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HIGH-RESOLUTION WAVE-THEORY-BASED
ULTRASOUND REFLECTION IMAGING
USING THE SPLIT-STEP FOURIER AND

GLOBALLY OPTIMIZED FOURIER
FINITE-DIFFERENCE METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority from U.S. provi-
sional patent application Ser. No. 60/901,903 filed on Feb. 16,
2007, incorporated herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with Government support
under Contract No. DE-AC52-06NA25396, awarded by the
Department of Energy. The Government has certain rights in
this invention.

INCORPORATION-BY-REFERENCE OF
MATERIAL SUBMITTED ON A COMPACT DISC

[0003] Not Applicable

NOTICE OF MATERIAL SUBJECT TO
COPYRIGHT PROTECTION

[0004] A portion of the material in this patent document is
subject to copyright protection under the copyright laws of
the United States and of other countries. The owner of the
copyright rights has no objection to the facsimile reproduc-
tion by anyone of the patent document or the patent disclo-
sure, as it appears in the United States Patent and Trademark
Office publicly available file or records, but otherwise
reserves all copyright rights whatsoever. The copyright owner
does not hereby waive any of its rights to have this patent
document maintained in secrecy, including without limitation
its rights pursuant to 37 C.E.R. §1.14.

BACKGROUND OF THE INVENTION

[0005] 1. Field of the Invention

[0006] This invention pertains generally to ultrasound
imaging, and more particularly to improving ultrasound
image quality using Fourier finite difference methods.
[0007] 2. Description of Related Art

[0008] Ultrasonic imaging is used in a wide variety of
medical and clinical applications. Image formation in ultra-
sonography is typically provided in response to analysis of
the time-of-flight and the angle of incidence of the reflected
ultrasound signals. Ultrasound imaging is the second most
often utilized imaging modality in medicine. However, due to
poor image quality and resolution its use is typically limited
to that of a complimentary imaging technique used in com-
bination with other major imaging modalities such as X-ray
imaging. Current clinical ultrasound reflection imaging
methods and systems utilize a homogeneous model for reflec-
tivity reconstruction and a ray approximation of ultrasound
waves. These current methods generate ultrasound images
which are noisy and contain numerous speckles.

[0009] Accordingly a need exists for a system and method
which improves both the image quality and resolution of
ultrasound reflection imaging, such as for use in clinical
applications. These needs and others are met within the
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present invention, which overcomes the deficiencies of pre-
viously developed ultrasound imaging systems and methods.

BRIEF SUMMARY OF THE INVENTION

[0010] The methods and systems described within the
present invention are directed at significantly improving both
image quality and resolution of ultrasound imaging. One
object of the invention is to make this imaging modality
feasible for use as a primary imaging technique for early
breast cancer detection and diagnosis.

[0011] Current clinical ultrasound reflection imaging is
based on the use of a homogeneous model for reflectivity
reconstruction, within which ray approximation of ultra-
sound waves is utilized. In the present invention it has been
recognized that the use of these ray techniques cannot
account for ultrasound scattering by tissue heterogeneities,
which results in the generation of noisy and speckled ultra-
sound images.

[0012] Methods and systems of the present invention over-
come the shortcomings of these ray techniques to achieve
high-resolution ultrasound reflection imaging in response to
the use of split-step Fourier and globally optimized Fourier
finite-difference methods.

[0013] The invention is amenable to being embodied in a
number of ways, including but not limited to the following
descriptions.

[0014] One embodiment of the invention can be generally
described as a method of ultrasound reflective image recon-
struction for waveforms generated within an ultrasound
imaging device, comprising: (a) receiving a heterogeneous
sound-speed model of a tissue; (b) receiving ultrasonic wave-
form information in response to reflection data for a tissue
region being tested; (c) reconstructing a reflection image
using a split-step Fourier transform propagator configured for
recursive inward continuation of ultrasonic wavefields in the
frequency-space and frequency-wave number domains; (d)
applying a first phase-shift term to the ultrasonic waveform
information in the frequency-wave number domain for propa-
gation in a reference medium; and (e) applying a second
phase-shift term to the ultrasonic waveform information in
the frequency-space domain to approximately compensate
for ultrasonic scattering effects of heterogeneities within the
tissue region.

[0015] One embodiment of the invention can be generally
described as a method of ultrasound reflective image recon-
struction for waveforms generated within an ultrasound
imaging device, comprising: (a) receiving a heterogeneous
sound-speed model of a tissue from tomography; (b) receiv-
ing ultrasonic waveform information in response to reflection
data for a tissue region being tested; (c) reconstructing a
reflection image using a split-step Fourier transform propa-
gator configured for recursive inward continuation of ultra-
sonic wavefields in the frequency-space and frequency-wave
number domains by, (¢)(i) Fourier transforming of acoustic
wavefield U(x,z;w) with respect to x, (¢)(ii) applying a phase-
shift term e to the wavefield in the frequency-wave num-
ber (w-k,) domain, where k. =\/k,?-k > with k,=w/v,, and k,
is the wave number along the x-coordinate, (c)(iii) inverse
Fourier transformation of the resulting wavefield into the
frequency-space (w—x) domain, and (c)(iv) applying a phase-
shift term e™**©~*® to approximately compensate for ultra-
sonic scattering effects of heterogeneities to generate the
extrapolated acoustic wavefield.
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[0016] One embodiment of the invention can be generally
described as an apparatus for reconstructing reflective ultra-
sound images for waveforms generated within an ultrasound
imaging device, comprising: (a) means for receiving a plural-
ity of ultrasound waveforms from an ultrasound transducer
apparatus (transmitter-receiver device) directed for reflection
from a tissue; (b) a computer processor and memory coupled
to the means; (¢) programming executable on the processor
for, (c)(i) receiving a heterogeneous sound-speed model of a
tissue, (c)(ii) receiving ultrasonic waveform information in
response to reflection data for a tissue region being tested,
(c)(iii) reconstructing a reflection image using a split-step
Fourier transform propagator configured for recursive inward
continuation of ultrasonic wavefields in the frequency-space
and frequency-wave number domains, (¢)(iv) applying a first
phase-shift term to the ultrasonic waveform information in
the frequency-wave number domain for propagation in a ref-
erence medium, and (¢)(v) applying a second phase-shift term
to the ultrasonic waveform information in the frequency-
space domain to approximately compensate for ultrasonic
scattering effects of heterogeneities within the tissue region.
[0017] One embodiment of the invention can be generally
described as a computer-readable media executable ona com-
puter apparatus configured for reconstructing reflective ultra-
sound images for waveforms generated within an ultrasound
imaging device, comprising: (a) a computer readable media
containing programming executable on a computer processor
configured for processing ultrasound waveforms in response
to receiving a plurality of entire ultrasound waveforms from
an ultrasound transducer device which directed reflections
from a tissue under test; (b) the programming executable on
the processor is configured for, (b)(i) receiving a heteroge-
neous sound-speed model of a tissue from tomography, (b)(ii)
receiving ultrasonic waveform information in response to
reflection data for a tissue region being tested, (b)(iii) recon-
structing a reflection image using a split-step Fourier trans-
form propagator configured for recursive inward continuation
of ultrasonic wavefields in the frequency-space and fre-
quency-wave number domains, (b)(iv) applying a first phase-
shift term to the ultrasonic waveform information in the fre-
quency-wave number domain for propagation in a reference
medium, and (b)(v) applying a second phase-shift term to the
ultrasonic waveform information in the frequency-space
domain to approximately compensate for ultrasonic scatter-
ing effects of heterogeneities within the tissue region.
[0018] The present invention provides a number of benefi-
cial aspects which can be implemented either separately or in
any desired combination without departing from the present
teachings.

[0019] An aspect of the invention is a technique for reduc-
ing noise and/or increasing resolution of ultrasound reflection
imaging.

[0020] Another aspect of the invention is an ultrasound
imaging method which is based on wave theory, instead of ray
theory which is an asymptotic approximation of wave theory.
[0021] Another aspect of the invention is an ultrasound
imaging method which utilizes entire ultrasound waveforms
rather than time-of-flights for reflectivity reconstruction.
[0022] Another aspect of the invention is an ultrasound
imaging method which utilizes a heterogeneous sound-speed
model obtained from ultrasound tomography for imaging.
[0023] Another aspect of the invention is an ultrasound
imaging method which properly accounts for ultrasound scat-
tering from tissue heterogeneities.
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[0024] Another aspect of the invention is an ultrasound
imaging method which properly accounts for ultrasound scat-
tering from heterogeneities within tissues being imaged.
[0025] A still further aspect of the invention is an ultra-
sound imaging method which is both robust and computa-
tionally efficient.

[0026] Further aspects of the invention will be brought out
in the following portions of the specification, wherein the
detailed description is for the purpose of fully disclosing
preferred embodiments of the invention without placing limi-
tations thereon.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

[0027] The invention will be more fully understood by ref-
erence to the following drawings which are for illustrative
purposes only:

[0028] FIG. 1 is a graph of maximum propagation angle
versus sound-speed contrast for the optimized propagator and
the split-step Fourier propagator according to an aspect of the
present invention.

[0029] FIG. 2is a conventional ultrasound reflection image
of'a numerical breast phantom, showing a substantial amount
of image noise.

[0030] FIG. 3 is anultrasound reflection image of a numeri-
cal breast phantom obtained according to an embodiment of
the present invention.

[0031] FIG. 4 is an image of a numerical breast phantom
derived from sound-speed transmission tomography of an
in-vivo breast dataset according to an aspect of the present
invention.

[0032] FIG. 5A-5D are images of reflectivity and absolute
values of sound-speed discrepancies, respectively, according
to aspects of the present invention.

[0033] FIG. 6A-6B are images of reflectivity for phantom
reconstructions using the optimized propagator according to
aspects of the present invention.

[0034] FIG.7is areflectivity image reconstructed using the
optimized propagator and used as a comparison standard.
[0035] FIG. 8A-8D are images depicting the differences
between reconstructed reflectivity images, according to
aspects of the present invention.

[0036] FIG.9A-9E are images of signal differences across
panel cross-sections, according to aspects of the present
invention.

[0037] FIG. 10A-10B are images of a breast phantom con-
taining two tumors showing numerical image and reflectivity,
according to aspects of the present invention.

[0038] FIG. 11 is an image of computer-generated ultra-
sound pulse-echo data for the numerical breast phantom in
FIG. 10A, according to aspects of the present invention.
[0039] FIG.12A-12B are images of sound-speed tomogra-
phy results used for pulse-echo imaging based on two itera-
tions and ten iterations, according to aspects of the present
invention.

[0040] FIG.13A-13D are images comparing reconstructed
reflection images and ultrasound pulse-echo imaging using
the split-step Fourier propagator, according to aspects of the
present invention.

[0041] FIG. 14A-14B are images of differences detected
between sound-speed tomography and the original phantom
sound-speed tomograph, according to aspects of the present
invention.
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[0042] FIG.15A-15B are images of numerical breast phan-
tom and associated reflectivity of the phantom, in which the
phantom contains heterogeneous breast tissues which are
imaged according to aspects of the present invention.

[0043] FIG. 16 is an image of computer-generated ultra-
sound pulse-echo data for the numerical breast phantom
shown in FIG. 15A.

[0044] FIG. 17A-17B are images of tomography arising
from different numbers of imaging iterations for the numeri-
cal breast phantom shown in FIG. 15A.

[0045] FIG. 18A-18D are images comparing reconstructed
reflection images and ultrasound pulse-echo imaging using
the split-step Fourier propagator, according to aspects of the
present invention.

[0046] FIG. 19A-19B are images of differences between
FIG. 18B and FIG. 18D, and between FIG. 18C and FIG.
18D.

[0047] FIG.20A-20D are images ofultrasound pulse-echo-
ing for the numerical breast phantom in FIG. 15A, shown in
response to different numbers of transducers in the ring array.
[0048] FIG. 21 is a block diagram of an apparatus for per-
forming the reflection imaging according to aspects of the
present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0049] Referring more specifically to the drawings, for
illustrative purposes the present invention is embodied in the
apparatus generally shown in FIG. 1, and FIG. 3 through FIG.
21. It will be appreciated that the apparatus may vary as to
configuration and as to details of the parts, and that the
method may vary as to the specific steps and sequence, with-
out departing from the basic concepts as disclosed herein.

Section A

[0050] 1. Introduction.

[0051] To achieve high-resolution ultrasound reflection
imaging it is essential to properly account for ultrasound
scattering from heterogeneities within tissues being imaged,
such as of the breast. A reflectivity image reconstruction
method is needed which is capable of accurately handling
ultrasound scattering. The teachings herein describe wave-
theory-based methods for high-resolution reflectivity image
reconstruction.

[0052] Ultrasound wave propagation in organic tissues, in
particular breast or other human tissues, is governed by the
acoustic-wave equation, which can be decomposed into two
one-way wave equations describing wave propagation in
opposite directions. One of these one-way wave equations in
the frequency-space domain is given by:

"U();;ZZ?‘U) = —iQ(x, 3 WU(x, 3, W), o

where U is the ultrasound pressure wavefield and the operator
Q is defined by:

w2 P2 w (2)

2w R T emo

Q0=
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where o is the circular frequency, (x,z) is the space location,
c is the sound speed, and R is the square-root operator given
by:

R=V1-Xx2 (3)
with
, & @)
T o
[0053] The formal solution of Eq. (1) is:

U(x,z+Az;0)=exp{-ifQdz } U(x,z;0) (3)

which extrapolates the ultrasound wavefield U from the depth
level at z to the next depth level at z+Az.

[0054] The square-root operator R can be expanded in the
form:
ax? (©6)
Rx1l- ——,
1-bX?

where a and b are free coeflicients. The difference between
operator Q, given by Eq. (2) and that in a background medium
with a sound speed of c,(z) is:

VxS 2 Ji-x )
R e
where X,* is given by:

k8¢ Xx? ®)
x2=-0___2_
0 w? dx2 m?

where the sound-speed contrast m(x,z)=c(x,z)/c,(z) is the
reciprocal of the refraction index. Making use of Eq. (6), Eq.
(7) the following approximation is obtained:

_w_am-— Dx2 ©)

w w) [2)
co 1 —b(l +m?)X¢

D::(——

c o

[0055] Therefore, Eq. (2) can be approximated by:

wr O w(l w am-1)X¢ (10)
0~ (—z’fﬁ]’f—(—— ]__ﬁ
ck X co\m co 1 —b(1 +m?)X§

[0056] Ultrasound reflection imaging using the formal
solution (5) with the first two terms of Eq. (10) is the split-step
Fourier method.

[0057] One major advantage of the split-step Fourier
method is that it is purely based on the Fourier transform, and
therefore, the numerical dispersion is minimized. When using
an assumption of uniform sound-speed for image reconstruc-
tion (v=v,), the method leads to the phase-shift image recon-
struction method.
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[0058] The phase error is zero along the primary inward
continuation direction. Then it increases with increasing the
propagation angle relative to the primary direction. Substitut-
ing Eq. (10) into Eq. (5), and minimizing the phase error for
the entire sound-speed perturbation range of the breast, yields
the optimized values of coefficients a and b. The formal
solution (5) with the third term of Eq. (10) is implemented
using an implicit finite-difference scheme.

[0059] Ultrasound reflection imaging using the formal
solution (5) with all three terms of Eq. (10) together with
optimized free coefficients a and b is the globally optimized
Fourier finite-difference method.

[0060] 2. Experimental Results.
[0061] 2.1 Accuracy Analysis
[0062] Assuming the maximum sound-speed perturbation

within the breast is 15%, FIG. 1 depicts the relationships of
the maximum propagation angle within 1% of phase error
versus the sound speed contrast for the optimized propagator
and the split-step Fourier propagator. It shows that the opti-
mized propagator can accurately handle much larger propa-
gation angles than the split-step Fourier propagator, that is, it
is much more accurate for large propagation angles compared
with the split-step Fourier method for ultrasound propagation
in heterogeneous human tissue.

[0063] 2.2 Reflection Imaging of a Numerical Breast Phan-
tom:

[0064] A numerical breast phantom derived from an in-
vivo breast data is used to study the imaging capability of the
inventive wave-theory-based ultrasound reflection imaging
methods. The phantom contains a tumor with high sound-
speeds. An ultrasound pulse with the second derivative of a
Gaussian time function and a central frequency of 1 MHz is
emitted from each transducer along a ring geometry sur-
rounding the breast phantom.

[0065] FIG. 2 is an ultrasound reflection image obtained
using the phase-shift method with a homogeneous sound-
speed model, like the conventional imaging method. It con-
tains a lot of image artifacts because the phase-shift imaging
method does not account for ultrasound scattering from the
breast phantom heterogeneities.

[0066] FIG. 3 is an ultrasound reflection image of a numeri-
cal breast phantom obtained using the inventive globally opti-
mized Fourier finite-difference method with a heterogeneous
sound-speed model for image reconstruction. The same data
that was imaged in FIG. 2 is processed using an inventive
optimized reflection imaging method for reflectivity recon-
struction to create the image output of FIG. 3. A heteroge-
neous sound-speed model of the phantom is used for image
reconstruction. The resulting image shown FIG. 3 contains
much fewer image noises and has much higher image reso-
lution than FIG. 2. This demonstrates the vastly improved
imaging capability of the inventive wave-theory-based ultra-
sound reflection imaging methods.

Section B

[0067] Section A provided a description and summariza-
tion of aspects of the invention, while the following two
sections (Sections B and C) describe aspects of the invention
in large part from the original descriptions. It should be appre-
ciated that many of the equations and figures used in Sections
B and C may duplicate those found in Section A. Figure
numbering is continued from Section A, but equation num-
bering is restarted for each of Sections B and C to provide
consistency with the original texts. Reference citation num-
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bers are retained separately for each Section B and C to
provide additional information.

[0068] 3. Section B: Introduction.

[0069] Properly accounting for ultrasound scattering from
heterogeneities within tissue being examined, such as the
breast, is essential toward providing high resolution ultra-
sound imaging. This requires a reflectivity image reconstruc-
tion method capable of accurately handling ultrasound scat-
tering. The examples described herein are in reference to
ultrasound imaging within breast tissue. An optimized ultra-
sound-wave propagator is described for reflectivity image
reconstruction using pulse-echo ultrasound signals. The
method is based on a solution of one-way wave equation and
recursive inward continuation of ultrasound wavefields in the
frequency-space and frequency-wave number domains using
a heterogeneous sound-speed model of the breast obtained
from tomography. It minimizes ultrasound phase errors dur-
ing wavefield inward continuation while maintaining the
advantage ofhigh computational efficiency. Pulse-echo ultra-
sound imaging tests for a numerical breast phantom demon-
strate that the optimized inventive method has the potential to
improve the reliability and accuracy of reflection mode ultra-
sound breast imaging, and ultrasound imaging in general.
[0070] Ultrasonography uses pulse-echo ultrasound for
imaging and is a common modality for breast cancer diagno-
sis. In addition, ultrasound breast imaging is one of the most
promising screening tools as an alternative to X-ray mammog-
raphy [9]. The primary limitation of ultrasonography is that
ultrasound images contain a great deal of image noise. This
limitation is mainly caused by ultrasound scattering from
breast heterogeneities. Sound speeds and densities of breast
tissue are inhomogeneous, and those of tumors are different
from the surrounding tissues. These differences in mechani-
cal properties result in ultrasound scattering, particularly in
dense breasts. With the development of new circular ultra-
sound arrays for clinical breast imaging [6, 2, 10, 1], hetero-
geneous sound-speed models of the breast can be accurately
obtained using ultrasound tomography [5, 7, 8]. Reflectivity
image reconstruction can be significantly improved by using
the heterogeneous sound-speed models for imaging. The
split-step Fourier propagator was recently used for ultrasound
pulse-echo imaging to approximately account for ultrasound
scattering [4]. The method is computationally much more
efficient than that based on finite difference time-domain
wave-equation method [3].

[0071] An optimized ultrasound-wave propagator is
described for ultrasound reflectivity image reconstruction
using a solution for one-way wave equations in heteroge-
neous media, which is optimized for the sound-speed pertur-
bation range of the tissue (e.g., breast) to minimize ultrasound
phase errors during wavefield inward continuation. The
method performs one additional step of ultrasound scattering
compensation during each recursive step of inward continu-
ation of ultrasound wavefields, in addition to the split-step
Fourier implementation. It significantly improves imaging
accuracy compared to the split-step Fourier method while it
has much higher computational efficiency than the finite dif-
ference-based imaging method. Synthetic ultrasound pulse-
echo data is used by way of example for a numerical breast
phantom to demonstrate the improved imaging capability of
our optimized imaging method.

[0072] 4. Optimized Propagator.

[0073] Ultrasound wave propagation in the breast is gov-
erned by the acoustic-wave equation, which can be decom-
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posed into two one-way wave equations describing wave
propagation in opposite directions. One of these one-way
wave equations in the frequency-space domain is given by:

W(’;%;iw) =—iQ(x, 7 WU (%, 7; W), w

where U is the pressure and the operator Q is defined by:

w2 » w @

Z - R
axr  clx,z)

Q=

c2(x, 2)

where o is the circular frequency, (x,z) is the space location,
c is the sound speed, and R is the square-root operator given

by:

R=VI-x2, (&)
with
, & & (C]
T waa?
[0074] The formal solution of Eq. (1) is:

U(x,z+Az;0)=exp{~ifQdz } U(x,z;0), (5)

which extrapolates the ultrasound wavefield U from the depth
level at z to the next depth level at z+Az. The square-root
operator R is expanded in the form:

ax? (6)

Rxl-—,
1-bx*

where a and b are free coefficients. The difference between
operator Q, given by Eq. (2) and that in a background medium
with a sound speed of ¢, (z) is:

Tz 2 1 _x2 )]
D_Clx COlXO,

where X,? is given by:

, & & x ®)
X=maE T w

where the sound-speed contrast m(x,z)=c(x,z)/c,(z) is the
reciprocal of the refraction index. Making use of Eq. (6) and
Eq. (7) can be approximated as:

Dz(g—ﬂ) w a(m—l)X02 (]

¢ e/ col-bl+mOXZ
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[0075] Therefore, Eq. (2) can be approximated by:
N w9 w1 w  am-1XZ (10)
e~ (¥+87]+$(5_1]_31—b(1+m2)x02
[0076] The formal solution of Eq. (5) with the first two

terms of Eq. (10) is the split-step Fourier operator [4]. The
formal solution of Eq. (5) with the third term of Eq. (10) is
implemented using an implicit finite-difference scheme. The
phase error is zero along the primary inward continuation
direction. Then it increases with increasing propagation angle
relative to the primary direction. Substituting Eq. (10) into
Eq. (5) and minimizing the phase error for the entire sound-
speed perturbation range of the breast, the optimized values
of coefficients a and b are obtained. The resulting propagator
is termed the globally optimized Fourier finite-difference
propagator.

[0077] The relationships of the maximum propagation
angle is within 1% of phase error versus the sound-speed
contrast for the optimized propagator and the split-step Fou-
rier propagator. Assuming the maximum sound-speed pertur-
bation within the breast is 15%, FIG. 1 as previously dis-
cussed, depicts the relationships of the maximum
propagation angle within 1% of phase error versus the sound-
speed contrast for the optimized propagator and the split-step
Fourier propagator. It shows that the optimized propagator
can accurately handle much large propagation angles than the
split-step Fourier propagator, that is, it is much more accurate
for large propagation angles compared with the split-step
Fourier propagator.

[0078] 5. Numerical Pulse-Echo Imaging Examples.
[0079] FIG. 4 is an image of a numerical breast phantom
derived from sound-speed transmission tomography of an
in-vivo breast dataset, with the white solid circle indicating
the location of the transducer ring. The numerical breast
phantom of the figure is used to study the pulse-echo imaging
capability of described optimized propagator, and the phan-
tom is derived from in-vivo breast tomography, and the region
with high sound-speed is a tumor. An ultrasound pulse with
the second derivative of a Gaussian time function and a cen-
tral frequency of 1 MHz is emitted from each transducer
along the white solid circle, and ultrasound pulse-echo sig-
nals are recorded by the same transducer. Numerical data are
generated using a finite difference time-domain acoustic-
wave equation in heterogeneous media.

[0080] FIG.5A-5D is a set of images relating sound-speed
transmission tomography results of the numerical breast
phantom. FIG. 5A-5B are reflectivity image reconstructions.
FIG. 5A illustrates imaging in response to one iteration, while
FIG. 5B illustrates imaging in response to ten iterations. FIG.
5C-5D depict absolute values of sound-speed discrepancies.
The figures depict different sound-speed transmission tomog-
raphy results of the numerical breast phantom, together with
their absolute values of sound-speed discrepancies, that is, the
absolute values of the differences between FIGS. 5A-5B and
the correct sound speed in FIG. 4. The discrepancies and/or
errors of the tomography result with ten iterations are con-
siderately smaller than that with one iteration. In addition, the
largest discrepancies arise in the tumor region, as shown in
FIGS. 5C and 5D.

[0081] FIG. 6A-6B are reflectivity images of the numerical
phantom reconstructed using the optimized propagator and
the heterogeneous sound-speed models in FIG. 5A-5B. FIG.
6A contains significantly more image noise than that of FIG.
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6B. In addition, the images in the tumor region in FIG. 6 A are
not well reconstructed, while those in FIG. 6B are well
imaged. FIG. 6A demonstrates that large sound-speed dis-
crepancies as shown in FIG. 5C canresultin significant image
artifacts in reflectivity images, because ultrasound scattering
is not properly accounted for during reflectivity image recon-
struction.

[0082] Reflectivity image artifacts caused by propagator
inaccuracy and sound-speed discrepancies are important con-
siderations. High-resolution and high-quality ultrasound
images can be obtained by properly accounting for ultrasound
scattering during reflectivity image reconstruction. This
requires an accurate wave propagator and an accurate sound-
speed model. Reflectivity image artifacts (including image
noise, incorrect image location and amplitudes) are caused
not only by propagator inaccuracy, but also by the discrepan-
cies and/or errors in the sound-speed model used for image
reconstruction. Low ultrasound data quality and improper
transducer distribution can also contribute to image artifacts;
although for the sake of simplicity neither of these factors are
included in this study.

[0083] FIG.7isareflectivity image reconstructed using the
optimized propagator and the correct sound speed of the
breast phantom of FIG. 4. The figure does not contain any
image artifacts caused by sound-speed discrepancies,
wherein this image is utilized, by way of example, as an
image comparison standard.

[0084] FIG. 8A-8D are comparative images so that the
differences between different reconstructed reflectivity
images can be compared with that of FIG. 7. The sound-speed
modelused in FIG. 8A and F1G. 8C isthatin FIG. 5A, and that
used in FIG. 8B and FIG. 8D is the one shown in FIG. 5B.
Comparisons of FIG. 8B with FIG. 8A, and FIG. 8D with
FIG. 8C, indicate that reflectivity image artifacts decrease
with increasing accuracy of the tomography sound-speed
results. When the sound-speed discrepancy is large, the com-
parison of FIG. 8A and FIG. 8B indicates that reflectivity
images are similar to one another no matter which propagator
is used for image reconstruction. That is, image artifacts
caused by the sound-speed discrepancy are much stronger
than those caused by the propagator inaccuracy when the
sound-speed discrepancy is large. When the sound-speed dis-
crepancy is small, comparison of FIG. 8B and FIG. 8D show
that image artifacts decrease with increasing propagator
accuracy.

[0085] FIG. 9A-9E depict image differences across panel
cross-sections. FIG. 9A-9D indicate, respectively, the relative
image differences along the cross sections of the panels in
FIG. 8A-8D at b=98 mm. FIG. 9E was obtained for an image
using the split-step Fourier propagator and the correct sound
speed of the phantom, compared with the image in FIG. 7.
[0086] Relative image differences in FIG. 9A-9E give a
quantitative comparison of image artifacts. It can be seen that
the most significant image artifacts occur around the tumor
region. The difference between FIG. 9A and FIG. 9C is small
and may be insignificant for most purposes. The image arti-
facts in FIG. 9E are caused by inaccuracy of the split-step
Fourier propagator.

[0087] 6. Section B: Conclusions.

[0088] An optimized propagator is described for ultrasound
reflectivity imaging and validated using ultrasound pulse-
echo data for a numerical breast phantom. The propagator is
optimized for the sound-speed perturbation range within the
tissue being imaged, such as breast tissue.
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[0089] The inventive optimized propagator is more accu-
rate than the split-step Fourier method for handling ultra-
sound scattering in the heterogeneous breast. The importance
of obtaining an accurate sound-speed model of the breast for
reflectivity image reconstruction has been numerically dem-
onstrated above. The inventive method can produce high-
resolution and high-quality ultrasound reflectivity images
using an accurate, heterogeneous sound-speed tomography
model for image reconstruction.
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Section C

[0101] 8. Section C: Introduction.

[0102] Ultrasonic reflection imaging has the potential to
produce higher image resolution than transmission tomogra-
phy, but imaging resolution and quality still need to be further
improved for early cancer detection and diagnosis. An inven-
tive ultrasound reflection image reconstruction method is
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described using the split-step Fourier propagator. The recon-
struction method is based on recursive inward continuation of
ultrasonic wavefields in the frequency-space and frequency-
wave number domains. The inward continuation within each
extrapolation interval consists of two steps. In the first step, a
phase-shift term is applied to the data in the frequency-wave
number domain for propagation in a reference medium. The
second step consists of applying another phase-shift term to
data in the frequency-space domain to approximately com-
pensate for ultrasonic scattering effects of heterogeneities
within the tissue being imaged, (e.g., breast tissue). Synthetic
ultrasound pulse-echo data recorded around a ring for hetero-
geneous, computer-generated, numerical breast phantoms is
used for studying the imaging capability of the method. By
way of example and not limitation, the phantoms are derived
from an experimental breast phantom and a sound-speed
tomography image of in-vivo ultrasound breast data collected
using a ring array. The heterogeneous sound-speed models
used for pulse-echo imaging are obtained using a computa-
tionally efficient, first-arrival-time (time-of-flight) transmis-
sion tomography method. Tests are described on the inventive
method which demonstrate that reflection image reconstruc-
tion using the split-step Fourier propagator with heteroge-
neous sound-speed models significantly improves image
quality and resolution. In addition numerical verification of
these spatial sampling criterion of wavefields is provided for
a ring transducer array.

[0103] It should be appreciated, that although ultrasonic
imaging is the second most often used imaging modality in
medicine [1] its role is usually limited to compliment the
other major imaging modalities such as x-ray imaging. It is
therefore of significant importance to improve the image
quality and resolution of ultrasonic imaging in order to make
this imaging modality feasible, such as to enhance early
breast cancer detection and diagnosis. Current limitations of
ultrasonic imaging arise from commonly used linear trans-
ducer arrays that restrict the data acquisition aperture, and
lack the ability to compensate for ultrasonic scattering effects
during image reconstruction; thus resulting in low-resolution
and noisy images. To alleviate the first limitation, several
groups have developed ring transducer arrays to increase the
data acquisition aperture. [2-9]

[0104] The recent technological advances in ring trans-
ducer arrays provide an opportunity to accurately obtain
sound-speed tomography images of the breast. [10-13] Such
images are normally smooth and the image resolution is low.
An inventive ultrasound reflection image reconstruction
method is described in this section which makes use of
smooth sound-speed tomography results for wavefield
inward continuation to improve image quality and resolution.

[0105] The wavefield extrapolation is carried out using the
split-step Fourier propagator that has been used for modeling
and imaging in other fields, [14-18] but has not yet been
studied for medical ultrasound imaging. The image recon-
struction capability of the split-step Fourier propagator for
ultrasound breast imaging is studied herein by way of
example using a ring array and computer-generated breast
phantoms. The split-step Fourier propagator is based on the
Fourier transform and phase shift in the frequency-wave
number and frequency-space domains. Therefore, the split-
step Fourier propagator minimizes the numerical dispersion
and consequently reduces image artifacts. Reflection image
reconstruction with the split-step Fourier propagator is com-
putationally much more efficient than full wave-equation-
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based time-reversal image reconstruction, [19] but provides
more accuracy than phase-shift image reconstruction. [20]
Ultrasound reflection image reconstruction is demonstrated
using the split-step Fourier propagator with heterogeneous
sound-speed models to significantly improve image resolu-
tion and quality compared to phase-shift image reconstruc-
tion.

[0106] The sampling criterion of wavefields needed to
image objects within a ring array has been recently devel-
oped. [21] A synthetic ultrasound pulse-echo dataset
recorded by a ring array for a computer-generated breast
phantom is utilized for numerically verifying the sampling
criterion.

[0107] 9. Split-Step Fourier Propagator.

[0108] The acoustic-wave equation can be decomposed
into two one-way wave equations describing wave propaga-
tion in opposite directions. The one-way wave equation in the
frequency-space domain is given by:

. 2 2 (1)
BU(x,z,a))_ . W o Utx. 2 )

= +—
az ' v2(x, z)  Ox?

=—iQx, 3 VU (X, 7; w),

where (x,z) is the space position, w is the circular frequency,
v is the sound speed, U is the acoustic wavefield, and the
operator Q is defined by:
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with v, as a reference sound speed. Eq. (2) can be approxi-
mated by:
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where the slowness s=1/v, and the reference slowness s,=1/
V,. The formal solution of equation (1) is:

U(x,z+Az;0)=exp{-if Qdz } U(x,z;0) 4

which extrapolates the acoustic wavefield U from z to z+Az.
[0109] Inward continuation ofthe wavefield from receiving
transducers into the tissue (e.g., breast) using Eq. (4), together
with Eq. (3), can be implemented with the following steps: (a)
Fourier transform of acoustic wavefield U(x,z;w) with respect
to x; (b) Applying a phase-shift term e7+% to the wavefield in
the frequency-wave number (w-k,) domain, where k=
Vky>—k,? with k;=w/v,, and k_ is the wave number along the
x-coordinate; (¢) Inverse Fourier transform of the resulting
wavefield into the frequency-space (w—x) domain; (d) Apply-
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ing a phase-shift term e “0) 1o approximately compensate
for ultrasonic scattering effects of heterogeneities. The result-
ing wavefield is the extrapolated acoustic wavefield. The
wavefield inward continuation using the above procedure is
termed the split-step Fourier (SSF) propagator. For ultra-
sound pulse-echo signals, the ultrasound propagation time
from a transmitter to a scatterer, and then back to the trans-
mitter/receiver, is twice the propagation time from the trans-
mitter to the scatter. Therefore, a time sample interval that is
half of that of the pulse-echo data is used for pulse-echo
imaging to focus scattering wavefields back to scatterers. The
image I(x,z) is obtained at time zero of backpropagated wave-
fields, and is calculated using:

1(x,2)=[U(x,z;0)dw (5)

[0110] One major advantage of the split-step Fourier
method is that it is based on the Fourier transform, and there-
fore, numerical dispersion is minimized. When using an
assumption of uniform sound-speed for image reconstruction
(v=v,), the method regresses to the phase-shift image recon-
struction scheme. [20]

[0111] 10.Imagingofa Phantom Derived from Experimen-
tal Breast Phantom.

[0112] Two numerical breast phantoms are used to investi-
gate the capability of the split-step Fourier propagator for
reflection image reconstruction. An important advantage of
using computer-generated phantoms in image-reconstruction
studies is that the exact sound-speed model of the phantoms is
known, and thus the reflection image reconstructed using the
exact sound-speed provides an accurate standard (“gold stan-
dard”) for image quality and resolution that could be achieved
using a given image-reconstruction algorithm. Another
advantage is that numerical phantoms can be easily altered to
simulate different tissues (anatomies) and medical situations.
It is currently difficult to study combinations of different
medical situations of patients using clinical data.

[0113] FIG. 10A-10B illustrate sound speed of a numerical
breast phantom derived from an experimental breast phantom
that contain two tumors with high sound-speeds, and two
fatty tissues with low sound-speeds. FIG. 10A depicts the
numerical breast phantom, while FIG. 10B depicts reflectiv-
ity of the phantom which shows where changes of acoustic
impedances occur. The outer white solid circle in FIG. 10A is
the ring array used to record synthetic pulse-echo data. The
first numerical breast phantom shown in FIG. 10A-10B, con-
tains four phantom breast masses, and is derived from an
experimental breast phantom from the Karmanos Cancer
Institute. It consists of a subcutaneous layer of fat, a faceted
parenchyma, and two tumors with higher sound speeds and
two fatty masses with lower sound speeds compared to the
surrounding tissue. The larger tumor is more irregular than
the other anomalies. The surfaces of all phantom breast
masses in FIG. 10A are rough, resulting in a significant
amount of ultrasound scattering. An enlarged display of
reflectivity (normal reflection coefficient) within the phantom
is given in FIG. 10B. The maximum value of reflectivity is
0.015. It would be ideal if reflection images would look like
the reflectivity.

[0114] A finite-difference time-domain scheme is utilized
for the acoustic-wave equation in heterogeneous media to
generate ultrasound pulse-echo data for the numerical breast
phantom in FIG. 10A. It is assumed that the densities of the
phantom tissues are proportional to their sound speeds during
the finite-difference calculation. The data is recorded across a
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plurality (e.g., 4096) transducers that are equally distributed
around the ring shown as the white solid circle in FIG. 10A.
The central frequency of the data is 1 MHz. By way of
example, the data herein is for a ring array with a diameter of
about 20 cm, and each transducer receives scattering signals
emitted from itself.

[0115] FIG. 11 is computer-generated ultrasound pulse-
echo data for the numerical breast phantom in FIG. 10A, and
clearly shows scattering from the interfaces of the phantom
tissues being imaged. The central frequency of the data is 1
Mhz. The synthetic pulse-echo data in the figure clearly
shows ultrasonic scattering from the interfaces of four
anomalies, in addition to other scattering signals.

[0116] Image reconstruction with the split-step Fourier
propagator requires a heterogeneous sound-speed model. The
heterogeneous sound-speed models of the numerical breast
phantom are obtained using a time-of-flight transmission
tomography method, [13] in which transmission ultrasound
data are used instead of pulse-echo data. This tomography
method is computationally efficient, particularly when only
using a few iterations in tomography inversion to produce a
reasonably accurate sound-speed image.

[0117] FIG. 12A-12B depict time-of-flight sound-speed
tomography results used for pulse-echo imaging for the
numerical phantom in FIG. 10A. In FIG. 12A time-of-flight
tomography is shown in response to a preliminary scan oftwo
iterations, while in FIG. 12B time-of-flight tomography is
shown in response to ten iterations. It should be appreciated
that FIG. 12B is more accurate being in response to additional
iterations of the tomography inversion. It takes less than 20
seconds on a desktop computer to obtain the preliminary
result as in FIG. 12A. Ultrasound pulse-echo imaging with
the split-step Fourier propagator is conducted using the syn-
thetic pulse-echo data in FIG. 11. In the image reconstruc-
tions, four different sound-speed models are used: a uniform
one obtained using the average slowness of the numerical
breast phantom in FIG. 10A, two time-of-flight sound-speed
tomography results, as shown in FIGS. 12A and 12B, and the
original (correct) sound-speed model of the phantom shown
in FIG. 10A.

[0118] FIG. 13A-13D illustrates a comparison of recon-
structed reflection images and compares ultrasound pulse-
echo imaging using the split-step Fourier propagator with
different sound-speed models. In FIG. 13A a phase-shift
reconstruction is shown in response to a uniform sound-
speed. In FIG. 13B-13D SSF reconstructions are utilized with
heterogeneous sound-speed models from FIG. 12A, FIG.
12B, and FIG. 10A respectively. Image reconstructions with
heterogeneous sound-speed models significantly improve
image quality and resolution compared with that obtained
using a uniform sound-speed as in FIG. 13A. As depicted in
FIG. 13A, the phase-shift image reconstruction using a uni-
form sound-speed model produced a blurred image with sig-
nificant artifacts. When even only using a preliminary tomog-
raphy result (FIG. 12A) for SSF image reconstruction (FIG.
13B), the image resolution was significantly improved, and
the image contained fewer artifacts than the phase-shift image
reconstruction of FIG. 13A. As demonstrated in FIGS. 13B
and 13C, imaging quality is further improved using the more
accurate sound-speed tomography result shown in FIG. 12B,
and is best when using the original sound-speed of the phan-
tom in FIG. 10A for image reconstruction in FIG. 13D. FIG.
13D contains fewer image artifacts than FIGS. 13A-13C, but
no exact sound-speed model will be available in practice.
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Nevertheless, the images in FIGS. 13A-13D are similar to the
reflectivity depicted in FIG. 10B.

[0119] FIG. 14A-14B depict image differences between
those obtained using sound-speed tomography and that which
yielded the original (correct) phantom sound speed. These
image differences are plotted using the same scale as that
utilized in FIG. 13D. The images allow comparing differ-
ences more clearly, as FIG. 14A depicts the image differences
between FIG. 13B and FIG. 13D, while FIG. 14B depicts the
differences between FIG. 13C and FIG. 13D. It should be
appreciated that the differences shown in FIG. 14B are
smaller than those in FIG. 14A. It will be noted that the image
differences decrease with increasing accuracy of sound-
speed tomography results, or the image quality and resolution
improve with increasing accuracy of the sound-speed models
used for image reconstruction.

[0120] 11. Imaging of Phantom Derived from In-Vivo
Sound-Speed Tomography.

[0121] Another numerical breast phantom which was uti-
lized to test the capability of the split-step Fourier propagator
for image reconstruction was derived from sound-speed
tomography image of an in-vivo ultrasound breast dataset,
collected using Karmanos Cancer Institute’s ring transducer
array. [9] The sound-speed image is obtained from the data
using a time-of-flight transmission tomography method. [13]
A numerical breast phantom is then derived from the sound-
speed tomography image by removing the tomography arti-
facts.

[0122] FIG.15A-15B illustrate a numerical breast phantom
and reflectivity of the phantom, respectively. In FIG. 15A
sound speed of a numerical breast phantom is shown derived
from a sound-speed tomography result of in-vivo ultrasound
breast data. The phantom contains heterogeneous breast tis-
sues and a breast cancer with a higher sound speed than its
surrounding tissues. The white solid circle in FIG. 15A is the
ring array used to record synthetic pulse-echo data. In FIG.
15B the reflectivity within the phantom of FIG. 15A shows
where changes of acoustic impedances occur. It will be appre-
ciated that the low sound-speed regions in the phantom rep-
resent fatty tissues, and the high sound-speed region is a
breast cancer. FIG. 15B depicts an enlarged display of reflec-
tivity (normal reflection coefficient) within the phantom,
showing the valuable standard (“‘gold standard”) of reflection
image reconstruction. The maximum value of the reflectivity
is 0.0001639, which is two orders of magnitude smaller than
that of the phantom in FIG. 10A.

[0123] A finite-difference time-domain acoustic-wave
equation scheme is again used to compute ultrasound pulse-
echo data for the numerical breast phantom in FIG. 15B. It is
assumed that the densities of the phantom tissues are propor-
tional to their sound speeds during finite-difference model-
ing.

[0124] FIG. 16 is computer-generated ultrasound pulse-
echo data for the numerical breast phantom in FIG. 15A. The
central frequency of the data is 1 Mhz and the synthetic data
recorded across multiple (e.g., 4096) transducers which are
preferably equally distributed around the ring, for example
within the white solid circle (approximate ring diameter of 20
cm) as shown in FIG. 15A. The data shows ultrasonic scat-
tering from the heterogeneous phantom tissues.

[0125] FIG. 17A-17B illustrate imaging results from two
iterations and from ten iterations of the time-of-flight trans-
mission tomography inversion for the numerical breast phan-
tom in FIG. 15A. [13] FIG. 17B is a more accurate sound-
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speed model than FIG. 17A. These sound-speed models are
utilized to reconstruct reflection images using the split-step
Fourier propagator and the synthetic pulse-echo data in FIG.
16. For comparison, ultrasound pulse-echo imaging is also
carried out using the phase-shift method with a uniform
sound-speed model, and split-step Fourier image reconstruc-
tion with the correct phantom sound-speed.

[0126] FIG. 18A-18D are similar to the image set of FIG.
13A-13D, albeit comparing different sound-speed images. In
FIG. 18A is shown a phase-shift reconstruction with a uni-
form sound-speed. FIG. 18B-18D illustrate Split-Step Fou-
rier (SSF) propagator reconstruction with a sound-speed
model from FIG. 17A, FIG. 17B and FIG. 15A, respectively.
It will be noted that the image reconstructions with heteroge-
neous sound-speed models (FIG. 18B-18D) provide signifi-
cant improvements in image quality and resolution compared
with that obtained using a uniform sound-speed as in FIG.
18A. The reconstructed images demonstrate once again that
image quality and resolution are greatly enhanced by using
reasonably accurate sound-speed models for image recon-
struction. The images in FIG. 18B-18D closely match the
reflectivity of the phantom as shown in FIG. 15B.

[0127] FIG. 19A-19B illustrate image differences between
FIG. 18B and FIG. 18D, and between FIG. 18C and FIG.
18D, respectively. The image differences are clearly seen
between those obtained using sound-speed tomography and
that produced using the original (correct) phantom sound-
speed. The differences in FIG. 19B are clearly smaller than
those depicted in FIG. 19A. The image differences are plotted
using the same scale as that in FIG. 18D. FIG. 19A-19B
illustrate graphically that image differences decrease with
increasing accuracy of sound-speed tomography results used
for image reconstruction. Practically, image reconstruction
using a sound-speed tomography result with five to ten itera-
tions of the tomography inversion can produce high-quality
and high-resolution reflection images.

[0128] 12.Verification of Sampling Criterion of Ring Array
Wavefields.
[0129] The sampling criterion of wavefields needed to

image objects within a ring array has recently been developed
[21] and is given by:

_AR ©
2rg

where A is the transducer spatial interval, A is the wavelength,
R is the radius of the ring array, and r,, is radius of the object
to be imaged.

[0130] In the image reconstruction studies undertaken
using the numerical breast phantom in FIG. 15A and the
pulse-echo data in FIG. 16, A~1.5 mm, R=100 mm, r,~60
mm. Therefore, the transducer interval must satisfy A<1.25
mm according to Eq. (6).

[0131] FIG. 20A-20D is ultrasound pulse-echo imaging
results for the numerical breast phantom in FIG. 15A with a
different number of transducers in the ring array, specifically
FIG. 20A is 2048; FIG. 20B is 1024; FIG. 20C is 512; and
FIG. 20D is 256. The sound speed used for image reconstruc-
tion is that shown in FIG. 17B. It should be appreciated that
imaging quality decreases significantly when the number of
transducers is less than 512, or when the transducer spacing
violates the sampling criterion for the ring array. These split-
step Fourier image reconstructions were performed recording
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ultrasound pulse-echo data as shown in FIG. 16. The corre-
sponding transducer intervals are as follows: FIG.20Ais 0.31
mm; FIG. 20B is 0.61 mm; FIG. 20C is 1.23 mm; and FIG.
20D is 2.45 mm. The sound-speed tomography model
depicted in FIG. 17B is used for the image reconstruction.
The transducer intervals for FIGS. 20A-20C satisfy the sam-
pling criterion of wavefields for the ring array, but the sparse
arrangement of the transducer of FIG. 20D does not, wherein
its use can lead to significant image artifacts inside and out-
side the phantom area. Even though FIG. 20C contains some
image artifacts outside the phantom region, the image within
the phantom has significantly fewer artifacts than that in FIG.
20D.

[0132]

[0133] An inventive ultrasound pulse-echo imaging
method using a split-step Fourier propagator has been taught
herein. The method uses heterogeneous sound-speed models
obtained from time-of-flight transmission tomography for
image reconstruction to approximately compensate for ultra-
sonic scattering effects. The discussion investigated the capa-
bility of this method for reflection image reconstruction using
two different numerical breast phantoms and synthetic pulse-
echo data recorded by a ring array. It has been demonstrated
herein that image reconstruction with the split-step Fourier
propagator and a heterogeneous sound-speed model signifi-
cantly improve image resolution and quality, even when using
only a preliminary estimate of the sound speed. The spatial
sampling criterion of wavefields for a ring array has also been
numerically verified. Waveform tomography has the potential
to produce higher-resolution sound-speed images than time-
of-flight transmission tomography. [22] It will be appreciated
that additional study into sound-speed models obtained using
waveform tomography for ultrasound reflection image recon-
struction can lead to further improvements in image quality
and resolution. In addition, further study into the capability of
the ultrasound reflection image reconstruction with the split-
step Fourier propagator could lead to more realistic and com-
plex numerical renditions of breast phantoms, and medical
application of the in-vivo ultrasound breast data collected
using a ring array.
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Section D

[0157] It should be appreciated that although the methods
described were directed at ultrasonic breast imaging, these
techniques can be implemented within any number of ultra-
sonic tissue imaging apparatus. The method is particularly
well-suited for implementation on a system which receives
reflective ultrasonic waveform information (waveform
tomography) and utilizes a computer for processing to per-
form the reconstruction of those signals. It should be appre-
ciated, however, that the aspects of the invention can be
implemented on any desired combination of software and
hardware as will be recognized by one of ordinary skill in the
art.

[0158] FIG. 21 illustrates an embodiment 10 of an ultra-
sonic imaging apparatus according to the present invention. A
sensor head 12 is shown exemplified as a ring configured for
ultrasonic imaging (e.g., breast tissue imaging), although it
can be configured in any desired configuration for various
forms of tissue testing. The sensor head 12 is configured with
transmitters and receivers controlled by block 14. All neces-
sary data from the sensor head is conditioned as necessary in
signal conditioning block 16, from which data 18 on a plu-
rality of ultrasonic signals is communicated to a computing
device 20 containing at least one processing element 22 and
memory 24. The ultrasonic signals received by the computer
contain more than time-of-flight information, and preferably
contain the entire waveforms to provide accurate reconstruc-
tion. Programming executable on computer 22 is configured
for retention in memory 24, and for executing the described
method steps according to the present invention, including
those recited for the split-step Fourier transform propagator.
The reconstructed image output can be utilized internal to the
computer or be output 26 from the computer for use by image
processing equipment 28 and image display and/or storage
elements 30. It will thus be appreciated that numerous medi-
cal ultrasonic devices can be configured according to the
teachings of the present invention to improve resolution and
quality of the ultrasonic information.

[0159] Although the description above contains many
details, these should not be construed as limiting the scope of
the invention but as merely providing illustrations of some of
the presently preferred embodiments of this invention. There-
fore, it will be appreciated that the scope of the present inven-
tion fully encompasses other embodiments which may
become obvious to those skilled in the art, and that the scope
of the present invention is accordingly to be limited by noth-
ing other than the appended claims, in which reference to an
element in the singular is not intended to mean “one and only
one” unless explicitly so stated, but rather “one or more.” All
structural and functional equivalents to the elements of the
above-described preferred embodiment that are known to
those of ordinary skill in the art are expressly incorporated
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herein by reference and are intended to be encompassed by
the present claims. Moreover, it is not necessary for a device
or method to address each and every problem sought to be
solved by the present invention, for it to be encompassed by
the present claims. Furthermore, no element, component, or
method step in the present disclosure is intended to be dedi-
cated to the public regardless of whether the element, com-
ponent, or method step is explicitly recited in the claims. No
claim element herein is to be construed under the provisions
of 35 U.S.C. 112, sixth paragraph, unless the element is
expressly recited using the phrase “means for.”

1. A method of ultrasound reflective image reconstruction
for waveforms generated within a medical ultrasound imag-
ing device, comprising:

receiving a heterogeneous sound-speed model of a tissue

region being imaged;
receiving ultrasonic waveform information in response to
reflection data for the tissue region being imaged;

reconstructing a reflection image using a split-step Fourier
transform propagator configured for recursive inward
continuation of ultrasonic wavefields in the frequency-
space and frequency-wave number domains;

applying a first phase-shift term to said ultrasonic wave-

form information in the frequency-wave number domain
for propagation in a reference medium; and

applying a second phase-shift term to said ultrasonic wave-

form information in the frequency-space domain to
approximately compensate for ultrasonic scattering
effects of heterogeneities within said tissue region.

2. A method as recited in claim 1, further comprising com-
puting a sound-speed contrast as the reciprocal of the refrac-
tion index for the ultrasonic waveform information.

3. A method as recited in claim 1, wherein in response to a
detailed sound-speed approximation with optimized free
coefficients, the method provides a globally optimized Fou-
rier finite-difference image reconstruction.

4. A method as recited in claim 3, wherein said optimized
free coefficients are generated in response to minimizing the
phase-error for the entire sound-speed perturbation range of
the tissue region to obtain optimized free coefficients.

5. A method as recited in claim 1:

wherein said method is based on waveform tomography

instead of time-of-flight tomography; and

wherein said waveform tomography is performed in

response to Fourier transforms to reduce dispersion.

6. A method as recited in claim 1, wherein said method
properly accounts for ultrasound scattering from tissue region
heterogeneities.

7. A method as recited in claim 1, wherein said ultrasonic
waveform information comprises information about the
entire waveform, and is not limited to time-of-flight (TOF)
information.

8. A method as recited in claim 1, wherein said propagator
is optimized for the sound-speed perturbation range within
the tissue being imaged.

9. A method as recited in claim 1, wherein said propagator
is configured for resolving two one-way wave equations
describing wave propagation in opposite directions.

10. A method of ultrasound reflective image reconstruction
for waveforms generated within a medical ultrasound imag-
ing device, comprising:

receiving a heterogeneous sound-speed model of a tissue

region being imaged;
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receiving ultrasonic waveform information in response to
reflection data for the tissue region being imaged;
reconstructing a reflection image using a split-step Fourier
transform propagator configured for recursive inward
continuation of ultrasonic wavefields in the frequency-
space and frequency-wave number domains by,
Fourier transforming of acoustic wavefield U(x,z;w)
with respect to X,
applying a phase-shift term %% to the wavefield in the
frequency-wave number (w-k,) domain, where k =
Vky>-k,”> with k,=w/v,, and k_is the wave number
along the x-coordinate,
inverse Fourier transformation of the resulting wavefield
into the frequency-space (w-x) domain, and
applying a phase-shift term e*“*? to approximately
compensate for ultrasonic scattering effects of hetero-
geneities to generate the extrapolated acoustic wave-
field.

11. A method as recited in claim 10, further comprising
computing a sound-speed contrast as the reciprocal of the
refraction index for the ultrasonic waveform information.

12. A method as recited in claim 10, wherein in response to
a detailed sound-speed approximation with optimized free
coefficients, the method provides a globally optimized Fou-
rier finite-difference image reconstruction.

13. A method as recited in claim 12, wherein said opti-
mized free coefficients are generated in response to minimiz-
ing the phase-error for the entire sound-speed perturbation
range of the tissue region to obtain optimized free coeffi-
cients.

14. A method as recited in claim 10:

wherein said method is based on waveform tomography

instead of time-of-flight tomography; and

wherein said waveform tomography is performed in

response to Fourier transforms to reduce dispersion.

15. A method as recited in claim 10, wherein said method
properly accounts for ultrasound scattering from tissue region
heterogeneities.

16. A method as recited in claim 10, wherein said ultrasonic
waveform information comprises information about the
entire waveform, and is not limited to time-of-flight (TOF)
information.

17. A method as recited in claim 10, wherein said propa-
gator is optimized for the sound-speed perturbation range
within the tissue being imaged.

18. A method as recited in claim 10, wherein said propa-
gator is configured for resolving two one-way wave equations
describing wave propagation in opposite directions.

19. An apparatus for reconstructing reflective ultrasound
images for waveforms generated within a medical ultrasound
imaging device, comprising:

12
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means for receiving a plurality of ultrasound waveforms
from an ultrasound transmitter-receiver device directed
for reflection from a tissue region being imaged;

a computer processor and memory coupled to said means;

programming executable on said processor for,

receiving a heterogeneous sound-speed model of the tissue
region from tomography,

receiving ultrasonic waveform information in response to
reflection data for the tissue region being imaged,

reconstructing a reflection image using a split-step Fourier
transform propagator configured for recursive inward
continuation of ultrasonic wavefields in the frequency-
space and frequency-wave number domains,

applying a first phase-shift term to said ultrasonic wave-
form information in the frequency-wave number domain
for propagation in a reference medium, and

applying a second phase-shift term to said ultrasonic wave-
form information in the frequency-space domain to
approximately compensate for ultrasonic scattering
effects of heterogeneities within said tissue region.

20. A computer-readable media executable on a computer
apparatus configured for reconstructing reflective ultrasound
images for waveforms generated within a medical ultrasound
imaging device, comprising:

a computer readable, non-transitory, media containing pro-
gramming executable on a computer processor config-
ured for processing ultrasound waveforms in response to
receiving a plurality of entire ultrasound waveforms
from an ultrasound transducer device directed for reflec-
tion from a tissue region being imaged;

said programming executable on said processor configured
for,

receiving a heterogeneous sound-speed model of the tissue
region from tomography,

receiving ultrasonic waveform information in response to
reflection data for the tissue region being imaged,

reconstructing a reflection image using a split-step Fourier
transform propagator configured for recursive inward
continuation of ultrasonic wavefields in the frequency-
space and frequency-wave number domains,

applying a first phase-shift term to said ultrasonic wave-
form information in the frequency-wave number domain
for propagation in a reference medium, and

applying a second phase-shift term to said ultrasonic wave-
form information in the frequency-space domain to
approximately compensate for ultrasonic scattering
effects of heterogeneities within said tissue region.

* * #* Ed *
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