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(7) ABSTRACT

Ultrasound imaging at high spatial resolution that makes use
of both magnitude and phase of echoes in an image recon-
struction process that applies unique constraints to a fitting
of echoes from the object of interest to echoes from an array
of known scatterers.
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DEEP TISSUE SUPER-RESOLUTION
ULTRASOUND IMAGING METHOD AND
SYSTEM

CROSS-REFERENCE TO PRIOR
APPLICATIONS

[0001] This application is a continuation, with added
subject matter, of International Application PCT/US17/
61501 filed Nov. 14, 2017 and claiming priority to U.S.
Provisional Application Ser. No. 62/425,336 filed on Nov.
22,2016. The application claims priority to and incorporates
by reference the entire contents of said International and
Provisional applications.

FIELD

[0002] This patent application pertains to ultrasound
imaging of objects, especially in medical imaging, and more
specifically relates to imaging at high spatial resolution that
makes use of both magnitude and phase of echoes in an
image reconstruction process that applies unique constraints
to a fitting of echoes from the object of interest to echoes
from an array of known scatterers.

BACKGROUND

[0003] Super-resolution imaging or sub-wavelength imag-
ing has become a popular domain of research particularly in
medical imaging. Over the past couple of decades, the world
of imaging has seen drastic improvement in the resolution as
well as image quality with the help of improved hardware
and efficient image processing algorithms. Ultrasound can
be a preferred medical imaging modality due to its non-
ionizing, non-invasive and relatively inexpensive nature. A
desire to achieve high resolution in ultrasound imaging
comparable to that of MRIs, CTs and X-ray tomography, has
fueled extensive research aimed at improving resolution and
speed of acquisition of ultrasound images. High frequency
ultrasonic imaging systems often termed ultrasonic biomi-
croscope or UBM have become popular for imaging shallow
tissue structures such as the skin and eyes as well as small
animals. The UBM systems work at frequencies between
30-60 MHz and sometimes higher.

[0004] Over the past few years, compressive sensing [1]
[2], deconvolution [3] [4] and adaptive/minimum-variance
beamforming [5-9] have been researched and applied to the
field of medical imaging. Compressive sensing, which is
based on assuming sparsity at certain steps during the
imaging process, has helped reduce the amount of data
accrued and/or used for image reconstruction. It can be done
in a few ways: a) By assuming a sparse scatterer distribution
or b) assuming sparsity in the beamformed RF image or c)
utilizing sparse RF data at the receiver [10-11]. The sparse
scatterer map based compressive sensing methods discussed
in [12] integrate single plane wave transmission for high
frame rate imaging while achieving resolution comparable
to that of conventional ultrasound. Another technique called
Xampling [13-14], has imaged macroscopic perturbations
from real cardiac ultrasound data with reduced speckle
content. The authors in [15] and [16] discuss image recon-
struction from sub-sampled raw RF data and present results
that have comparable resolution to conventional ultrasound
while using less than 30% of the original RF samples
acquired before beamforming. Adaptive beamforming tech-
niques have demonstrated improvement in image resolution
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with the help of reduced main lobe width and low side lobe
levels. Adaptive beamformers calculate the weights for
receive apodization based on the recorded data rather than
using pre-calculated values. The authors in [5] and [6] report
better resolution compared to delay-and-sum beamformers
while using a smaller aperture and parallel receive beam-
forming by a minimum variance beamformer method. These
and other techniques aim to achieve resolution equivalent to
conventional ultrasound while reducing the RF data required
for reconstruction. Super-resolution (SR) or submillimeter
imaging, on the other hand, aims at reducing the dependence
of resolution on pulse shape and width as well as the
presence of speckles to achieve higher resolution.

[0005] There are super-resolution techniques that obtain
images by combining many low resolution images and
applying post image processing techniques. Super-resolu-
tion through time reversal acoustics can also be achieved
due to the random nature of inhomogeneous media. Authors
of [17] and [18] report results that indicate sub-wavelength
imaging through time reversal acoustics. The phase-coher-
ent multiple signal classification (MUSIC) method dis-
cussed in [19] is said to improve ultrasound resolution to a
quarter of a wavelength. This method assumes a grid size
smaller than the transducer length and the results are pre-
sented for frequencies in the 4-11 MHz range and at a depth
of a couple centimeters. Several research groups [20-22]
have used gas micro-bubbles for submillimeter ultrasound
imaging in vascular systems that are in the near-field of
imaging (few millimeters) and report tenfold improvement
in resolution compared to conventional ultrasound. Another
research group [23] reports improving the temporal resolu-
tion and acquisition times seen in ultrasound localized
microscopy by applying a super-resolution optical fluctua-
tion imaging method. Research presented in [24] discusses
a blind 2-D deconvolution technique based on an improved
phase-unwrapping technique applied to the pulse estimation
and reports images with sharper tissue boundaries when
compared to the images before deconvolution. Another
group of authors [25] describes a methodology that consists
of performing parametric modeling on the Fourier transform
of the Hilbert transform of the RF data and achieves sub-
wavelength resolution at higher frequencies (20 MHz in
their results). Clement et. al [26] describe a super-resolution
image recovery technique based on Fourier spatial fre-
quency spectrum analysis of the signals that are backpro-
jected in the wave-vector domain to the focal plane. Their
technique is used to estimate the size and location of the
object and were able to detect a human hair with diameter
0.09A at 4.7 MHz at a few tens of millimeters depth.
[0006] Additional techniques for supper-resolution and
related processing are discussed in [33]-[38], and some are
understood to involve using modeling in which initial
echoes from a model are processed with echoes from an
actual object to ultimately generate an image of a region of
interest in the object.

[0007] Most of the techniques referred to above aim for
high resolution for superficial tissue imaging/characteriza-
tion rather than deep tissue imaging at depths of a few
hundred wavelengths.

SUMMARY

[0008] An object of the new approach described in this
patent specification is super-resolution ultrasound imaging
that involves the pre- and post-processing that estimates
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ultrasound images of an actual object from information
derived from a priori knowledge of a sensing matrix. The
desired images can be formed from the echoes (RF data)
after only a single plane wave excitation of the object with
the help of a least squares with novel constraints. The
process can be extended to 3D.

[0009] One embodiment comprises an ultrasound trans-
ducer that sends ultrasound into an object from plural
sending transducer elements and receives echoes from the
object at fewer but no less than two elements of the
transducer, without apodization or beam forming. A com-
puter memory stores a sensing matrix of reflectance coefli-
cients that when applied to an array of known scatterers
produces echoes that said fewer receiving elements of the
transducer receive or would have received from the scatter-
ers in response to ultrasound that is the same as or approxi-
mates the ultrasound the transducer sends into the object. A
computer processor estimates ultrasound properties of loca-
tions in the object that spatially relate to said array of
scatterers by applying a bounded least squares estimation
process to fit the echoes received from the object to a
combination of the sensing matrix and properties of said
location in the object. The estimation process constrains the
properties of the locations in the object to positive values
between zero and one. The computer then produces and
displays an ultrasound image of the object as a function of
said estimated ultrasound properties.

[0010] Another embodiment is an ultrasound imaging
system comprising an ultrasound transducer having an array
of transducer elements configured to detect both amplitude
and phase of echoes from an object at fewer but not less than
two of the transducer elements from which the transducer
has sent ultrasound into be object to cause said echoes, a
computer memory storing reflectance coeflicients that when
applied to an array of known scattering locations results in
echoes that were or would have detected at said fewer
transducer elements caused by ultrasound the transducer is
configured to send into the object, and a computer processor
configured to estimate ultrasound properties of locations in
the object that spatially relate to said array of scatterers by
applying a bounded least squares estimation process to fit
the echoes received from the object to a combination of the
sensing matrix and properties of said location in the object.
The estimation process is configured to constrain the prop-
erties of said locations in the object to positive values
between a minimum and a maximum. The computer pro-
cessor is further configured to produce and display an
ultrasound image of the object as a function of said esti-
mated ultrasound properties. The constrained values can
range from zero to one.

[0011] This patent specification further describes an ultra-
sound imaging method comprising sending ultrasound into
an object from plural transducer elements and receiving
echoes from the object at fewer but no less than two of the
transducer elements, without apodization or beam forming,
providing a sensing matrix that when applied to an array of
known scatterers produces echoes that said fewer transducer
elements receive or would have received from the scatterers
in response to ultrasound approximating the ultrasound sent
into the object, carrying out a bounded estimation process
with a computer to fit the echoes received from the object to
a combination of the sensing matrix and properties of
locations in the object spatially related to said scatterers,
wherein said estimation process is configured to constrain
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the properties of said locations in the object to positive
values between zero and one, and producing and displaying
an ultrasound image of the object as a computer-calculated
function of said estimated ultrasound properties.

[0012] In another embodiment, an ultrasound imaging
process comprises detecting both amplitude and phase of
echoes from an object at fewer but not less than two of plural
transducer elements from which ultrasound has been sent
into the object to cause said echoes, providing a sensing
matrix that when applied to an array of known scatterers
produces echoes that said fewer transducer elements receive
or would have received from the scatterers in response to
ultrasound approximating the ultrasound sent into the object,
carrying out an estimation process with a computer pro-
grammed to fit the echoes received from the object to a
combination of the sensing matrix and properties of location
in the object spatially related to said scatterers through a
bounded least squares process, wherein said estimation
process is configured to constrain the properties of said
locations in the object to positive values between a mini-
mum and a maximum, and producing and displaying an
ultrasound image of the object as a computer-calculated
function of said estimated ultrasound properties. The posi-
tive values can range from zero to one.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1 illustrates an object, an ultrasound trans-
ducer, and an array of scaterrers superimposed on a region
of interest on the object to provide a sensing matrix used in
estimating an ultrasound image of a region of interest in the
object.

[0014] FIG. 2 illustrates an example of creating a sensing
or imaging matrix.

[0015] FIG. 3 illustrates an example of creating columns
of sensing or imaging matrix A by compressing RF data
matrix B, by projecting the rows of B, onto a random vector
of positive 1’s and negative 1 ’s.

[0016] FIGS. 4a-4¢ illustrate a comparison of the esti-
mated images using two receive channels, where 4a shows
the actual reflectivity pattern, 4 shows the estimated image
using least squares without bounds, and 4c shows the
estimated image using least squares with bounds.

[0017] FIGS. 5¢ and 5 & show simulation results using a
diagonal row of scatterers, where 5a is an actual reflectivity
pattern and 54 is the estimated image using bounded least
squares and two receiving channels.

[0018] FIGS. 6a and 65 are plots showing mean squared
error vs (6a) frequency (65) number of excitation cycles.
[0019] FIG. 7a shows an Axial Point Spread Function and
FIG. 7b shows a Lateral Point Spread Finction.

[0020] FIGS. 8a, 85, and 8¢ illustrate experimental results
for an object with two wires separated by 0.8 mm laterally,
where 8a shows a conventional B-mode ultrasound image of
the object with the wires on left and a magnification of the
wire image at right, 85 and 8¢ show magnified images of the
wires using the imaging technique described in this patent
specification, at one location in 85 and at another location in
8c.

[0021] FIGS. 9a, 95, and 9¢ illustrate additional experi-
mental results for an object with two wires separated by 0.8
mm laterally and axially, where 9a shows a conventional
ultrasound image of the object with the wires on left and a
magnification of the wire image at right, 95 shows an
interpolated image of the two wires separated by 0.8 mm
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using the new approach described in this patent specifica-
tion, and 9c shows the wires at a different location.

[0022] FIGS. 10a, 105, 10¢, and 10d shows results of an
experiment where fishing wires are placed randomly: 10a
shows a magnification of a conventional ultrasound image
with three wires, 105 shows an image of the three wires
produced as described in this patent specification, 10¢ shows
a magnification of four wires in a conventional ultrasound
image, and 104 shows an image of the four wires produced
with the new approach of this patent specification.

[0023] FIGS. 11a and 115 illustrate further experimental
results: 11a shows a conventional ultrasound image of two
wires separated by 0.8 mm passing through beefsteak (full
image on left and magnification on right) and FIG. 115
shows an image of the same object produced with the new
approach described in this patent specification.

[0024] FIG. 12a shows further experimental results using
the new approach described in this patent specification on
the same object (two wires separated by 0.8 mm in a
beefsteak): 12a shows a single frame image and FIG. 125
shows an averaged image, over several frames.

[0025] FIG. 13 illustrates main steps of an example of
estimating ultrasound properties of locations in an object.
[0026] FIG. 14 is a block diagram of a system for esti-
mating ultrasound properties of locations in an object.
[0027] FIG. 15 illustrates in schematic form an ultrasound
transducer having a row of transducer elements.

[0028] FIG. 16 illustrates sending and transmitting ele-
ments of an ultrasound transducer suited for use in some
applications of an ultrasound system according to certain
embodiments.

DETAILED DESCRIPTION

[0029] A detailed description of examples of preferred
embodiments is provided below. While several embodi-
ments are described, the new subject matter described in this
patent specification is not limited to any one embodiment or
combination of embodiments described herein, but instead
encompasses numerous alternatives, modifications, and
equivalents. In addition, while numerous specific details are
set forth in the following description to provide a thorough
understanding, some embodiments can be practiced without
some of these details and even without all of the described
details. Moreover. for clarity and conciseness, certain tech-
nical material that is known in the related technology have
not been fully described in detail, to avoid unnecessarily
obscuring the new subject matter described herein. It should
be clear that individual features of one or several of the
specific embodiments described herein can be used in com-
bination with features of other described embodiments or
with other features. Further, like reference numbers and
designations in the various drawings indicate like elements.
[0030] Referring to FIG. 1, an ultrasound transducer 102
has plural transducer elements such as 48 elements and is
acoustically coupled with an object or body 104 and con-
figured to send transmitted ultrasound such as a plane wave
into object 104 from all the transducer elements, without
apodization of beam forming. Transducer 102 detects echoes
from object 104 at fewer but not less than 2 of its elements,
for example at the two end elements in the case of a linear
array of 48 elements. The transducer can have a different,
typically greater, number of transducer elements, and can
detect echoes at more than two of the elements so long as the
detecting elements are fewer, and typically much fewer, than
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the elements that transmit ultrasound into object 104. And,
the transducer elements can be arranged other than in a
linear array, for example in plural linear arrays, in one or
more curved arrays, or in a 2D pattern that can be periodic
or non-periodic. Also illustrated in FIG. 1 is a grid 106
defining an array of scatterers or scattering points 106a
spaced from each other in one direction by distances dx and
by distances dz in another direction. Distances dx and dz can
be the same or different. Grid 106 can be square as illus-
trated, or rectangular, or in some other shape, and can be
periodic as illustrated or non-periodic, and can be defined in
a coordinate system other than an x-z system, such as in
polar coordinates. Grid 106 is a notional rather than an
actual grid and, as described below, is used in estimating an
ultrasound image representing locations in object 104 that
spatially match locations of scatterers 106a when grid 106 is
notionally superimposed on a region of interest in object
104.

[0031] In principle, the new approach described in this
patent specification derives or provides a sensing matrix
that, when applied to a known array of scatterers, results in
echoes that those scatterers produce or would have produced
in response to ultrasound that approximates the ultrasound
that transducer 102 sends into object 104. A process with
unique bounding fits the echoes received from the object to
a combination such a product of the sensing matrix and
ultrasound properties of locations in the object that spatially
relate to said scatterers, and produces an ultrasound image of
a region of interest that comprises said locations in the
object. The process can include bounded least squares
operation that constrains the properties being estimated to a
range of positive values such as zero to one. An image of a
region of interest in the object is produced as a function of
the estimated ultrasound properties.

[0032] First, a theoretical basis is laid out below, followed
by implementation examples.

[0033] A few essential equations are described below. A
fluid model is assumed for propagation of ultrasound waves,
so the waves that travel in a medium used in this discussion
are longitudinal in nature and have an associated wavenum-
ber k=w/c, where w=2nf and f is the spatial frequency.
Particle velocity in the medium is given by

_1314
"=

where u is the particle displacement. For convenience, the
particle velocity is also expressed as the gradient of velocity
potential, V¢p. The pressure is then given by

a¢
P——PE-

[0034] The plane wave equation (three dimensional) that
governs acoustic propagation in an ideal medium is given by
[27]:

3 M

V2, . 2. 1) - F5a006).50=0
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where c is the propagation velocity in the medium. ¢(x, v, z,
t) 1s the pressure or the velocity potential at the location (X,
y, z). The Helmholtz wave equation in (1) is in general
assumed to be linear and time shift invariant in both time and
space. In the frequency domain, Eq. (1) can be expressed as,

V2q+i2qp=0 )

[0035] where ¢ is the Fourier transform of ¢. k is the
wavevector and can be broken down into its projections in
the x, y, and z directions as kzzkx2+ky2+k22. Analogous to
the time domain waveform having a spectrum consisting of
a collection of frequencies, the acoustic field of a transducer
has an angular spectrum of plane waves [28]. As such, a
Fourier transform relation can be established between the
amplitude of the source and the spatial frequency distribu-
tion as discussed in Szabo [29].

[0036] The finer details of an object are often recovered
from the higher spatial frequencies. In a way, the imaging
system acts as a filter where the resulting signal is a
convolution of the object, g, with the point spread function
of acoustic system, say h. A mathematical model describing
the imaging process is shown in Eq. (3).

y=hix)*g(x) &)

In the frequency domain, this equation becomes,
Y=U()G(f) )

where H is called the modulation transfer function (MTF),
G is the Fourier transform of g and Y is Fourier transform
of y. Due to the finite aperture size of the transducer, there
is a low-pass cutoff frequency above which information is
typically lost. Typically, the MTF has spectral notches (or
zeros) rendering the convolution operation in Eq. (3) non-
invertible. Consequently, only the spectral components
below the first spectral notch (i.e., spatial frequency com-
ponents below the diffraction limit) can be uniquely recov-
ered. During the measurement process in most imaging
systems, only coarse features of the object g are obtained,
thus not being able to resolve the finer details. Per results
presented in [30] by Hunt, when a wave is reflected by a
scatterer, it introduces high frequency spatial content which
affects the spatial frequencies below the cutoff spatial fre-
quency w/c. As such the problem of super-resolution is one
that involves recovering the fine details of an object being
imaged with the coarse measurements from the spectrum
below the cut-off spatial frequency.

[0037] Workreportedin [30-31] informs that super-resolu-
tion can be achieved if certain conditions like positivity,
compactness, or sparsity are assumed for the support of the
signal g during the process of image reconstruction. In some
cases, this has been achieved with the help of a priori
information [12], [26], and [31]. This can be recognized as
a starting point for the sub-wavelength ultrasound imaging
technique described in this patent specification.

[0038] A discussion follows of main steps of an example
of image reconstruction per principles described in this
patent specification.

[0039] The analysis of ultrasound systems [29] begins
with the pulse-echo equation of the echo, r(t), as given in Eq.

(3).
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fa ©)
h f)zf f f (x, ¥, nir=2c DB, y, 2)dxdydz
C oo vt

where §*(X, v, 2)=74(X, ¥, 7). d(x, ¥, 7) is the transducer field
pattern, c is the speed of sound in the medium, and k is the
wavenumber. L, accounts for the attenuation in the medium
being imaged. R (x, y, z) is the scatterer strength or reflec-
tivity. In traditional B-mode ultrasound, only the magnitude
of the received signal R (x, y, z) is used during image
reconstruction to form each A-line. But in the super reso-
lution ultrasound system described in this patent specifica-
tion, both the phase and amplitude are used for the image
reconstruction process. In the technique example described
below, a plane wave is sent out from a linear transducer array
and the received echoes are stored without applying
apodization or beamforming and thus being able to conserve
the phase information.

[0040] Consider the case of two-dimensional imaging in
the x-z plane where the axis of propagation is in the z
direction (refer to FIG. 1). A transducer 102 sends a plane
wave ultrasound into an object 104 (a medium such as
tissue). A two-dimensional grid 106 of scatterers 1064 is
formulated to overlay the object with N, and N, as the
dimensions in the x and z directions, respectively. We then
define a reflectivity matrix Ry, where each element r,
corresponds to a reflectivity ofa pomt scatterer 106a in the
object at every grid point x, and z,. A column vector X,y .t
is then formed by concatenating the columns of the matrix
R# as shown below, where R # is the i column of the matrix.

R
R

AN Nx1 =

Ry

[0041] Now we form a sensing or imaging matrix A. The
matrix A can be described as a set of column vectors that
correspond to the spatial impulse response (or signal
received by the transducer array, which can be called echoes
detected or received by transducer 102) when only one point
scatterer 1064 with maximum reflectivity is present in the
object as shown in Eq. (6). Let us assume that the array has
N receive channels and each channel takes a total of N
samples per frame per acquisition. The imaging matrix A is
then of the size N Ng by N N,. For example, a column
vector ANCNlel corresponds to the signal samples (echoes)
received by the transducer array 102 from a point scatterer
1064 located at (1,1) on the grid of size (N, N,).

[0042] FIG. 2 illustrates the formation of one column
vector of sensing or imaging matrix A. Since matrix A is
calculated prior to the process of imaging an object 104, it
can be considered a priori information. The sensing or
imaging matrix can be written as below,

. /IMNZ]NCNSxNxNZ (6

The received RF data (echoes) from grid points of any target
phantom will be a linear combination of the vectors in the
imaging matrix A. From here the imaging model can be
formulated as shown below,

A=[A422. .

=, ¢ T
Y Vgt “ANNoN N AN N e FEN N g1 @)
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[0043] where E is a column vector of samples of white
Gaussian noise process with covariance matrix Cx, Y is the
measured raw RF data, and X is a column vector of
reflectance coeflicients to be estimated. Estimation in the
ultrasound imaging method in this example is carried out
using the least squares estimation algorithm, which finds an
estimate of the column vector X, ‘nx that minimizes
L2-norm of the error term e=AX-Y as shown in Eq. (8).

K1 = aIngiI(HAX ) ®

Even though the unbounded least-squares estimation
method in Eq. (8) may be computationally efficient as
compared to other methods (e.g., sparsity enhancing esti-
mation methods), it may prove non-robust under certain
conditions when the imaged object deviates from the
assumed imaging model in Eq. (7). Examples of such
deviations are scatterers outside the region of interest (or
scatterers outside the grid), point scatterers not aligned with
grid intersections, reverberations and dispersion in the
imaged object, and non-stationary noise. To improve the
performance of the estimation algorithm in (8), a weighted
least-squares may be used instead as shown in Eq. (9), where
the less accurate observations y, of the received vector Y are
weighted to produce smaller effect on the estimation of X.

NeNg ©)
X pon,x1 = argmir Z W,(s,f L0=w =1
- X

[0044] Another way to improve the performance of the
estimation method in (8) is to use a bounded least-squares
estimation method where the estimates of the reflectance
coeflicients are bounded to some region [a,b] as shown in
Eq. (10). For example, the estimated reflectance coeflicients
may be bounded to positive values from zero to one.

Raw 1 = argmin(lAX - YI3) (10)

Xelab]

[0045] The discussion below and FIG. 4 illustrate that
bounded least squares method is a preferred technique for
estimation of the image coefficients in X when compared to
the case of unbounded least squares.

[0046] Lastly, further improvement in the reflectance coef-
ficients estimation may be achieved by using an additional
L1-norm in the cost function as shown in Eq. (11), where the
weighting coeflicient A is a regulation parameter. This
estimation method takes advantage of sparsity in scatterer
distribution in typical ultrasound images and is known as
LASSO estimation method, [39].

R nint = acgmin(lAX — YIE + X, ) (1n
Xelab]
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[0047] The sensing or imaging matrix A is typically ban-
dlimited (or sparse in 2-D frequency domain) and can be
‘compressed’ to a smaller rank matrix without losing too
much of the information available in RF data (echoes).
Therefore, in another embodiment described in this patent
specification, the sensing or imaging matrix A can be
obtained by compressing the RF data (echoes) from N
transducer channels each taking N samples to a fewer
number of samples as described below. For each point in the
grid at the location (x,, z,) the RF signal from N transducer
elements of the ultrasound probe is either pre-calculated or
experimentally determined forming a matrix B,; of the size
N by N, where N is the total number of samples received
by one transducer element (note that each grid point will
have different matrix B unique to that grid point). The
corresponding column A* of the imaging matrix A is then
formed by compressing matrix B, with the use of a linear
operator £ as shown in Eq. (12), where the column vector
A¥is of size Nx1 (N=N_Ny).

AZlek:’L {BNCXN;‘/'} (12)

[0048] This reduces the size of the estimation problem and
associated computational costs. An example of the RF data
compression and formation of one column vector of the
compressed imaging matrix A is shown in FIG. 3. As shown
in the figure, the rows of the RF data matrix B, are projected
onto a pseudo-random vector of 1's and -1’s of size N .x1
(i.e., each sample a,,, of the column vector A” is calculated
as an inner product between an m” row of B,; and m™
pseudo-random vector of 1°s and -1’s). Note that the

pseudo-random vectors can be different for each row of B,.

[0049] Simulation results described below have confirmed
the theoretical explanation given above for the new
approach to super-resolution ultrasound imaging. Simula-
tion were set up with the help of the open source Acoustics
toolbox from k-wave [32] along with MATLAB (Mathworks
Inc, Natick Mass.). A two-dimensional (x-z) grid was set up
in a simulated object or medium with properties similar to
homogeneous tissue (c=1540 m/s and density=1000 kg/m?).
The simulated scatterers were placed at a depth close to 5
cm. The simulated excitation signal consisted of a 5-cycle
sinusoid with center frequency 1.875 MHz, windowed by a
Gaussian profile to mimic the signal emitted from a trans-
ducer such as 102 (FIG. 1) upon excitation. In this example
the technique uses plane wave excitation, and no apodiza-
tion or focusing was applied on either transmit or receive.
The acoustic source (such as transducer 102 in FIG. 1) used
for simulations was assumed to have 48 active elements on
transmit and 2 active elements on receive. Using one chan-
nel alone may be sufficient for imaging in 1-D but for 2-D
imaging, at least two receive channels (such as for example
the two end elements of transducer 102) are desirable so as
to provide accurate estimations in the presence of system
noise. In case of 2-D imaging, the signal received by one
element of the array of transducer elements from a scatterer
such as 106a at one depth may appear the same as the signal
received from a different scatterer at another point that lies
on the arc intersecting the first point. As such, a better
estimate will be provided if at least two transducer channels
(elements of transducer 102) are used to track the point
scatterer 1064 in the medium.

[0050] In the simulation examples, firstly the impulse
response of each point in a grid of size Nx=11 and Nz=5 was
stored in computer memory. For simplicity, uniform grid
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spacing of 0.4 mm was considered even though the algo-
rithm used in the simulation does not require uniform grid
spacing in both dimensions. Next, an object (phantom)
consisting of scatterers of higher density and acoustic speed
than the surrounding medium was excited using the afore-
mentioned transducer and excitation signal. The phantoms
were constructed as disc structures with an acoustic speed of
3000 m/s. After receiving the echoes (RF data), image
reconstruction was performed using the bounded least
squares estimation equation shown in Eq. (10) with bounds
from zero to one.

[0051] The importance of using least squares with bounds
is shown in FIG. 4, where the figures show a comparison
between unbounded and bounded least squares estimation.
The columns of the imaging matrix A are highly correlated
and as a result any response from the phantom that is not
perfectly aligned with one of the columns of the matrix A
will have non-zero projections onto more than one column
vector of the matrix A. For example, if the scattering point
of the phantom is located off the grid, its response will
project not only onto the impulse response from the nearest
neighbors, but rather onto impulse responses from a large
neighborhood. As a result, similar to the linear deconvolu-
tion methods the decoded image with unbounded least-
squares estimation exhibits widely spread point spread func-
tion indicating poor resolution.

[0052] Super-resolution can be achieved if the conditions
of positivity and compactness are met [30], which is why the
images estimated using bounded least squares achieve
super-resolution. Additional simulations were run for
increasing number of point scatterers 106a and various
patterns confirming that least squares estimation with
bounds as described in this patent specification provides a
good estimate of the target phantom (object) provided at
least two channels (elements of transducer 102) are used.
FIGS. 5a and 5b show the estimated image of a diagonal line
of scatterers (FIG. 5(b)) in comparison to the actual reflec-
tivity pattern (FIG. 5(a)). Here two receive channels were
used for decoding.

[0053] Further simulations were run with an increasing
number of receiving channels. In the absence of noise,
adding more than two channels did not provide substantial
improvement to image reconstruction quality for the setup
used in the simulations. Still other simulations were run to
investigate the effects of grid size and change in frequency
on the image reconstruction. The results shown in FIG. 6(a)
indicate that increasing the frequency for a grid size of 0.4
mm at a given depth of 4.86 cm decreases the mean squared
error (MSE) of the estimated images. At frequency of 8§ MHz
and 16 MHz, the error starts to flatten out since attenuation
starts becoming prominent. From simulations, we see that
excitation frequency and grid spacing (dx, dz) follow the
same error trend. For example, reducing the frequency by a
factor of two is similar to reducing the grid size by a factor
of two. As shown in FIG. 6(b), the MSE also increases with
increasing number of cycles in the excitation signal which
goes hand in hand with the fact that resolution decreases as
the spatial pulse length increases where spatial pulse length
is the product of number of cycles and excitation wave-
length.

[0054] FIGS. 7a and 7b shows the point spread function
(PSF) of the simulated ultrasound system by sweeping over
a point in the axial direction. The axial PSF has a full width
half maximum (FWHM) of 0.1264 mm at the excitation
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frequency of 1.865 MHz. The lateral PSF has a wider profile
as expected, indicating lower resolution compared to axial
resolution. The lateral PSF has a FWHM of 0.436 mm.
[0055] Experimental results further confirmed the new
approach described in this patent specification. Experiments
were performed using Verasonics V1 ultrasound scanner
(Verasonics, Inc. Kirkland Wash. 98034) connected to a
96-channel phased array ATL probe, P4-1 (ATL Ultrasound,
Inc., Bothel Wash. 98041). Only the first half of the aperture
(48 channels) was used for transmission while two channels
from the same aperture are used on receive. Only the first
half of the transducer aperture (14.16 mm of total aperture
size of 28 mm) was used on transmission, to ensure imaging
in the far field region while maintaining a sufficiently high
signal to noise ratio (SNR). As in the simulations, only two
channels were used on receive to uniquely recover the 2-D
target. The ultrasound phantom consisted of fishing wires in
a tank filled with degassed water. The fishing wires are made
of nylon and are of 0.2 mm in diameter. The probe was
placed perpendicular to and roughly 8.9-9.2 ¢cm above the
fishing wires. The excitation frequency was set to 1.875
MHz corresponding to a wavelength of 0.833 mm for
acoustic speed of 1540 m/s. Raw RF data (echoes) was
collected and then passed through a FIR bandpass filter in
MATLAB which removes noise outside the bandwidth of
interest. This was followed by the image reconstruction
algorithm. No apodization, focusing and beamforming were
applied. The grid size used for the experiments was similar
to the dimensions in the simulation setup and was large
enough to cover the phantoms used for the experiments.
[0056] The experiments used were done in two-dimen-
sions i.e. the x-z plane as illustrated in FIG. 1, as extension
to 3 dimensions can be achieved by extending grid 106 (in
FIG. 1) to 3D space. The sensing or imaging matrix A was
populated using a simple Nz=5, Nx=11 grid spanning 2 mm
axially and 4.4 mm laterally, where each grid intersection
represented a point scatterer. The grid points were taken 0.4
mm apart in the axial and lateral directions.

[0057] The first two-dimensional image involved two fish-
ing wires separated by 0.8 mm laterally. The results are
shown in FIGS. 8a, 85, and 8¢, where 8a shows a conven-
tional B-mode ultrasound image of the object with the wires
on left and a magnification of the wire image at right, and 86
and 8¢ show magnified images of the wires using the
imaging technique described in this patent specification, at
one location in 85 and at another location in 8¢. Some
background noise is visible in the images and can be reduced
by averaging the reconstructed images. Note that the axes of
the magnifications of the conventional ultrasound images
shown in the figures are units of wavelength.

[0058] FIGS. 9a, 95, and 9c illustrate additional experi-
mental results for an object with two wires separated by 0.8
mm laterally and axially, where 9a shows a conventional
ultrasound image of the object with the wires on left and a
magnification of the wire image at right, 95 shows an
interpolated image of the two wires separated by 0.8 mm
using the new approach described in this patent specifica-
tion, and 9¢ shows the wires at a different location.

[0059] FIGS. 10a, 105, 10¢, and 104 shows results of an
experiment where fishing wires are placed randomly: 10a
shows a magnification of a conventional ultrasound image
with three wires, 106 shows an image of the three wires
produced as described in this patent specification, 10¢ shows
a magnification of four wires in a conventional ultrasound
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image, and 104 shows an image of the four wires produced
with the new approach of this patent specification. Addi-
tional imaging was done of three and four wire phantoms
using a 9x11 (Nz=9, Nx=11) grid which spanned 3.6 mm
axially and 4.4 mm laterally. The area outlined in the box in
FIGS. 104 and 10¢ approximates the area shown in FIGS. 10
(b) and (d) respectively.

[0060] FIGS. 11a and 115 illustrate further experimental
results: 11a shows a conventional ultrasound image of two
wires separated by 0.8 mm passing through beefsteak (full
image on left and magnification on right) and FIG. 115
shows an image of the same object produced with the new
approach described in this patent specification. The speed of
sound in water is roughly 1540 m/s and has an acoustic
impedance of 1.483 g/cm” secx10° and density equal to 1
g/em®. Acoustic waves get reflected or refracted at bound-
aries between objects with different acoustic properties. For
a real-life ultrasound imaging scenario, an experiment was
performed to see the resolution capability of the technique
behind living tissue. This was performed using a piece of
steak of 1 cm thickness. Beef has an acoustic impedance of
1.68 g/cm?® secx10® and density of 1.08 g/cm®. As can be
seen in FIG. 115, the signal is attenuated due to the tissue
layer above the wires while the resolution is clearly main-
tained.

[0061] FIG. 12a shows further experimental results using
the new approach described in this patent specification on
the same object (two wires separated by 0.8 mm behind a
beefsteak): 12a shows a single frame image and FIG. 126
shows an averaged image, over several frames. The images
presented before FIGS. 12¢ and 125 were not averaged. In
order to reduce the noise present in the estimated images,
averaging over multiple frames has proven to help. FIG. 125
shows the estimated image from the experiment with steak
after 15 averages in comparison to a single frame of the
image.

[0062] FIG. 13 illustrates main step of a process for
estimating ultrasound properties of locations in an object
according to the above description. In step 130 the process
selects an array of known scatterers. In a simplified example,
the known scatterers can be high-density point scatterers in
water or fat. In step 132, the process generates a sensing
matrix by calculations, with or without deriving actual
echoes of the known scatterers by ultrasound measurements.
In step 134, the process sends ultrasound into the object and
receives echoes as described above, and in step 136 fits the
received echoes to a combination such as a product of the
sensing matrix and a vector of ultrasound properties of
locations in the object. The fitting process in step 136 may
be performed by finding ultrasound properties of locations in
the object that minimize fitting error in a least-square sense.
[0063] FIG. 14 illustrates a block diagram form of a
system for carrying out the estimation of ultrasound prop-
erties of locations in an object using the processes described
above. Ultrasound transducer 102 sends ultrasound into
object 104 and receives echoes from the object as described
above. An ultrasound engine 1402, which can be the engine
of a conventional processor such as in the examples given in
the background section of this patent specification, controls
transducer 102 and processes the echoes received from the
transducer by carrying out the processes described above,
using programming that a person of ordinary skill in pro-
gramming can implement based on the description and
equations explained in this patent specification. Computer
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storage 1404 stores the sensing matrix (based on the known
array of scatterers). Computer storage 1406 stores the initial
values of ultrasound properties of locations in the object
before the fitting process and their modified values that
result from fitting echoes from the object, which are stored
in computer storage 1408, to the combination such as a
product of the sensing matrix and a vector of ultrasound
properties of locations in the object. From the above-
described fitting, ultrasound engine 1402 estimates ultra-
sound properties of locations in object 104 and displays
them as an image or in another form on image display 1410.

[0064] In certain application, alternative embodiments of
the ultrasound transmitting and receiving transducer ele-
ments may offer important benefits. One example is imaging
the brain through the skull and another is non-destructive
testing of object with irregular surfaces. It has been found
that when imaging the brain, ridges in the skull that typically
are at the sutures of the scull bones or at protuberances, lines
or crest of the skull structure, can interfere with the trans-
mitted and/or received ultrasound imaging signals and cause
image artifacts. Irregular surfaces of objects can present
similar challenges in non-destructive testing, for example of
turbine blades.

[0065] In the embodiments described above in this patent
specification, all of the elements of a transducer array, for
example all 48 elements, can be driven to transmit imaging
ultrasound energy into the patient or object being imaged,
but less than all, for example, only two, can be used to
receive ultrasound energy (echoes) for imaging. However,
not all the transducer elements need be used to transmit. For
example, if the transducers are in a linear or curved array,
and there is a total of 48 transducer elements available to
transmit, a few of these elements that are over or near a ridge
at a suture of scull bones can be disabled so they do not
transmit an ultrasound pulse that the remaining transducer
elements transmit. The number of transmitting elements can
still be greater than the number of elements that receive
reflections of the transmitted pulse, but image artifacts can
be significantly reduced by disabling or not driving the
transmitting elements that are over or near a structure such
a ridge.

[0066] FIG. 15 illustrates a transducer array 102 of 48
elements E1 through FE48 arranged in a line that can be
straight or can be curved to better conform to a generally
round object such as the skull. In one example, all 48
elements E1 through E48 can be driven to emit an ultrasound
pulse, and the fewer of those elements, such as 2 (or 3, 4,
etc.) are used to receive echoes of the transmitted pulse. In
an alternative embodiment, not all 48 elements transmit—
for example elements E30 through E35, which are over a
ridge in a skull or a surface irregularity of an object, are
disabled (not driven) so only elements E1-E29 and E36-F48
transmit ultrasound into the skull or object. Only a single
element may be disabled in some examples. Transducer
array 102 may comprise a single line of transduce elements
or can be a two-dimensional array of two or more lines of
transducer elements and can have any practical number of
transducer elements. The same transducer elements can be
used to transmit ultrasound and then receive echoes, or one
set of transducer elements can be used only to transmit
ultrasound and another only to receive echoes. In all cases,
the treatment and processing of the echoes can be as
discussed in detail above.
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[0067] FIG. 16 illustrates another embodiment that can be
particularly suitable when a smaller volume of a patient’s
body or of an object is of interest, or when the surface with
which the transducer makes acoustic contact precludes or
makes difficult the use of the ultrasound transducer arrays
discussed above. In the example of FIG. 16, a single
transmitting transducer element 1610 is driven to transmit
ultrasound pulses into a patient’s tissue or into an object,
preferably through an acoustical lens and impedance match-
ing layer 1612 that help confine the ultrasound energy from
element 1610 to a beam of a desired shape that can be
primarily directed to a volume of particular interest in the
patient or the object. Several receiving transducer elements
RX1, RX2, and RX3 surround transmitting element 1610 to
receive echoes of the ultrasound energy that transmitting
element 1610 sends into the patient or object. Preferably,
each receiving element receives echoes through a respective
impedance matching waveguide as shown. Although three
receiving elements are illustrated, only two or more than
three can be used in some embodiments. Similarly, although
a single transmitting element 1610 is illustrated, two or more
transmitting elements can be used in place of element 1610,
for example two or more of the elements of a conventional
transducer array in which the remaining elements are not
used to transmit ultrasound, in which can some of the
remaining elements of the array can be used as receiving
elements or some of the transmitting elements can be used
as receiving elements as well.

[0068] In operation of the embodiment of FIG. 16, the
bottom surfaces of the illustrated impedance matching
waveguides and impedance matching layer are pressed into
acoustic coupling with a patient or an object, (e.g., through
a layer of ultrasound gel). Transmitting transducer element
is driven to emit ultrasound pulses that are the same in
principle as discussed above for ultrasound engine 1404 of
FIG. 14, and receiving elements RX1, RX2, and RX3
produce echo signals that in principle are the same as in the
embodiment of FIG. 14. One difference is that transmitting
transducer element 1610 typically is larger than any indi-
vidual element or an array such as array 102 of FIG. 15 so
element 1610 can produce an ultrasound pulse that has
enough acoustical energy for the volume targeted for imag-
ing. Another difference is that the receiving transducers in
FIG. 16 only receive echoes. This can simplify the equip-
ment requirements because when the transmitting and
receiving elements are kept electrically isolated, front end
electronics would not need the typical high-voltage TX/RX
switches to separate transmitting and echo signals from each
other. However, as noted above, an alternative is to use as
some or all of receiving transducer elements some of the
transmitting transducer elements. The echoes from the
receiving elements in the embodiment of FIG. 16 and
variations thereof are processed into an image in the manner
discussed above for the embodiments of FIGS. 1-14.

[0069] Although the foregoing has been described in some
detail for purposes of clarity, it will be apparent that certain
changes and modifications may be made without departing
from the principles thereof. It should be noted that there are
many alternative ways of implementing both the processes
and apparatuses described herein. Accordingly, the present
embodiments are to be considered as illustrative and not
restrictive, and the body of work described herein is not to
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be limited to the details given herein, which may be modi-
fied within the scope and equivalents of the appended
claims.
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1. An ultrasound imaging system comprising:

an ultrasound transducer configured to send ultrasound
into an object from plural transducer elements operat-
ing as transmitting elements and to receive echoes from
the object at fewer but no less than two transducer
elements operating as receiving elements, free of
apodization or beam forming;

a computer memory storing a sensing matrix comprising
echoes that said fewer receiving elements of the trans-
ducer receive or would have received from an array of
known scatterers in response to ultrasound that is the
same as or approximates the ultrasound the transducer
sends into the object;

a computer processor configured to estimate ultrasound
properties of locations in the object that spatially relate
to said array of scatterers by applying a least squares
estimation process to fit the echoes received from the
object to a combination of the sensing matrix and
properties of said location in the object while minimiz-
ing L.2-norm of the fitting error; and

said computer processor is further configured to produce
and display an ultrasound image of the object as a
function of said estimated ultrasound properties.

2. The system of claim 1, in which the transducer com-
prises an array of elements of which some operate only as
said transmitting elements and some operate only as said
receiving elements.

3. The system of claim 1, in which said transmitting
elements of the transducer are physically separate and
spaced from said receiving elements.
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4. The system of claim 1, in which the least squares
process that the computer processor applies is a bounded
least squares estimation process in which values of ultra-
sound properties of locations in the object are estimated
while constrained to a selected range of values.

5. The system of claim 4, in which said range of values is
from zero to unity.

6. The system of claim 1, in which said computer pro-
cessor is configured to include in said estimation process a
cost function that includes L.1-norm of the properties of said
locations in the object.

7. The system of claim 1, in which said computer pro-
cessor is configured to include in said estimation process a
cost function that includes a linear combination of L.1-norm
and L.2-norm of the properties of said locations in the object.

8. An ultrasound imaging system comprising:

an ultrasound transducer configured to send ultrasound
into an object from plural transducer elements acting as
transmitting elements and to receive echoes from the
object at fewer but no less than two transducer elements
acting as receiving elements, free of apodization or
beam forming;

a computer memory storing a sensing matrix comprising
echoes that said fewer receiving elements of the trans-
ducer receive or would have received from an array of
known scatterers in response to ultrasound that is the
same as or approximates the ultrasound the transducer
sends into the object;

a computer processor configured to estimate ultrasound
properties of locations in the object that spatially relate
to said array of scatterers by applying a weighted least
squares process to fit the echoes received from the
object to a combination of the sensing matrix and
properties of said location in the object; and

said computer processor is further configured to produce
and display an ultrasound image of the object as a
function of said estimated ultrasound properties.

9. The system of claim 8, in which the transducer com-
prises an array of elements of which some operate only as
said transmitting elements and some operate only as said
receiving elements.

10. The system of claim 8, in which said transmitting
elements of the transducer are physically separate and
spaced from said receiving elements.

11. The system of claim 8, in which the least squares
process that the computer processor applies is a bounded
least squares estimation process in which values of the
ultrasound properties of locations in the object are estimated
while constrained to a selected range of values.

12. The system of claim 11, in which said range of values
is from zero to unity.

13. The system of claim 8, in which said computer
processor is configured to include in said estimation process
a cost function that includes [1-norm of the properties of
said locations in the object.

14. The system of claim 8, in which said computer
processor is configured to include in said estimation process
a cost function that includes a linear combination of
L1-norm and L.2-norm of the properties of said locations in
the object.
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15. An ultrasound imaging system comprising:

an ultrasound transducer having transducer elements con-
figured to detect both amplitude and phase of echoes of
ultrasound energy sent into an object by said trans-
ducer;

a computer memory storing echoes from an array of
known scattering locations that were or would have
detected at said fewer transducer elements caused by
ultrasound the transducer is configured to send into the
object;

a computer processor configured to estimate ultrasound
properties of locations in the object that spatially relate
to said array of scatterers by applying a bounded least
squares process to fit the echoes received from the
object to a combination of the sensing matrix and
properties of said location in the object;

wherein said estimation process is configured to constrain
the properties of said locations in the object to positive
values between a minimum and a maximum; and

said computer processor is further configured to produce
and display an ultrasound image of the object as a
function of said estimated ultrasound properties.

16. The system of claim 15 in which the constrained

values range from zero to one.

17. The system of claim 15 in which the cost function in
the estimation process includes L1-norm of the properties of
said location in the object.

18. The system of claim 15, in which said computer
processor is configured to include in said estimation process
a cost function that includes a linear combination of
L1-norm and [.2-norm of the properties of said locations in
the object.

19. An ultrasound imaging method comprising:

sending ultrasound into an object from plural transducer
elements and receiving echoes from the object at fewer
but no less than two transducer elements, free of
apodization or beam forming;

providing a sensing matrix comprising echoes that said
fewer receiving elements of the transducer receive or
would have received from an array of known scatterers
in response to ultrasound approximating the ultrasound
sent into the object;

carrying out a bounded estimation process with a com-
puter to fit the echoes received from the object to a
combination of the sensing matrix and properties of
locations in the object spatially related to said scatter-
ers;

wherein said estimation process is configured to constrain
the properties of said locations in the object to positive
values between zero and one; and

producing and displaying an ultrasound image of the
object as a computer-calculated function of said esti-
mated ultrasound properties.

20. The method of claim 19, in which estimation process

a cost function that includes [1-norm of the properties of
said locations in the object.

21. The method of claim 19, in which said estimation
process utilizes a cost function that includes a linear com-
bination of L1-norm and [.2-norm of the properties of said
locations in the object.

22. An ultrasound imaging process comprising:

detecting, at two or more receiving elements of an ultra-
sound transducer, both amplitude and phase of echoes
generated by ultrasound energy sent into an object;
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providing a sensing matrix comprising echoes that said
receiving elements of the transducer receive or would
have received from an array of known scatterers in
response to ultrasound approximating the ultrasound
sent into the object;

carrying out an estimation process with a computer pro-

grammed to fit the echoes received from the object to
a combination of the sensing matrix and properties of
location in the object spatially related to said scatterers
through a bounded least squares process;

wherein said estimation process is configured to constrain

the amplitude properties of said locations in the object
to positive values between a minimum and a maximum
and the phase properties of said locations in the object
to another range of values; and

producing and displaying an ultrasound image of the

object as a computer-calculated function of said esti-
mated ultrasound properties.

23. The process of claim 22 in which the positive values
to which said amplitude properties are constrained range
from zero to one.

24. The process of claim 22, in which said estimation
process utilizes a cost function that includes I.1-norm of the
properties of said locations in the object.

25. The process of claim 22, in which said estimation
process utilized a cost function that includes a linear com-
bination of L1-norm and [.2-norm of the properties of said
locations in the object.

26. An ultrasound imaging system comprising:

an ultrasound transducer configured to send ultrasound

into an object from one or more transducer elements
operating as transmitting elements and to receive
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echoes from the object at no less than two transducer
elements operating as receiving elements, free of
apodization or beam forming;

a computer memory storing a sensing matrix comprising
echoes that said no less than two receiving elements of
the transducer receive or would have received from an
array of known scatterers in response to ultrasound that
is the same as or approximates the ultrasound the
transducer sends into the object;

a computer processor configured to estimate ultrasound
properties of locations in the object that spatially relate
to said array of scatterers by applying a least squares
estimation process to fit the echoes received from the
object to a combination of the sensing matrix and
properties of said location in the object while minimiz-
ing [.2-norm of the fitting error; and

said computer processor is further configured to produce
and display an ultrasound image of the object as a
function of said estimated ultrasound properties.

27. The system of claim 26, including a transducer array
containing said transmitting and receiving elements,
wherein at least some of said receiving elements are different
from said transmitting elements but are collocated in said
transducer array.

28. The system of claim 26, in which said receiving
elements are physically separated and electrically isolated
from said transmitting elements.

29. The system of claim 26, in which said one or more
transmitting elements are a single physical transmitting
element.
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