receive beams; and

(ii) the local magnitude ratio between the main and auxiliary
receive beams, wherein the auxiliary receive beam’s
signal is normalized so that its maximal gain matches the
maximal gain of the main receive beam, would be close
to a constant, which may be calculated based on the
spatial angles of the mainlobes of the main and auxiliary
receive beams.

It should be noted that any local phase difference and/or
magnitude difference and/or magnitude ratio may corre-
spond to more than one angular direction of the signal
source. For example, when using a main receive beam and
an auxiliary receive beam, whose mainlobes point at the
same spatial angle, wherein both the main receive beam and
the auxiliary receive beam have a beam pattern which is
symmetric about the center of their mainlobes (e.g., a
conical beam pattern), at any given range with respect to the
phase center of the transducer array, one would expect the
local phase difference and magnitude difference and mag-
nitude ratio to be equal along concentric circular curves,
whose center falls at the centerline of the mainlobes,
wherein the curves lie in the corresponding range with
respect to the phase center of the transducer array. Some
deviations from this rule may be caused by physical effects
within the medium, such as diffraction, which affect the
actual beam pattern within the scanned region.

By using more than one of the following parameters: the
local phase difference, the local magnitude difference, and
the local magnitude ratio, one may reduce the ambiguity in
the information regarding the angular direction of the signal
source. By utilizing information from multiple auxiliary
receive beams for a given main receive beam, said ambi-
guity may be further reduced.

(b) For non-clutter signals, which originate from angular
directions approximately corresponding by definition to
the center of the main receive beam’s mainlobe, one
would expect the signal level and/or its magnitude as a
function of spatial location, to change in a similar fashion
in the main and auxiliary receive beams, assuming that the
mainlobes of the main and auxiliary receive beams suf-
ficiently overlap, and that the data for the auxiliary beams
is normalized so that the auxiliary beam’s maximal gain
would match the maximal gain of the corresponding main
beam. In that context, the signal level as a function of
spatial location may be defined, for example, by the local
signal level, the local spatial derivatives and/or the local
normalized spatial derivatives, wherein a local normal-
ized spatial derivative is defined as the local spatial
derivative divided by the local signal.

It should be noted that the lateral resolution of various
receive beams may be different due to differences in the
corresponding beam patterns, and that the axial resolution of
various receive beams may be different due to dissimilar
waveforms on transmission and/or reception. Therefore, in
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some embodiments, before comparing the signal level and/
or its magnitude as a function of spatial location between
different receive beams, spatial filtering may be applied to
one or more datasets, each of which corresponding to a
specific type of beam pattern and/or waveform, in order to
make sure that the lateral and/or axial resolution of the local
signal in the compared beams would match. When using
multiple common configuration scanned data arrays, each of
which corresponding to receive beams with specific lateral
and/or axial resolutions, spatial filtering may be applied to
one or more of the common configuration scanned data
arrays before comparing the signal level and/or its magni-
tude as a function of spatial location between different
receive beams. For example, when using narrow main
receive beams and wide auxiliary receive beams, wherein
for each main receive beam there is a corresponding auxil-
iary beam whose mainlobe points at the same direction, one
may apply a spatial low-pass filter to the common configu-
ration scanned data arrays acquired with the main receive
beam.

(c) Different target regions may have different dynamic
models. For example, in echocardiography, the ribcage,
which often causes clutter reflections, moves at much
slower rates than the heart muscle within the region of
interest. Various temporal filters may be employed in
order to estimate the signal levels for tissues with pre-
defined dynamic properties. The clutter suppression pro-
cesses described herein may be applied to specific fre-
quency bands. Additionally or alternatively, one may
apply the clutter suppression processes described herein
separately to outputs of several temporal filters, and then
compound the results in order to obtain the final dataset.
The compounding function parameters may be derived

and/or utilized in one or more of the following manners

(“compounding function implementation manners”):

(a) Computed for each entry into the scanned data array and
each frame separately, and applied accordingly.

(b) Computed for a predefined subset of the frames, and in
each frame—for each entry into the scanned data array or
group of adjacent entries, and applied to all frames,
wherein the parameters applied in a specific frame may be
the ones computed for the closest frame index, or alter-
natively, the closest frame index which is equal to or
lower than the current frame index. Spatial interpolation
and/or interpolation in time may also be used in order to
derive the parameters applied in a given frame.

(c) Computed for a specific frame but for each entry into the
scanned data array or group of adjacent entries, and
applied to all frames.

(d) Computed for all frames but for a specific set of entries
into the scanned data array, and applied to all entries into
the scanned data array, wherein in each frame, the param-
eter value for each voxel is derived by interpolation
and/or extrapolation, e.g., using nearest neighbor interpo-
lation.

(e) Computed for a predefined subset of the frames, whose
length may also equal 1, and for a specific set of entries
into the scanned data array, wherein in each frame, the
parameter values are based on those computed for the
closest frame index, on those computed for the closest
frame index which is equal to or lower than the current
frame index, or on interpolation and/or extrapolation in
time, and wherein spatial interpolation and/or extrapola-
tion is used for each entry into the scanned data array. The
interpolation and/or extrapolation may utilize any method
known in the art.
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Methods (b)-(e) are designed to reduce the time and/or
memory complexity of the computations.

Generalized Metrics
In certain embodiments, one or more of the compounding

function parameters may be defined as adhering to at least

one of the following options:

(a) Indicative of the probability for the corresponding voxel
to be substantially affected by clutter effects only (i.e.,
almost all its received energy originates from clutter
effects), as derived using certain physical and/or physi-
ologic assumptions.

(b) Indicative of the probability for the corresponding voxel
to be substantially unaffected by clutter effects, as derived
using certain physical and/or physiologic assumptions.
Note that, for each specific voxel, the sum of the prob-
abilities in (a) and (b) is always 1.0.

(¢) Indicative of the percentage of the received energy within
the corresponding voxel that originates from clutter
effects.

(d) Set to a certain constant, e.g., 0.0, if the corresponding
voxel is not significantly affected by clutter effects, and
otherwise to a different constant, e.g., 1.0.

Such compounding function parameters are referred to
herein as “generalized metrics.” They may be computed
using any method known in the art. In some embodiments,
e.g., in option (d), segmentation techniques may applied to
at least one of the following (commonly referred to as the
“segmentation technique parameters”): (a) the local received
signal in one or more of the receive beams; and (b) the local
value of one or more of the compounding function param-
eters.

For instance, classic edge detection (see, for example,
U.S. Pat. No. 6,716,175, by Geiser and Wilson, issued on
Apr. 6, 2004, and titled “Autonomous boundary detection
system for echocardiographic images”) or radial search
techniques (see, for example, U.S. Pat. No. 5,457,754, by
Han et al, issued on Oct. 10, 1995, and title “Method for
automatic contour extraction of a cardiac image”) may be
used for segmentation purposes. Such techniques may be
combined with knowledge-based algorithms, aimed at per-
formance enhancement, which may either be introduced
during post-processing, or as a cost-function, incorporated
with the initial boundary estimation. Another example for an
applicable segmentation method is solving a constrained
optimization problem, based on active contour models (see,
for example, a paper by Mishra et al., entitled “A GA based
approach for boundary detection of left ventricle with
echocardiographic image sequences,” Image and Vision
Computing, vol. 21, 2003, pages 967-976, which is incor-
porated herein by reference). Additionally or alternatively,
one may apply a predefined threshold to one or more of the
segmentation technique parameters, in order to obtain an
initial division between voxels that are significantly affected
by clutter effects and voxels that are not. In some embodi-
ments, iterative region growing techniques may then be
employed, wherein the predefined threshold for one or more
of the segmentation technique parameters may be changed
between consecutive iterations.

In further embodiments, the generalized metrics may be
defined as real numbers whose values range from 0.0 to 1.0,
wherein the value 0.0 is assigned to voxels that are substan-
tially unaffected by clutter effects, and the value 1.0 is
assigned to voxels in which substantially all of the measured
signal emanates from clutter effects (“normalized general-
ized metrics”). In options (a)-(b) immediately above, the
normalized generalized metrics can be referred to as the
estimated probability for the corresponding voxel to be
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substantially affected by clutter effects only; in option (c)
immediately above, the normalized generalized metrics can
be referred to as the estimated percentage of the received
energy within the corresponding voxel that originates from
clutter effects. Such definitions simplify signal calibration,
especially when the compounding function is linear. In that
context, the term “signal calibration” refers to making sure
that the signal energy in voxels completely unaffected by
clutter effects changes as little as possible due to the clutter
suppression process, whereas the signal energy in voxels
whose sole energy source is clutter would be suppressed as
much as possible by the clutter suppression process.

In certain embodiments, the generalized metric for a set of
voxels in a set of frames may be derived using the following
four-step process:

(a) Select one or more compounding function parameters to
be used (“compounding function parameter set”). Some
examples for compounding function parameter sets:

(i) parameter #1: the local magnitude ratio between two
different receive beams (a main and an auxiliary beam);

parameter #2: the local phase difference between two dif-
ferent receive beams;

(i1) parameter #1: the local ratio of spatial magnitude deriva-
tives along a first spatial axis (e.g., the X axis) between
two different receive beams;

parameter #2: the local ratio of spatial magnitude derivatives
along a second spatial axis (e.g., the Y axis) between two
different receive beams;

(iii) parameter #1: the local ratio of normalized spatial
magnitude derivatives along a first spatial axis (e.g., the X
axis) between two different receive beams;

parameter #2: the local ratio of normalized spatial magni-
tude derivatives along a second spatial axis (e.g., the Y
axis) between two different receive beams;

wherein a normalized local signal derivative is defined as the
local signal derivative divided by the local signal;

(iv) parameter #1: the ratio of local magnitude spatial
derivatives between two different receive beams, wherein
the spatial derivative is computed using a “Laplacian
filter”;

parameter #2: the local magnitude ratio between two differ-
ent beams;

(v) parameter #1: the ratio of local normalized magnitude
spatial derivatives between two different receive beams,
wherein the normalized spatial derivative is computed by
dividing the local output of a “Laplacian filter” (applied to
the local signal magnitude) by the local signal magnitude;

parameter #2: the local magnitude ratio between two differ-
ent receive beams; and

(vi) parameter #1: the ratio of the normalized magnitude
spans between two different receive beams, wherein a
normalized magnitude span is defined as the difference
between the maximal and minimal magnitudes (with or
without outlier rejection) within a local region, divided by
the mean magnitude in said region, wherein the local
region is defined so that its width is greater than its height;

parameter #2: the ratio of the normalized magnitude spans
between two different beams, wherein the local region is
defined so that its height is greater than its width.

(b) Define a model for at least one of:

(1) the probability (or a simple function thereof, such as the
probability density function) for a voxel to be substan-
tially affected by clutter effects only;

(i1) the probability (or a simple function thereof, such as the
probability density function) for a voxel to be substan-
tially unaffected by clutter effects; and
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(iii) the percentage of the energy within the corresponding
voxel that originates from clutter effects (or a simple
function thereof);

as a function of the compounding function parameter set
values or the values for a subset of the compounding
function parameter set (“compounding model”). In some
cases, more than one compounding model may be
employed, using one or more subsets of the compounding
function parameter set (“compounding function param-
eter subsets”). In that context, the term “subset” also
includes the option of the entire set.

(¢) Compute the compounding function parameter set for
each relevant voxel and/or its immediate vicinity. In that
context, the immediate vicinity may be defined in space
and/or in time over the scanned data array.

(d) For each relevant voxel, use the one or more compound-
ing models to estimate at least one of the following (or a
simple function thereof):

(1) the probability for its being substantially affected by
clutter effects only;

(ii) the probability for its being substantially unaffected by
clutter effects; and

(ii1) the percentage of the energy within the corresponding
voxel that originates from clutter effects.

For each compounding model, the results for each rel-
evant voxel may be used as a generalized metric or a
normalized generalized metric for that voxel. Multiple gen-
eralized metrics may thus be defined for each voxel.

The compounding model may be defined using any
method known in the art. Additionally or alternatively, it
may be defined in one of more of the following ways:

(a) A predefined model (“predefined compounding model”),
which may be theoretically determined and/or experimen-
tally derived. Such a model may be based on the beam
pattern of applicable transmit and/or receive beams. For
example, the beam width in one or more axes of each such
beam may be taken into account. It may be independent
of spatial location and time, but it may also be dependent
on spatial location and/or time. For example, one may use
the fact that in the far-field, the nominal transmit beam
width changes as a function of the distance from the
probe, reaching a minimum at the focal length. Another
example would be to use different models for different
beam patterns, if more than one beam pattern type is in
use.

(b) A simplified adaptive model (“simplified adaptive com-
pounding model”), based on an assumption regarding the
shape of the probability density function (PDF) for a
voxel to be substantially affected (or substantially unaf-
fected) by clutter effects as a function of the applicable
compounding function parameter subset (“compounding
model PDF”). For example, a one-dimensional or multi-
dimensional Gaussian function may be used, wherein the
function’s dimensions should correspond to the number of
parameters in the compounding function parameter sub-
set.

The free parameters (in the example of the Gaussian
function—the vector of expectation values and the covari-
ance matrix) may be determined by statistical analysis of the
values of the compounding function parameter set over
some or all of the relevant voxels in the appropriate receive
beams. In some embodiments, all relevant voxels in all
frames may be used at once. In other embodiments, the
computations may be performed separately for each frame
and/or each group of voxels. In that context, groups of
voxels may be separated in one or more of the scanned data
array axes (e.g., different range swaths and/or different
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angular sections with respect to the broadside of the probe).
In further embodiments, the computations may be per-
formed for a subset of the frames and/or a subset of the
voxels, wherein spatial and/or temporal interpolation and/or
extrapolation may be used to estimate the compounding
model PDF for any voxel. The interpolation and/or extrapo-
lation may employ any method known in the art.

(c) An adaptive model (“adaptive compounding model”),
wherein the compounding model PDF, i.e., the PDF for a
voxel to be substantially affected (or substantially unaf-
fected) by clutter effects as a function of the applicable
compounding function parameter subset, is computed
directly, without any prior assumptions regarding the
shape of the PDF. The compounding model PDF may be
computed using any method known in the art. For
example, a one- or multi-dimensional histogram of the
values of the applicable compounding function parameter
subset for all relevant voxels may be calculated, wherein
the histogram’s dimensions should correspond to the
number of parameters in the compounding function
parameter subset. In order to adhere to the definition of a
PDF, the histogram should be normalized such that the
sum of all its elements would equal 1.0. If one assumes
that:

(1) in most voxels, the primary source of the measured signal
lies in a spatial angle close to the center of the mainlobe
of the two-way beam pattern (this is because the beam
pattern provides higher gain to this angular region, and
most soft tissues have approximately the same reflective
properties), and therefore voxels which are almost clutter
free are also more ubiquitous than voxels which are
strongly affected by clutter; and

(ii) the compounding function parameter subset provides
information regarding the local clutter levels and/or the
angular direction of the primary source of the measured
signal;
the result may be used as an estimate of the PDF for a

voxel to be substantially unaffected by clutter effects. If one

goes over each histogram element, and replaces its value by

1.0 minus the original value, the result may be used as an

estimate of the PDF for a voxel to be substantially affected

by clutter effects. Before computing the histogram, one may
apply outlier rejection in one or more of its axes, i.e., for one
or more of the parameters in the compounding function
parameter subset, thus limiting the histogram’s dynamic
range. In some embodiments, the bins used in each histo-
gram axis may be of a uniform width. In other embodiments,
the bins used in one or more of the histogram axes may be
of adaptive width, wherein narrower bin widths are allotted
to regions with higher PDF values. In even further embodi-
ments, Voronoi diagrams may be used instead of histograms.

In certain embodiments, the compounding model PDF
may be computed using all relevant voxels in all frames at
once. In other embodiments, the compounding model PDF
may be computed separately for each frame and/or each
group of voxels. In that context, groups of voxels may be

separated in one or more of the scanned data array axes (e.g,,

different range swaths and/or different angular sections with

respect to the broadside of the probe). In further embodi-
ments, the compounding model PDF may be computed for

a subset of the frames and/or a subset of the voxels, wherein

spatial and/or temporal interpolation and/or extrapolation

may be used to estimate the compounding model PDF for
any voxel. The interpolation and/or extrapolation may uti-
lize any method known in the art. For example, one may
compute the compounding model PDF for the first frame out
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of every set of N, consecutive frames, and use that com-
pounding model PDF for all N.consecutive frames.

Out of the three models, the predefined compounding
model is expected to be most computationally efficient, but
it cannot take into account medium-specific artifacts, e.g.,
local attenuation, scattering, refraction and diffraction
effects, which may occur along the beam, changing its
effective beam pattern. The adaptive compounding model is
most accurate, yet it may be more computationally intensive.
In order to reduce time complexity, one may use the com-
pounding function implementation manners defined above.

In further embodiments, slight variations to the above
described compounding models may allow one to produce
normalized generalized metric values. As defined herein-
above, normalized generalized metrics are generalized met-
rics defined as real numbers whose value ranges from 0.0 to
1.0, wherein the value 0.0 is assigned to voxels that are
substantially unaffected by clutter effects, and the value 1.0
is assigned to voxels in which substantially all of the
measured signal emanates from clutter effects. As a result,
for predefined compounding models, by correctly calibrat-
ing the predefined model one can obtain normalized gener-
alized metrics instead of un-normalized generalized metrics.
For simplified adaptive compounding models or adaptive
compounding model, normalized generalized metrics may
be obtained instead of un-normalized generalized metrics by
utilizing the probability for a voxel to be substantially
affected by clutter effects only (as a function of the appli-
cable compounding function parameter subset) instead of
the compounding model PDF.

The probability for a voxel to be substantially affected by
clutter effects only (“compounding model probability func-
tion”) may be derived from the compounding model PDF as
follows:

Let {p,} be the compounding function parameter subset,
fopr({p,}) be the compounding model PDF, and P({p, }) be
the compounding model probability function.

For a compounding model PDF relating to the PDF for a
voxel to be substantially affected by clutter effects only,
P({p,}) for a given {p,} may be estimated by the sum over
all values of f5,-({p,}) in the model, which are lower than
or equal to the value of ., for the specific {p,}. In cases
where fpp({p,.}) is non-discrete, an integral should be used
instead of a sum. Note that a PDF is by definition normalized
so that its sum (or integral) over the entire model is 1.0, so
that the compounding model probability function ranges
from 0.0 to 1.0, as expected.

For a compounding model PDF relating to the PDF for a
voxel to be substantially unaffected by clutter effects,
P({p,}) for a given {p,} may be estimated by the sum over
all values of f5p({p,.}) in the model, which are higher than
or equal to the value of f,,,. for the specific {p,}. In cases
where fpp({p,,}) is non-discrete, an integral should be used
instead of a sum.

Beam Pattern Measurements

In some embodiments, the compounding model PDF
and/or the compounding model probability function may be
utilized for estimating the local beam pattern within a given
medium, and/or features of that beam pattern, such as the
width of the mainlobe in one or more axes. For instance, if
the transmit beam pattern is common to a main receive beam
and its associated auxiliary receive beams, the receive beam
pattern and/or features of the receive beam pattern may be
estimated. Appropriate models should be defined for that
purpose, which may be theoretically determined and/or
experimentally derived (“beam pattern measurement mod-
els”).
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For example, when using a single transmit beam, a single
main receive beam and a single auxiliary receive beam,
wherein the azimuth beam width of all beams is the same,
but the elevation beam width of the main receive beam is
lower than that of the transmit beam and the auxiliary
receive beam, the compounding model PDF and/or the
compounding model probability function are expected to
contain information regarding the elevation beam width on
receive. Similarly, when using a single transmit beam, a
single main receive beam and two auxiliary receive beams—
one wider than the main receive beam in azimuth only, and
the other in elevation only, one may use each auxiliary
receive beam separately in order to deduce information
regarding the beam width on receive along the applicable
axis.

In further embodiments, the generalized metric and/or the
normalized generalized metric may be utilized to estimate
the angular direction of the primary energy source of the
signal measured on receive for one or more voxels in one or
more frames, using beam pattern measurement models. For
example, when using a single transmit beam, a single main
receive beam and a single auxiliary receive beam, wherein
the azimuth beam width of all beams is the same, but the
elevation beam width of the main receive beam is lower than
that of the transmit beam and the auxiliary receive beam, the
generalized metric and/or the normalized generalized metric
are expected to be indicative of the elevation angle from
which most of the received energy originates for each voxel
or each frame. Various configurations of transmit beams,
main receive beams and/or auxiliary receive beams may be
utilized for estimating the spatial angle of the main energy
source for each voxel on receive.

Linear Compounding Functions

In some embodiments, the compounding function may be
defined as a linear function of the local information for a
main receive beam and one or more associated auxiliary
receive beams. For example, if a single auxiliary receive
beam is utilized, and a single normalized generalized metric

m is calculated for each entry into the scanned data array p.
and/or each frame n separately (or for a subset of the entries
into the scanned data array and/or for a subset of the frames),
the compounding function may be defined as follows:

Sud B1)1=11(P 1)1 i 11) (3)

wherein S, .. is the local measured signal for the main
receive beam, and S, , is the clutter suppressed local signal.
This equation attenuates the signal for clutter affected vox-
els, nullifying the signal for voxels in which substantially all
of the measured signal emanates from clutter effects,
whereas voxels determined to be clutter free are unaffected.

In other embodiments, if a single auxiliary receive beam
is utilized, and a single normalized generalized metric is
calculated for each entry into the scanned data array and
each frame (or a subset thereof), the compounding function
may be a linear combination of the local signal for the main
receive beam, S and the auxiliary receive beam, S, :

main’

Sl B =S i B, 1)~ W5 1)S 1B 1) “

wherein W is a local complex weight (“clutter suppression
weight”), which may be calculated for each entry into the
scanned data array and/or each frame (or a subset thereof).
The clutter suppression weight is computed so as to mini-
mize the clutter contribution to S,,,, whereas the relevant
signal contribution is retained as much as possible.

If one normalizes the signal for the different auxiliary
receive beams S, where 1 is the auxiliary beam index, so

aux;®
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that the gain of all auxiliary receive beams at the angular
direction corresponding to that of the center of the main
receive beam would match that of the main receive beam, to
obtain normalized auxiliary receive beams, Sami, one can

relate to the signal emanating from the center of the main s

receive beam as the “clutter free” signal, S;,,, and the
remaining signal for each receive beam may be referred to
as the clutter signal, denoted by S, ™" for the main
receive beam and gamid“”” i’th normalized auxiliary
receive beam:

clutter

Smain (B =Spee B San™ " (5 1)

Sl S B )3 (B 1) )

The clutter suppression weight should therefore be com-
puted in such a way that S_,, would be as close as possible
to Sg,.. Unlike the method in eq. (3), which significantly
attenuates the signal in voxels where most of the measured
signal emanates from clutter, this method may be able to
extract relevant information from voxels in which clutter is
the main source of the measured signal.

In order to simplify the description below, let us rewrite
eq. (4) using normalized auxiliary receive beam signals:

Souid 1) S 1) TP )8 0P 1) (6)

wherein W is the local complex weight calculated using the
normalized auxiliary receive beam signals.

When using eq. (6), the magnitudes and/or phases of S_,
may be skewed locally and/or globally. This is because the
clutter suppression weight aims at nullifying clutter contri-
butions, but as an adverse effect it also affects clutter free
signals. For example, in a clutter free voxel, S,,=(1-W)
S ee- I Order to prevent these effects, a normalization factor
may be introduces into eq. (6):

Sain(Ps 1) = WP, 1800 (B, 1) M

L-W(3,n)

Som(ﬁa n)=

Special attention should be paid to voxels for which W
approximately equals 1.0, so that eq. (7) may yield very high
signal magnitudes due to “divide-by-zero” effects. For
example, S_, for such voxels may the defined as equaling
S,z SO that the signal in such voxels remains unchanged.
Alternatively, S,,, for such voxels may the set to the mean
or median signal level of S, in the immediate vicinity of the
current voxel, wherein the immediate vicinity may be
defined in space and/or in time, and wherein voxels for
which the value provided by eq. (7) has been replaced are
excluded from the computation. Such techniques may also
be used in other occurrences of “divide-by-zero” effects.

In embodiments, the clutter suppression weight for each

applicable entry into the scanned data array 3 and/or each
applicable frame n may be estimated as follows:

(a) Define a region surrounding (p, n), wherein the region
may be spatial (i.e., including a set of near-by entries into
the scanned data array) and/or temporal (i.e., including a
set of consecutive frames, whose index is close to n)
(“spatial-temporal region”).

(b) Set the clutter suppression weight for (p, n) to be a
function of at least one of:

(1) the values of one or more generalized metrics and/or
normalized generalized metrics within the spatial-tempo-
ral region; and
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(ii) the local complex ratio between the signal for the main
receive beam, S, . . and the signal in one of the normal-
ized auxiliary receive beams, gami, within the spatial-
temporal region (“local complex main-auxiliary ratio”).

For example, the clutter suppression weight for (f, n)
may be set to the local complex main-auxiliary ratio for to
the voxel within the spatial-temporal region, whose gener-
alized metric and/or normalized generalized metric values
are most indicative of significant clutter effects. This exem-
plary function is based on the following assumptions:

(1) the clutter signal contribution changes slowly enough in
space and/or in time, so that one may consider it to be
approximately constant within small spatial-temporal
regions; and

(i1) speckle effects in ultrasonic imaging often cause local
variations in the clutter free signal levels even for
approximately homogeneous tissue regions, so that one
may expect at least one of the voxels in the spatial-
temporal region to include low free signal levels.

The voxel within the spatial-temporal region which is found
to have the most substantial clutter effect may be treated
as almost pure clutter, and therefore the local complex
main-auxiliary ratio for that voxel is expected to signifi-
cantly reduce the local clutter level. For further clarifica-

tion, if we substitute W(p, n)=S,,_., ™ (p, n)/8 . "

(p, n) into eq. (7), we obtain S, (7, n) S,..(p, n).

(c) Special care should be taken to cases where the local
complex main-auxiliary ratio is very high due to “divide-
by-zero” effects. For example, in voxels where the com-
puted clutter suppression weight is very high, one may
replace it with a predefined value, e.g. 1.0 or 0.0. In the
latter case, no clutter suppression will be applied to these
voxels.

In further embodiments, one may compute a linear com-
bination of the outputs of a compounding function and the
main receive beam signal, wherein the weights are based on
the normalized generalized metric. A potential benefit of this
technique is reducing the effects of the compounding func-
tion on clutter free voxels. For example, if we base our
method on eq. (7), we obtain:

main

Soua (B 1) = [L = (P, ]Sy (B 1) + ®)

o SpanlPo) = W 03B )
m(p, n)
L=W(.n)

In even further embodiments, two or more normalized
generalized metrics may be defined and utilized by the
compounding function. For example, when using two nor-
malized generalized metrics, ml and m2, we can use the
following equation, wherein for each applicable entry into
the scanned data array and/or for each applicable frame, the
sum of all coefficients is, by definition, 1.0:

S 1) = [L=my (B, WL = 12(F, W] Smain (B, 1) + O
my (P, WL —my (B, m1S1 (7, n) + [ — my (B, m)lma (B, m)S2 (P, n) +

my (P, mma(p, m)S12(p, n)

wherein S, and S, are the outputs of clutter suppression
processes based on m1 and m2 respectively, applied using
any method herein above; and S, , is the output of a clutter
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suppression process based on both m1 and m2. This may be
done, for example, by applying one of the above processes
based on m1 to both the main receive beam and the auxiliary
receive beams (i.c., each time a different beam is treated as
the main receive beam), and then apply one of the above
processes based on m2, substituting the receive beam signals
in the appropriate equation with the corresponding outputs
of the clutter suppression process based on ml. Alterna-
tively, S, , may be computed as a simple local statistical
function of S, and S, e.g., local minimum (between S, and
S,), local average (between S, and S,), and so forth.

In other embodiments, two or more normalized general-
ized metrics may be defined and utilized in the compounding
function, wherein at least one normalized generalized metric
is used directly and at least one normalized generalized
metric is used to compute a clutter suppression weight. For
example, when using two normalized generalized metrics,
ml and m2, wherein a clutter suppression weight W2 is
computed using m2, the following equation may be used:

Soua (P 1) = [L = my (B, W1 = mo(B, m)|Spnain (B, m) + 10

o Suein(B 1) = WP, m)8u(B. 1)
ma(P, n) ——
1-W(p, n)

Note that compounding functions defined as linear combi-

nations of the local signal for the main receive beam and the

auxiliary receive beam may be thought of in at least one of
two ways:

(a) As algebraic expressions, designed to suppress clutter
effects.

(b) As adaptive beam-forming schemes, designed to intro-
duce nulls into the effective beam-pattern of the overall
process, in directions corresponding to those of clutter
sources.

It should be understood that the mathematical equations
are provided as detailed examples only. Furthermore, even
though the detailed examples refer to linear equations,
non-linear equations may also be utilized.

Filtering of Generalized Metrics and/or Clutter Suppression

Weights
Before utilizing a generalized metric and/or a normalized

generalized metric for computing a clutter suppression
weight and/or in a compounding function, it may undergo
spatial filtering and/or temporal filtering. Similarly, before
utilizing a clutter suppression weight in a compounding
function, it may also undergo spatial filtering and/or tem-
poral filtering. The filtering may be applied using the coor-
dinate system of the scanned data array, wherein a time axis
may be formed by combining the scanned data arrays
collected in multiple frames, wherein consecutive frames are
placed one alongside the other.

Any filter known in the art may be applied for that
purpose. For example, a linear low-pass filter, band-pass
filter of high-pass filter may be applied in one or more of the
spatial axes and/or the time axis. Additionally or alterna-
tively, non-linear filters such as a median filter may be
applied in one or more of the spatial axes and/or the time
axis. Such filters are expected to reduce local irregularities
in the generalized metrics, normalized generalized metrics
and/or clutter suppression weights.

Other non-linear filters, applied in one or more of the
spatial axes and/or the time axis, may be considered. For
example, one may use the local minimum, local maximum,
local mean plus local standard deviation, local mean minus
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local standard deviation, a certain percentile of the local
signal, and so on. When applied to a normalized generalized
metric, a local minimum is expected to reduce misdetections
of voxels as clutter affected, since the presence of voxels for
which the normalized generalized metric value is low (i.e.,
voxels determined to include low clutter levels, and there-
fore mostly relevant information) also reduces the normal-
ized generalized metric value in their immediate vicinity.
Similarly, when applied to a normalized generalized metric,
a local maximum is expected to increase the detection
probability of clutter affected voxels, since the presence of
voxels for which the normalized generalized metric value is
high (i.e., voxels determined to include mostly clutter) also
increases the normalized generalized metric value in their
immediate vicinity.

Further, slightly more complex, non-linear filters may
also be considered. For example, for each local region in
space and/or time, the output of the non-linear filter may be
produced as follows: if the local median or the local mean
or the local weighted mean is higher than a predefined value,
use a certain statistical operator, and otherwise—another
statistical operator. Examples for such statistical operators
are the local minimum, local maximum, local mean, local
mean plus local standard deviation, local mean minus local
standard deviation, a certain percentile of the local signal
and so forth. Such filters, when applied to a normalized
generalized metric, may allow one, for example, to increase
the detection probability of clutter affected voxels in clutter
affected regions and, at the same time, reduce the probability
of misdetections in clutter free regions, assuming that clutter
levels change relatively gradually in space and time.

Additionally or alternatively, a transfer function may be
applied to a generalized metric and/or a normalized genet-
alized metric and/or a clutter suppression weight in various
stages of the clutter suppression process. Any transfer func-
tion known in the art may be used, with various purposes in
mind. Transfer functions applied to a normalized general-
ized metric, which by definition ranges from 0.0 to 1.0,
should preferably: (a) vield values between 0.0 and 1.0; and
(b) for each pair of values, wherein the second value is
higher than the first one, the result of the transfer function for
the second value should be higher than or equal to the result
of the transfer function for the first value.

For example, a transfer function may be applied to the
normalized generalized metric m in eq. (3) and/or eq. (8)
before using it for clutter suppression. Some exemplary
transfer functions:

(a) Linear function with saturation; i.e., the transfer function
is linear up to a predefined input value, and for higher
input values—the output value is equal to that for the
predefined input value.

(b) Logarithmic function.

(¢) Exponential function.

(d) Sigmoid-like function.

Post-Processing
Before utilizing the output of a compounding function for

any further computations, one may apply spatial and/or
temporal processing to that output. The processing may be
applied using the coordinate system of the scanned data
array, wherein a time axis may be formed by combining the
scanned data arrays collected in multiple frames, wherein
consecutive frames are placed one alongside the other.

In some embodiments, the spatial and/or temporal pro-
cessing may comprise of various spatial and/or temporal
filters known in the art.

Additionally or alternatively, for each applicable entry
into the scanned data array and/or each applicable frame,
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one may replace the output of the compounding function
with the corresponding voxel of the main receive beam if a
certain criterion is met. Alternatively, one may replace the
local output of the compounding function with the mean
signal, weighted mean signal or median signal within a small
local region of the compounding function output, defined in
space and/or in time.

For example, the local value of the output of a compound-
ing function may be replaced by that of the corresponding
voxel in the main receive beam if the local signal magnitude
of the compounding function output is greater than the local
signal magnitude of the main receive beam. Such a process
may be considered, because the clutter suppression process
is supposed to reduce clutter levels, without amplifying
clutter free regions. For instance, high signal magnitudes
may result from numerical effects such as “divide-by-zero.”

Another exemplary post-process:

(a) Define a block within the scanned data array, centered or
approximately centered at the current voxel (“data
block™). Depending on the dimensions of the scanned data
array (which may include spatial and potentially also
temporal axes), said block may be 1D, 2D, 3D or four-
dimensional (4D).

(b) For each of the main receive beam and the output of the
compounding function, calculate the mean magnitude or
the weighted mean magnitude within the data block,
including or excluding the current voxel, and divide the
result by the magnitude of the current voxel (alternatively,
the mean magnitude in a smaller block within the scanned
data array may be used).

(c) The value of the current voxel within the compounding
function output should be replaced by that of the corre-
sponding voxel in the main receive beam if the ratio
between the output of the previous step for the main
receive beam and for the output of the compounding
function is higher-than (or lower-than) than a predefined
constant. Alternatively, if the aforementioned criterion is
met, the value of the current voxel within the compound-
ing function output may be replaced by the mean signal,
weighted mean signal or median signal within the data
block of the compounding function output (either includ-
ing or excluding the current voxel).

Such a post process may be used, for instance, in order to
take care of small dark regions within the compounding
function output, which appear in bright continuous (and
larger) regions of the image.

Utilizing a Plurality of Main Receive Beams and/or a

Plurality of Auxiliary Receive Beams
In some embodiments, a plurality of main receive beams

may be used concurrently, e.g., in MLA configurations. In

such cases, one or more auxiliary receive beams may be
defined, wherein each auxiliary receive beam is used in
conjunction with one or more main receive beam.

In such cases, one possible clutter suppression method is
to compute at least one of the following “compounding
process functions™:

(a) The compounding model PDF.

(b) The generalized metrics and/or normalized generalized
metrics.

(c) The clutter suppression weights.

(d) The compounding function.
for each applicable entry into the scanned data array

and/or each applicable frame employing each pair of main

receive beam and associated auxiliary receive beam used

(“main-auxiliary beam pair”) separately.

Additionally or alternatively, one may define compound-
ing model PDFs (or other compounding process functions)
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which are common to more than one main-auxiliary beam
pair, e.g., for multiple main receive beams and one common
auxiliary receive beam. In such cases, one may apply
transformations to the data for each main-auxiliary beam
pair within the group of pairs, which correspond to the
estimated differences between various main-auxiliary beam
pairs (“main-auxiliary beam pair data transformations”). For
example:

(a) When using a simplified adaptive compounding model
and/or an adaptive compounding model, wherein a single
compounding model PDF (“common compounding
model PDF”) is used for multiple main-auxiliary beam
pairs, one may apply a tailored transformation to the data
from each main-auxiliary beam pairs before using it to
produce the compounding model PDF (“main-auxiliary
beam pair data transformation”).

(b) When calculating the generalized metrics and/or normal-
ized generalized metrics, the common compounding
model PDF may be transformed for each main-auxiliary
beam pair before using it for generalized metric and/or
normalized generalized metric computation.

Examples for main-auxiliary beam pair data transforma-
tions, one or more of which may be used when adding
information to the common compounding model PDF (simi-
lar but inverse transformation may be employed when using
the common compounding model PDF values for general-
ized metric and/or normalized generalized metric calcula-
tions):

(a) Before adding information based on a given main-
auxiliary beam pair to the common compounding model
PDF, a constant may be added to one or more of the
information’s components, corresponding to one or more
of the compounding function parameters referred to by
the compounding model PDF. This transformation is
referred to as translation of the compounding model PDF.
For example, if two or more main receive beams and one
auxiliary receive beam are used, wherein the beam pat-
terns of the main receive beams are identical except for
spatial rotation about the phase center of the transducer
array, one may expect that the compounding model PDF
calculated for each of the two or more main-auxiliary
beam pairs would be similar, but translated in one or more
of the compounding function parameters referred to by
the compounding model PDF.

(b) Before adding information based on a given main-
auxiliary beam pair to the common compounding model
PDF, either a linear or a non-linear transformation may be
applied to one or more of the information’s components,
corresponding to one or more of the compounding func-
tion parameters referred to by the compounding model
PDF. The linear or non-linear transformation may be
applied to one or more compounding function parameters
separately, but it may also be applied to two or more of the
compounding function parameters combined. For
example, if two or more main receive beams and one
auxiliary receive beam are used, wherein the beam pat-
terns of the mainlobes of all main receive beams point at
the same direction, but their beam widths are different,
one may expect that the compounding model PDF calcu-
lated for each of the two or more main-auxiliary beam
pairs would be similar, but stretched/compressed along
one or more of the compounding function parameters
referred to by the compounding model PDF.

In further embodiments, a plurality of auxiliary receive
beams may be used concurrently, either with a single main
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receive beam or with a plurality of main receive beams. One

or more of the following techniques may be employed is

such cases:

(a) One or more of the aforementioned clutter suppression
schemes may be applied for each main-auxiliary beam
pair separately. After that, for each applicable small
spatial volume and/or for each applicable frame, a func-
tion may be applied to clutter suppression outputs for one
or more of the associated main-auxiliary beam pairs
(“multi-pair combining function”). Any function known
in the art may be used, e.g., mean, maximum, minimum,
median, a predefined percentile, weighted sum and so
forth. For ordinal operators such as the median, the
operator computation should be based on sorting the
relevant values according to their magnitudes. The multi-
pair combining function may also take into account one or
more generalized metrics and/or normalized generalized
metrics, as computed for one or more of the main-
auxiliary beam pairs, e.g., a weighted sum may be cal-
culated, wherein higher weights are assigned to values for
main-auxiliary beam pairs in which the signal is consid-
ered to include lower clutter levels.

(b) For each applicable small spatial volume and/or for each
applicable frame, one or more of the aforementioned
clutter suppression schemes may be applied for a specific
main-auxiliary beam pair. The clutter suppression output
may then be referred to as a new (synthetic) main or
auxiliary receive beam, to be used in conjunction with
another auxiliary and/or main receive beam as inputs to
one or more of the above described clutter suppression
schemes. This process may be iteratively repeated several
times.

(c) For each applicable small spatial volume and/or for each
applicable frame, a compounding function may be applied
to a main receive beams and a plurality of auxiliary
receive beams, to produce a clutter suppressed output,
wherein the compounding function employs one or more
clutter suppression weights. For exanmiple, if we extend eq.
(6) to relate to multiple auxiliary receive beams, we
obtain:

St )= il (P ) ~Z W (P 1S e, (P 1) an

Similar equations may be written for any of the other
clutter suppression methods described herein.

The weight vector W, in eq. (11), or similar coefficients
in other clutter suppression equations referring to multiple
auxiliary receive beam, may be estimated using any tech-
nique known in the art. For example, one may employ
mean-square-error optimization, that is, for eq. (11), the
weight vector W for each applicable small spatial and/or
temporal region may be set so as to minimize the expectation

value of the output signal power, that is, E[IS, (P,

n)Zme(_p: n)s,,. (P, n)I%], wherein E is the expectation
operator. ’

Another example would be to compute the weight vector
W, in eq. (11), or similar coeflicients in other clutter
suppression equations referring to multiple auxiliary receive
beam, for each main-auxiliary beam pair separately, without
taking the other main-auxiliary beam pairs into account.
This methodology may be useful, for example, when the
mainlobe of the main receive beam and the one or more
auxiliary receive beams point at the same spatial direction,
and for each main-auxiliary beam pair the beam width of the
main and auxiliary receive beams are the same along a
certain direction but different along another direction,
wherein the directions along with the beams have different
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widths in different main-auxiliary beam pairs may or may

not be perpendicular. In such cases, different main-auxiliary

beam pairs may be utilized to suppress clutter originating
from different spatial angles with respect to the mainlobe of
the main receive beam.

(d) For each applicable small spatial volume and/or for each
applicable frame, a compounding function may be applied
to a main receive beams and a plurality of auxiliary
receive beams, to produce a clutter suppressed output,
wherein the compounding function is linear, but does not
employ clutter suppression weights, for instance, as
described in eq. (3). In this case, the generalized metric
and/or normalized generalized metric may be based on
compounding function parameters which relate to more
than one auxiliary receive beam associated with one or
more main receive beams. For example, when using two
auxiliary receive beams associated with a single main
receive beam, one may use the following compounding
function parameters:

(1) the local relative magnitude between the main receive
beam and the first auxiliary receive beam;

(ii) the local phase difference between the main receive
beam and the first auxiliary receive beam;

(ii1) the local relative magnitude between the main receive
beam and the second auxiliary receive beam; and

(iv) the local phase difference between the main receive
beam and the second auxiliary receive beam.

(e) For each applicable small spatial volume and/or for each
applicable frame, a compounding function may be applied
to a main receive beams and a plurality of auxiliary
receive beams, to produce a clutter suppressed output,
wherein:

(1) the compounding function employs one or more clutter
suppression weights; and

(i1) one or more of the generalized metrics and/or normal-
ized generalized metrics may be based on compounding
function parameters which relate to more than one aux-
iliary receive beam associated with one or more main
receive beams.

() For each applicable small spatial volume and/or for each
applicable frame, a compounding function may be applied
to a main receive beams and a plurality of auxiliary
receive beams, to produce a clutter suppressed output,
wherein any compounding function may be employed.
As noted herein above, one or more receive beams may be

employed as both main receive beams and as auxiliary

receive beams, within the context of different main-auxiliary
beam pairs.

Utilizing Main and Auxiliary Receive Beams Having Dif-

ferent Phase Centers

In some embodiments, for each main receive beam, the
phase centers of all associated auxiliary receive beams are
identical to that of the corresponding main receive beam. In
other embodiments, there is at least one main-auxiliary
beam pair for which the main and auxiliary receive beams
have different phase centers (“non-concentric main-auxil-
iary beam pair”).

An exemplary use for such configurations is suppression
of reverberation effects, in addition to sidelobe clutter
effects. Reverberation artifacts measured for different
receive phase centers are expected to be different, so that
compounding functions may suppress both sidelobe clutter
and reverberations.

In non-concentric main-auxiliary beam pairs, the scanned
data array associated with the auxiliary receive beam may be
translated and/or rotated with respect to the scanned data
array associated with the corresponding main receive beam.



US 9,451,932 B2

27

In certain embodiments, spatial registration may be applied
between the scanned data arrays associated with the main
and auxiliary receive beams in non-concentric main-auxil-
iary beam pair (“main-auxiliary beam pair registration™).
The registration may be performed for the entire cine-loop,
for each frame separately, in each frame—for each entry into
the scanned data array or group of adjacent entries, or for
each entry into the scanned data array or group of adjacent
entries in the entire cine-loop. The spatial registration may
be performed using any technique known in the art. In some
cases, the spatial registration may be rigid, accounting for
global translations and/or global rotation. Additionally or
alternatively, the spatial registration may be non-rigid, also
taking into account local deformations resulting from physi-
cal effects within the medium. In certain cases, some trans-
lation parameters, such as the global translation and the
global rotation, may be directly derived from the relative
geometry of the centerlines of the main and auxiliary receive
beams, which are known and controllable. Additionally or
alternatively, some translation parameters may be initially
estimated according to the relative geometry of the center-
lines of the main and auxiliary receive beams, and then
fine-tuned according to the respective acquired scanned data
arrays.

In non-concentric main-auxiliary beam pairs, the spatial
angle between the center of a voxel and the centerline of the
main receive beam (“main spatial angle™) is typically dif-
ferent than the spatial angle between the center of said voxel
and the centerline of the respective auxiliary receive beam
(“auxiliary spatial angle”). Moreover, the difference
between the main spatial angle and the auxiliary spatial
angle may be different for different voxels. As a result, the
local relative magnitude and/or the local phase difference
between the main and the auxiliary receive beam, as calcu-
lated for reflectors along the centerline of the main receive
beam, may change as a function of range (“parameter range
variability”). In certain embodiments, the compounding
function may be adjusted in order to handle this parameter
range variability. For example, one may utilize main-auxil-
iary beam pair data transformations, as defined hereinabove,
wherein the transformation for some voxels may be derived
from the main spatial angle and auxiliary spatial angle for
each voxel or group of voxels, wherein the main spatial
angles and auxiliary spatial angles may be computed based
on the geometric location of the center of the voxel with
respect to the phase centers of the main and auxiliary receive
beams, and/or from the outputs of the main-auxiliary beam
pair registration process, if applied.

Clutter Suppression Based on Both Clutter De-Correlation
Times and Spatial-Temporal Analysis

U.S. Pat. No. 8,045,777, also referenced herein above,
describes a clutter suppression method based on computing
a linear combination of the signals in a main receive beam
and in one or more auxiliary receive beams, wherein the
coeflicients of the linear combination (“temporal clutter
suppression weights”) are computed so as to suppress reflec-
tions due to clutter, wherein a reflection is determined as
associated with clutter if the determined de-correlation time
is above a specified threshold (“temporal clutter suppression
process™). When a single auxiliary receive beam is associ-
ated with each main receive beani, the following equation
may be used:

Souid MY =S i B )= Wi 1)S,1,(P 2) 12
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wherein the complex weight W, for each applicable entry

into the scanned data array 3 and/or each applicable frame
n is computed as follows:

Wigm= [gma;n(f, ]
F[Sus(B. 0]

where Ft is a temporal low-pass filter, applied for each
applicable entry into the scanned data array and/or each
applicable frame.

This technique may be combined with the clutter sup-
pression techniques hereof, using compounding functions
which also depend on temporal clutter suppression weights.
For example, one or more generalized metrics and/or nor-
malized generalized metrics may be used in addition to one
or more temporal clutter suppression weights, as can be seen
in the following exemplary equation:

Sy 1) = [1 =11 (B WIS mein( B, 1) + 14

N Smain(ﬁa n) - w’!(ﬁa n)gaux(ﬁa n)
(. n) a
1-Wi(p.n

wherein m is a normalized generalized metric, used so as to
adjust the effect of the temporal clutter suppression process
in each voxel based on the estimated local clutter contribu-
tion.

The invention claimed is:

1. A method of ultrasound imaging, said method com-

prising:

transmitting ultrasound radiation towards a target and
receiving reflections of the ultrasound radiation from a
region of the target in a main reflected signal and one
or more auxiliary reflected signals, wherein each one of
the reflected signals comprises an input dataset and is
associated with a beam with a different and distinct
beam pattern;

compounding the input datasets from the main reflected
signal and one or more auxiliary reflected signals, by
the use of a compounding function, said compounding
function using parameters derived from spatial analysis
of the input datasets, said compounding function
parameters being derived from at least one of:

(a) A local phase difference and/or magnitude difference
and/or magnitude ratio and/or complex signal ratio
between difference receive beams, and/or functions of
one or more of the aforementioned parameters;

(b) Spatial functions of the local phase difference and/or
magnitude difference and/or magnitude ratio and/or
complex signal ration between difference beams;

(c) A local difference and/or ratio between spatial func-
tions of the local magnitude and/or phrase and/or
complex signal in the different receive beams;

(d) Applying multiple temporal band-pass filters to the
local magnitude and/or phase and/or complex signal in
the different receive beams, applying spatial analysis to
the outputs of multiple temporal band-pass filters and
compounding the results;

(e) Applying multiple temporal band-pass filters to the
local phase difference and/or magnitude difference and/
or magnitude ratio and/or complex signal ratio between
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different receive beams, applying spatial analysis to the
outputs of multiple temporal band-pass filters and com-
pounding the results; or

(D Spatial-temporal functions of the local phase differ-
ence and/or magnitude difference and/or magnitude
ratio between different beams, wherein spatial detiva-
tives of the local phase difference and/or magnitude
difference and/or magnitude ratio between different
beams, are applied after local temporal filtering; or
wherein the local difference and/or ratio between spa-
tial functions of the magnitude and/or phase and/or
complex signal in the different beams are applied after
local temporal filtering,

wherein the compounding function parameter is a gener-
alized metric and is indicative of the probability for the
corresponding voxel to be substantially affected by
clutter effects only, as derived using certain physical
and/or physiologic assumptions,

wherein the generalized metric is a normalized general-
ized metric and is defined as real numbers whose values
range from 0.0 to 1.0, wherein the value 0.0 is assigned
tovoxels that are substantially unaffected by clutter
effects, and the value 1.0 is assigned to voxels in which
substantially all of the measured signal emanates from
clutter effects, and wherein the normalized generalized
metric is the estimated probability for the correspond-
ing voxel to be substantially affected by clutter effects
only, and

wherein the compounding function is defined as a linear
function of the local information for a main reflected
beam and one or more associated auxiliary beams and
wherein the compounding function is defined by the
following equation:

Sou~[1=1Smain

wherein m is the normalized generalized metric; S, ., is the
local measured signal for the main reflected beam; and S
is the clutter suppressed local signal.

2. The method of claim 1, wherein the output of the
compounding function for any region of the target in any
time frame may be used instead of the measured main
reflected signal in any further processing performed by
ultrasound scanners, said further processing being at least
one of:

(a) Log-compression;

(b) Time-gain control;

(¢) Global gain control; or

(d) Doppler processing,
wherein said Doppler processing is one of: color-Doppler
flow imaging; tissue-Doppler imaging; pulse-Doppler stud-
ies; and/or continuous-wave Doppler studies.

3. The method of claim 1, wherein the main reflected
signal and the one or more auxiliary reflected signals result
from a single transmitted pulse or from two or more trans-
mitted pulses.

4. The method of claim 1, wherein the main reflected
signal and the one or more auxiliary reflected signals are
obtained in one of the following ways:

(a) All obtained concurrently, wherein the main reflected
signal and the one or more auxiliary reflected signals
are all associated with the same transmit pulse;

(b) All obtained at different times, wherein each of the
main reflected signal and the one or more auxiliary
reflected signals is associated with a different transmit
pulse; or

(c) Divided into groups of reflected signals, wherein each
group of reflected signal may comprise a main reflected
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signal and/or one or more auxiliary reflected signals,

wherein each group of reflected signals is obtained

concurrently but different groups are obtained at dif-
ferent times, and wherein each group of reflected
signals is associated with a different transmit pulse.

5. The method of claim 1, wherein the local phase
difference and/or magnitude difference and/or magnitude
ratio are indicative of the angular direction of the signal
source.

6. The method of claim 1, wherein for non-clutter signals
which originate from angular directions approximately cor-
responding to the center of the mainlobe of the beam
associated with the main reflected signal, the signal level
and/or the magnitude of the signal level change as a function
of spatial location approximately the same way in the main
reflected signal and in the one or more auxiliary reflected
signals, wherein the change as a function of spatial location
is defined by at least one of: the local signal level; the local
spatial derivatives; and the local normalized spatial deriva-
tives, said local normalized spatial derivative being defined
by the local spatial derivative divided by the local signal.

7. The method of claim 1, wherein temporal filters are
employed to estimate the signal levels for target elements
with predefined dynamic properties.

8. The method of claim 1, wherein the dataset collected by
one or more reflected signals, in each time-swath or frame,
is organized in a 1D, 2D or 3D scanned data array and the
compounding function parameter is computed for a pre-
defined subset of the frames, and in each frame, for each
entry into the scanned data array or group of adjacent
entries, and applied to all frames, wherein the parameters
applied in a specific frame are the ones computed for the
closest frame index, or alternatively, the closest frame index
which is equal to or lower than the current frame index.

9. The method of claim 8, wherein spatial interpolation
and/or interpolation in time is used in order to derive the
compounding function parameters applied in a given frame.

10. The method of claim 1, wherein the generalized metric
for a set of voxels in a set of frames is derived using the
following four-step process:

(a) Select one or more compounding function parameters
to be used (compounding function parameter set) from
the following parameters:

(i) parameter #1: the local magnitude ratio between two
different reflected beams (a main and an auxiliary
beam);
parameter #2: the local phase difference between two
different reflected beams;

(i1) parameter #1: the local ratio of spatial magnitude
derivatives along a first spatial axis between two
different reflected beams;
parameter #2: the local ratio of spatial magnitude
derivatives along a second spatial axis between two
different reflected beams;

(i11) parameter #1: the local ratio of normalized spatial
magnitude derivatives along a first spatial axis
between two different reflected beams;
parameter #2: the local ratio of normalized spatial
magnitude derivatives along a second spatial axis
between two different reflected beams;
wherein a normalized local signal derivative is
defined as the local signal derivative divided by the
local signal;

(iv) parameter #1: the ratio of local magnitude spatial
derivatives between two different receive beams,
wherein the spatial derivative is computed using a
“Laplacian filter”;



US 9,451,932 B2

31

parameter #2 : the local magnitude ratio between two
different beams;

(v) parameter #1: the ratio of local normalized magni-
tude spatial derivatives between two different
reflected beams, wherein the normalized spatial
derivative is computed by dividing the local output
of a “Laplacian filter” (applied to the local signal
magnitude) by the local signal magnitude;
parameter #2: the local magnitude ratio between two
different reflected beams; and

(vi) parameter #1: the ratio of the normalized magni-
tude spans between two different reflected beams,
wherein a normalized magnitude span is defined as
the difference between the maximal and minimal
magnitudes (with or without outlier rejection) within
alocal region, divided by the mean magnitude in said
region, wherein the local region is defined so that its
width is greater than its height;
parameter #2: the ratio of the normalized magnitude
spans between two different beams, wherein the
local region is defined so that its height is greater
than its width;

(b) Define a model for at least one of:

(1) the probability (or a simple function thereof, such as
the probability density function) for a voxel to be
substantially affected by clutter effects only;

(ii) the probability (or a simple function thereof, such
as the probability density function) for a voxel to be
substantially unaffected by clutter effects; and

(iii) the percentage of the energy within the correspond-
ing voxel that originates from clutter effects (or a
simple function thereof):

as a function of the compounding function parameter set
values or the values for a subset of the compounding
function parameter set (compounding model);

(c) Compute the compounding function parameter set for
each relevant voxel and/or its immediate vicinity, said
immediate vicinity being defined in space and/or in
time;

(d) For each relevant voxel, use the one or more com-
pounding models to estimate at least one of the fol-
lowing (or a simple function thereof):

(1) the probability for its being substantially affected by
clutter effects only;

(i1) the probability for its being substantially unaffected
by clutter effects; and

(i11) the percentage of the energy within the correspond-
ing voxel that originates from clutter effects.

11. The method of claim 1, wherein the compounding
function parameter is a generalized metric, wherein a com-
pounding function parameter set is a set of one or more
compounding function parameters to be used, wherein a
compounding function parameter subset is either a subset or
a full set of a compounding function parameter set, wherein
a compounding model is a model of at least one of:

(1) the probability (or a simple function thereof, such as
the probability density function) for a voxel to be
substantially affected by clutter effects only;

(11) the probability (or a simple function thereof, such as
the probability density function) for a voxel to be
substantially unaffected by clutter effects; and

(i11) the percentage of the energy within the corresponding
voxel that originates from clutter effects (or a simple
function thereof);

as a function of the compounding function parameter set
values or the values for a subset of the compounding
function parameter set, and
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wherein the compounding model may be defined in one of
more of the following ways:

(a) A predefined model, which may be theoretically deter-
mined and/or experimentally derived;

(b) A simplified adaptive model, based on an assumption
regarding the shape of the probability density function
for a voxel to be substantially affected (or substantially
unaffected) by clutter effects as a function of the
applicable compounding function parameter subset
(compounding model probability density function);

(c) An adaptive model, wherein the compounding model
probability density function is computed directly, with-
out any prior assumptions regarding the shape of the
probability density function.

12. The method of claim 11, wherein voxels that are
substantially unaffected by clutter are assumed to be more
ubiquitous than voxels that are strongly affected by clutter.

13. The method of claim 11, wherein the compounding
function parameter subset provides information regarding
the local clutter levels and/or the angular direction of the
primary source of the measured signal energy.

14. The method of claim 11, wherein the compounding
model probability density function is computed using all
relevant voxels in all frames at once.

15. The method of claim 11, wherein the dataset collected
by one or more reflected signals, in each time-swath or
frame, is organized in a 1D, 2D or 3D scanned data array,
and wherein the compounding model probability density
function is computed separately for each frame and/or each
group of voxels, wherein the groups of voxels are separated
in one or more scanned data array axes.

16. The method of claim 11, wherein the compounding
model probability density function is utilized for estimating
the local beam pattern within a given target region, and/or
features of that beam pattern.

17. A method of ultrasound imaging, said method com-
prising:

transmitting ultrasound radiation towards a target and
receiving reflections of the ultrasound radiation from a
region of the target in a main reflected signal and one
or more auxiliary reflected signals, wherein each one of
the reflected signals comprises an input dataset and is
associated with a beam with a different and distinct
beam pattern;

compounding the input datasets from the main reflected
signal and one or more auxiliary reflected signals, by
the use of a compounding function, said compounding
function using parameters derived from spatial analysis
of the input datasets, said compounding function
parameters being derived from at least one of:

(a) A local phase difference and/or magnitude difference
and/or magnitude ratio and/or complex signal ratio
between different receive beams, and/or functions of
one or more of the aforementioned parameters;

(b) Spatial functions of the local phase difference and/or
magnitude difference and/or magnitude ratio and/or
complex signal ratio between different beams;

(c) A local difference and/or ratio between spatial func-
tions of the local magnitude and/or phase and/or com-
plex signal in the different receive beams;

(d) Applying multiple temporal band-pass filters to the
local magnitude and/or phase and/or complex signal in
the different receive beams, applying spatial analysis to
the outputs of multiple temporal band-pass filters and
compounding the results;

(e) Applying multiple temporal band-pass filters to the
local phase difference and/or magnitude difference and/
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or magnitude ratio and/or complex signal ratio between
different receive beams, applying spatial analysis to the
outputs of multiple temporal band-pass filters and com-
pounding the results; or

(D Spatial-temporal functions of the local phase differ-
ence and/or magnitude difference and/or magnitude
ratio between different beams, wherein spatial deriva-
tives of the local phase difference and/or magnitude
difference and/or magnitude ratio between different
beams, are applied after local temporal filtering; or
wherein the local difference and/or ratio between spa-
tial functions of the magnitude and/or phase and/or
complex signal in the different beams are applied after
local temporal filtering,

wherein the compounding function parameter is a gener-
alized metric and is indicative of the probability for the
corresponding voxel to be substantially affected by
clutter effects only, as derived using certain physical
and/or physiologic assumptions,

wherein the generalized metric is a normalized general-
ized metric and is defined as real numbers whose values
range from 0.0 to 1.0, wherein the value 0.0 is assigned
to voxels that are substantially unaffected by clutter
effects, and the value 1.0 is assigned to voxels in which
substantially all of the measured signal emanates from
clutter effects, and wherein the normalized generalized
metric is the estimated probability for the correspond-
ing voxel to be substantially affected by clutter effects
only, and

wherein the compounding function is computed by a
linear combination of the outputs of another com-
pounding function and the main reflected beam signal,
wherein the weights are based on a normalized gener-
alized metric, and wherein the compounding function is
defined by the following equation:

Sma:'n - Wgaux

Sourl] = MSmain +M——

wherein S, ., is the local measured signal for the main
reflected beam; S,,, is the local measured signal for an
auxiliary beam, normalized so that the gain of the
auxiliary beam at an angular direction corresponding to
the center of the main receive beam would match that
of the main receive beam; m is a normalized general-
ized metric; S,,, is the clutter suppressed local signal;
and w is a local complex weight (clutter suppression
weight), which may be calculated for each voxel and/or
each frame or a subset thereof.

18. The method of claim 17, wherein the clutter suppres-

sion weight for each applicable voxel p and/or each appli-
cable frame n is estimated by the following steps:

(a) Define a region surrounding (F u), wherein the region
may be spatial and/or temporal (spatial-temporal
region);

(b) Set the clutter suppression weight for(p, n) to be a
function of at least one of:

(1) the values of one or more generalized metrics and/or
normalized generalized metrics within the spatial-tem-
poral region; and

(i) the local complex ratio between the signal for the main
receive beam, and the signal in one of the normalized
auxiliary receive beams, within the spatial-temporal
region (local complex main-auxiliary ratio).
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19. The method of claim 18, wherein the clutter suppres-

sion weight for (3, n) is set to the local complex main-
auxiliary ratio for the voxel within the spatial-temporal
region, whose generalized metric and/or normalized gener-
alized metric values are most indicative of significant clutter
effects;

wherein the computation of the clutter suppression weight
is based on the following assumptions:

(a) The clutter signal contribution changes slowly
enough in space and/or in time, such that it is
approximately constant within small spatial-tempo-
ral regions; and

(b) Speckle effects in ultrasonic imaging cause local
variations in the clutter free signal levels even for
approximately homogeneous tissue regions, such
that one may expect at least one of the voxels in the
spatial-temporal region to include low free signal
levels.

20. The method of claim 1, wherein the dataset collected
by one or more reflected signals, in each time-swath or
frame, is organized in a 1D, 2D or 3D scanned data array,
wherein at least one of the following post-processing steps
is applied to the output of the compounding function:

(a) For each applicable entry into the scanned data array
and/or each applicable frame, replace the output of the
compounding function with the corresponding voxel of
the main receive beam if a certain criterion is met;

(b) For each applicable entry into the scanned data array
and/or each applicable frame, replace the local output
of the compounding function with the mean signal,
weighted mean signal or median signal within a small
local region of the compounding function output,
defined in space and/or in time; and

(c) For each applicable entry into the scanned data array
and/or each applicable frame (current voxel), apply the
following process:

(i) Define a block within the scanned data array,
approximately centered at the current voxel (data
block), wherein said block may be one-dimensional,
two-dimensional, three dimensional or four-dimen-
sional;

(i1) For each of the main receive beam and the output
of the compounding function, calculate the mean
magnitude or the weighted mean magnitude within
the data block, including or excluding the current
voxel, and divide the result by the magnitude of the
current voxel or by the mean magnitude in a smaller
block within the scanned data array; and

(iil) Replace the value of the current voxel within the
compounding function output by one of: the value of
the corresponding voxel in the main receive beam,
the mean signal, weighted mean signal or median
signal within the data block of the compounding
function output; if the ratio between the output of
step (ii) for the main receive beam and for the output
of the compounding function is higher-than or lower-
than than a predefined constant.

21. The method of claim 1, wherein a plurality of main
receive beams are used concurrently, and wherein at least
one of the following:

(a) A compounding model probability density function;

(b) A generalized metric and/or a normalized generalized
metric;

(c) A clutter suppression weight; and

(d) The compounding function;

1s computed in at least one of the following ways:
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(1) Employing each pair of main receive beam and
associated auxiliary receive beam used (main-auxil-
iary beam pair) separately; and

(ii) Once for at least two main-auxiliary beam pairs,
wherein transformations are applied to data relating 5
to each main-auxiliary beam pair.

22. The method of claim 1, wherein the input datasets
from the main reflected signal and the one or more auxiliary
reflected signals are in one of the following forms:

(a) Analog signal; or 10

(b) Digital signal.

23. The method of claim 1, wherein the input datasets
from the main reflected signal and the one or more auxiliary
reflected signals are in one of the following forms:

(a) Real representation; or 15

(b) Complex representation.

24. The method of claim 1, wherein the input datasets
from the main reflected signal and the one or more auxiliary
reflected signals are taken from at least one of the following
processing phases of ultrasound scanners: 20

(a) Before matched filtering and before down-conversion;

(b) Before matched filtering but after down-conversion;

(¢) After matched filtering but before down-conversion;

(d) After matched filtering and after down-conversion.
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