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(57) ABSTRACT

An ultrasound imaging system combines successive images
of a time series to produce high-resolution ultrasound. A
piecewise registration process and deemphasizing of high-
frequency spatial components may be used to aid in the com-
bination process. A high-definition image may be obtained
with or separately from this process by combining different
images obtained with different ultrasound frequencies. The
images are weighted to accentuate the contribution of high-
frequency ultrasound data at the leading edge of imaged
structure.
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ULTRASOUND MACHINE PROVIDING
COMPOSITE IMAGE DATA

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

CROSS REFERENCE TO RELATED
APPLICATION

BACKGROUND OF THE INVENTION

[0001] The present invention relates to ultrasonic imaging
equipment and, in particular, to a method and apparatus pro-
viding higher quality ultrasound images by combining data
from several time displaced and/or several frequency dis-
placed images.

[0002] Ultrasonic imaging provides a mapping of ultra-
sonic echo signals to an image plane where the magnitude of
the reflected ultrasound wave (“echo”) is mapped to bright-
ness of pixels in the image. Such images may reveal structures
within the body as delineated by the increased reflection that
occurs at the interface between materials of dissimilar acous-
tic properties, for example, different tissue types.

[0003] Greater insight into the physical propetties of the
material being imaged may be obtained by using the ultra-
sound images for elasticity measurements. In one type of
elasticity measurement termed “quasi-static elastography”,
two images of a material in two different states of deforma-
tion are compared. The material may be deformed by com-
pression with the ultrasound probe itself, for example, or by
the internal muscular forces, for example the patient stretch-
ing a tendon or the beating of a heart in medical imaging.
Strain is deduced from these two images by computing gra-
dients of the relative shift of the material in the two images
along the deformation axis and the elasticity is deduced from
this strain with an assumption about the applied force. Elas-
tography in medical imaging is analogous to a physician’s
palpation of tissue during which the physician determines
stiffness by finger pressure and detects the amount of material
vield (strain) under this pressure.

[0004] Multiple ultrasound images, obtained rapidly in
succession at different times, can provide ultrasonic video
whose time dimension offers additional insight into the mate-
rial being imaged. In theory, successive frames of ultrasound
video can also provide for additional spatial information, for
example, by combining the data of separate images into a
higher resolution image. In practice, combining ultrasonic
images to produce higher-quality images has been difficult to
achieve.

SUMMARY OF THE INVENTION

[0005] The present inventors have identified and addressed
a number of obstacles to combining ultrasonic data from
multiple ultrasonic images into a higher-quality combination
image. These obstacles include: (1) motion among structures
in the material being imaged, this intra-image motion under-
cutting the assumption that the images are related in a single
affine mapping (that is, are related to each other by simple
rotation, translation or scale changes) and (2) the lack of
well-defined image corners or other consistent registration
features allowing the images to be properly aligned before
combination.

[0006] The problem of intra-image motion is addressed by
subdividing each of the images into portions that are then
separately registered. In this way the assumption of affine
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transformations can be piecewise correct. Independent regis-
tration of these portions is accommodated by an interpolation
process when the portions are combined.

[0007] The difficulties of registering ultrasound images are
addressed by a registration process that deemphasizes spatial
high-frequency data (e.g. ultrasound speckle) and image cor-
ners, with a broad area comparison that may be facilitated by
performing the registration in the frequency domain.

[0008] The inventors have extended this technique of com-
bining ultrasound images beyond combining images that are
displaced in time to also include combining images obtained
at different ultrasound frequencies. In combining these latter,
“frequency-displaced”” images, the inventors have accommo-
dated the properties of ultrasound waves at lower frequencies
traveling further into the tissue but contributing less detail to
the image, and ofhigher frequencies traveling less deeply into
the tissue before significant damping but providing more
image detail. Accordingly, higher frequency image data are
given greater weighting at short acoustic distances from the
ultrasound transducer than lower frequency image data in the
combination process.

[0009] Specifically then, in one embodiment, the present
invention provides an ultrasonic imaging apparatus having an
ultrasound transducer for transmitting ultrasound and detect-
ing ultrasonic echoes from the transmitted ultrasound. The
ultrasound transducer is connected to the ultrasound process-
ing circuitry including an electronic computer executing a
stored program to generate a series of time displaced images
depicting ultrasound echo information over at least two
dimensions of an imaged object and to combine multiple time
displaced images to produce a high-resolution image. This
combining process includes the steps of (i) subdividing each
of the multiple time displaced images into multiple regions
having at least two dimensions to provide corresponding
regions in each of the multiple time displaced images; (ii)
separately registering corresponding regions of the multiple
time displaced images in rotation and translation; and (iii)
combining the corresponding regions as registered to produce
the high-resolution image.

[0010] TItis thus a feature of at least one embodiment of the
invention to provide a method of combining ultrasound
images in which different image components may have sepa-
rate motions while accommodating the assumption of images
thatare related by an affine transformation through the imple-
mentation of a piecewise approximation.

[0011] The combining may further include filtration of the
corresponding image portions before registration to remove
influence of high spatial frequency components of the corre-
sponding image portions.

[0012] TItis thus a feature of at least one embodiment of the
invention to provide improved registration of ultrasound
images having high-frequency speckle type noise.

[0013] Theregistrationin translation may shift correspond-
ing image portions to reduce differences in values of Fourier
phase coefficients in the corresponding image portions. In
this regard, the registration in translation may substantially
disregard values of Fourier amplitude coefficients (especially
those in the high frequency regions) in the corresponding
image portions.

[0014] TItis thus a feature of at least one embodiment of the
invention to provide a registration process with reduced sus-
ceptibility to artifacts such as speckle noises that may be
found in ultrasound images.
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[0015] The registration may convert corresponding image
portions into a frequency domain and register the correspond-
ing image portions by determining a spatial offset needed to
reduce differences in phase components of the frequency
domain representations of the corresponding image portions.
[0016] Itis thus a feature of at least one embodiment of the
invention to provide an alignment mechanism that is more
tractable, computationally, by operating in the frequency
domain.

[0017] The registration of the corresponding images rota-
tively may shift corresponding image portions into registra-
tion to minimize differences in values of Fourier amplitude
coefficients in the corresponding image portions.

[0018] Itis thus a feature of at least one embodiment of the
invention to provide a rotational alignment mechanism that
may isolate the effects of rotation and scaling from transla-
tion, each of which may have different degrees of influence in
time-shifted ultrasound images.

[0019] Theregistration in rotation may convert correspond-
ing image portions into a frequency domain and register the
corresponding image portions by determining a rotational,
offset needed to reduce differences in amplitude components
of the frequency domain representations of the corresponding
image portions.

[0020] Itis thus a feature of at least one embodiment of the
invention to provide a rotational alignment mechanism that
may take advantage of Fourier transformations of the images
used in other registration processes.

[0021] The process of combining multiple time displaced
images may be repeated with successive sets of time dis-
placed images each within a rolling window of time covering
a predetermined number of time displaced images shifted by
an integer number of time displaced images with each repeti-
tion to provide a set of time displaced high-resolution images.
[0022] Itis thus a feature of at least one embodiment of the
invention to provide for high-resolution video output.
[0023] The corresponding regions may be identical in size
and shape and regularly tile the dimension of each time dis-
placed image.

[0024] TItis thus a feature of at least one embodiment of the
invention to provide a simple partitioning mechanism that
does not require recognition or segmentation of the image by
tissue type.

[0025] The electronic computer may further operate to
repeat the combining to provide at least two high-resolution
images and to compare the two high-resolution images to
deduce a shifting of structure within the two high-resolution
images to provide an output indicating elasticity of structure
of the imaged object.

[0026] Itis thus a feature of at least one embodiment of the
invention to provide improved accuracy in elasticity tissue
measurement using ultrasound. The present inventors have
determined that the apparent visual improvement in resolu-
tion is not simply cosmetic but results in higher accuracy
measurements to determine elasticity.

[0027] In one embodiment, the invention may provide an
ultrasound transducer for transmitting ultrasound and detect-
ing ultrasonic echoes from the transmitted ultrasound at mul-
tiple different ultrasonic frequencies and the ultrasound pro-
cessing circuitry may include an electronic computer
executing a stored program to generate at least two images
depicting ultrasound echo information over at least two
dimensions of an imaged object at different ultrasound fre-
quencies, and to combine the images at the different ultra-
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sound frequencies to produce a higher-definition image. This
combining may weight the images to emphasize data from at
least one image at a higher ultrasound frequency with respect
to data from at least one image at a lower ultrasound fre-
quency for portions of the high-resolution image closer to the
ultrasound transducer and to deemphasize data from at least
one image at higher ultrasound frequencies with respect to
data from at least one image at lower ultrasound frequencies
for portions of the high-resolution image further from the
ultrasonic transducer.

[0028] Itis thus a feature of at least one embodiment of the
invention to extract additional information from images taken
at different frequencies, in addition to or instead of images
taken at different times, to provide for improved image qual-
ity.

[0029] The ultrasonic imaging apparatus may further per-
form the step of acquiring a time series of images at the
different ultrasound frequencies to provide high-definition
images at different times and include the step of combining
multiple high-definition images acquired at different times to
produce a high-resolution, high-definition image.

[0030] Itis thus a feature of at least one embodiment of the
invention to provide multiple sources of additional image
data for improved image quality.

[0031] The weighting of the images in combining images
obtained at different ultrasound frequencies may provide a
weighting dependent on a cumulative value of attenuating
tissue traversed by the ultrasound beam in passing from the
ultrasonic transducer to material located at a point of the
given data.

[0032] Itis thus a feature of at least one embodiment of the
invention to provide a method of favoring high-frequency
ultrasound data at the leading edges of structure regardless of
absolute depth of the structure.

[0033] These particular objects and advantages may apply
to only some embodiments falling within the claims and thus
do not define the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0034] FIG. 1 is a simplified diagram of an ultrasound
imaging system of a type suitable for use with the present
invention, as depicted during imaging of structure such as a
tendon for elasticity measurements of that tendon under dif-
ferent tensions;

[0035] FIG.2isafragmentary view ofthe ultrasound imag-
ing system of FIG. 1 depicted during imaging of a compress-
ible structure, such as a breast, for elasticity measurements of
breast tissue under different compressions;

[0036] FIG. 3 is a flowchart of a program executed by the
ultrasound imaging system of FIG. 1 showing steps in con-
structing a high-resolution ultrasound image;

[0037] FIG. 4 is a representation of multiple successive
frames of ultrasound video obtained with the apparatus of
FIG. 1 during the imaging of either FIG. 1 or 2 according to
the program of FIG. 3;

[0038] FIG. 5 is a diagrammatic representation of a two-
dimensional Fourier transform that may be applied to succes-
sive frames of F1G. 4 showing separate amplitude and phase
coefficient images;

[0039] FIG. 6 is a diagrammatic representation of rota-
tional registration using the amplitude coefficient images of
FIG. 5;
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[0040] FIG. 7 is a figure similar to that of FIG. 6 showing
translational registration using the phase coefficient images
of F1G. 5;

[0041] FIG. 8is a figure similar to that of FIG. 4 showing
the acquisition of augmenting images taken at different ultra-
sonic frequencies;

[0042] FIG. 9 is a representation of one image of FIG. 8
showing the development of weights used to combine the
multiple frequency images; and

[0043] FIG. 10 is a representation of an image structure
showing regions with different frequency contributions based
on the weighting of FIG. 9.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

[0044] Referring now to FIG. 1, an ultrasound system 10
suitable for use with the present invention may provide an
ultrasound transducer 12, for example, providing for a linear
array of transducer elements that may transmit laterally dis-
placed ultrasound beams 14 through tissue 16 of the patient
including, for example, a tendon 18.

[0045] The ultrasound beams 14 may travel through the
tissue 16 and bereflected back to the ultrasound transducer 12
to be received thereby, converted to electrical signals, and
transmitted to a processing unit 20.

[0046] The processing unit 20 may include, for example, an
electronic computer 22 having a processor 24 communicating
with a memory 26 holding a stored program 28. A graphic
display 34 for displaying images generated by the processing
unit 20 may communicate with the processing unit 20. In
addition, a user input device 37 such as a keyboard and/or
mouse or equivalent may allow for the entry of data by the
user to the processing unit 20. Execution of the stored pro-
gram 28, according to techniques generally understood in the
art, may generate digital signals to interface electronics 30
that provide the necessary electrical signals to the transducer
12 to generate the ultrasound beams 14. Interface electronics
30 may then receive the echo signals from the transducer 12
and convert them to digital signals for processing by the
electronic computer 22.

[0047] Also according to conventions generally understood
in the art, the echo signals received from the transducer 12
may be processed by the processing unit 20 to produce an
ultrasonic B-mode image 32 on the graphic display 34. The
B-mode image 32 represents rows and columns of echo data
with the rows correspond generally to depths along individual
ultrasound beams 14 and the columns correspond to different
laterally displaced ultrasound beams 14. As used herein, the
term “image” 32 will refer both to the visual representation of
data and the underlying data of that image.

[0048] Thetransducer 12 may be operated at different ultra-
sound frequencies either sequentially or in parallel so that
multiple images 32 may be obtained each associated with a
different ultrasound frequency. For example, images may be
obtained at 8, 10, 12 and 13 megahertz. It will be understood
that the B-mode echo images depict a magnitude of the
returned ultrasonic echo signal being an amplitude envelope
largely indifferent to the echo frequency.

[0049] In addition, multiple images 32 may be obtained
over time to produce a time series of images in the manner of
ultrasound video. These images may be stored in the memory
26 for later processing by the processor 24 according to the
stored program 28.
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[0050] Referring still to FIG. 1, the ultrasound, system 10
may be used to provide elasticity images using, for example,
the quasi-static approach. In this example, a first set of images
32 of tendon 18 may be obtained with the tendon 18 in a
relaxed state. A second set of images 32 may then be obtained
in which the patient tensions the tendon 18, for example, by
pressing the ball of the foot against a surface 21. As will be
discussed below, the program 28 may combine the images of
each set and then analyze movement of the tissue 16 between
the combined images of the two states of deformation to
establish tissue elasticity using known techniques where
greater deformation of the tissue between the two images
generally indicates relatively greater elasticity.

[0051] Referring now to FIG. 2 in an alternative applica-
tion, the ultrasound transducer 12 or another probe may be
used to press down upon the tissue 16 to provide the defor-
mation between the two analyzed sets of images: the first set
of images with the transducer 12 resting lightly on the tissue
and the second set of images with the transducer 12 pressing
down into tissue 16 to introduce a stress field into that tissue.

Combination of Time Displaced Images

[0052] Referring now to FIGS. 3 and 4, the time series sets
ofimages 324-32/(shown in F1G. 4) each separated in time by
a predetermined interframe period, for example one 50 th of
the second, may be acquired as indicated by process block 36
of FIG. 3. Each image 32 provides a series of pixels providing
data about the intensity of echo signal at corresponding vol-
ume elements within the tissue 16. In this example, the
images are two-dimensional; however, it will be appreciated
that the present invention may be readily expanded to three-
dimensional processing.

[0053] At process block 38, each image is divided into
corresponding portions P,  where 1is an index variable rang-
ing over M rows of the image 32 and j is an index variable
ranging over the N columns of the image 32. As depicted, the
portions P, may each be defined by a set of regular rectan-
gular tiles subdividing the image 32 into the M rows and N
columns; however, other portion shapes which serve to tile
over the image 32 without gaps (tessellate) can be envisioned.
In one embodiment, each image is divided into 36 different
portions P, ; forming six rows and six columns.

[0054] At thesucceeding process blocks 40 and 42, subsets
44 of the time series images 32, each holding multiple images
32, will be registered with each other and then combined to
produce a high-resolution image that may be output to the
display 34 where it may be used for quantitative processing or
for visual analysis by an expert (e.g., aradiologist). Desirably,
a rolling series of subsets 44a-44c may be formed. In the
example of the time series of images 32a-32f, a first subset
44a may be created holding four successive images 32a-324,
a second subset 445 holding four images 325-32¢, and each
succeeding subset 44 adding one later image and dropping
one earlier image. In this way a high-resolution images may
be generated regularly at each video time interval to provide
for, if desired, high-resolution video. It will be appreciated
that the number of combined images 32 in each subset 44 may
be readily varied as desired to include at least two images and
preferably more than three images.

[0055] Referring still to FIG. 3, in the registration process
of process block 40, each of the portions P, ; of each of the
images in a subset 44 will be independently registered with
corresponding portions P, ; in the other images of the subset
44. Typically this process will be performed on a pair-wise
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basis to register each portion P,  of the different images with
a given portion of a designated baseline image, for example,
being the earliest image of the subset 44.

[0056] The registration process will generally involve
determining the relative translation and rotation of each por-
tion P, ; with respect to its corresponding portion in the base-
line image and then shifting and rotating that portion P,
according to the relative translation and rotation so that the
two portions align and can be combined. Corresponding por-
tions P, ;are portions that approximately cover the same struc-
ture within the tissue 16 and, in the embodiment described,
will be identified as having identical rows and columns (i, j)
within the image 32.

[0057] In one embodiment, this registration process is per-
formed in the frequency domain. Referring to FIG. 5, each
image 32 may generally have spatial coordinates of rows and
columns designated y and x according to standard Cartesian
notation. A Fourier transform 45 of the image 32 may be
performed to provide for a frequency domain image 48 use-
fully decomposed into a Fourier magnitude image 50 and a
Fourier phase image 52 representing the corresponding mag-
nitude and phase coefficient of the Fourier transform. The
Fourier magnitude image 50 provides a measure of the spec-
tral energy of the image 32, for example, a singlerow 53 of the
Fourier magnitude image 50 having magnitude values 54
representing the spectral energy at different spatial frequen-
cies. Generally images 32 that approximate slowly changing
shade gradients will have higher values toward the center of
each row 53 representing lower spatial frequencies (assuming
the zero frequency point of the row is centered in the row)
whereas images 32 that have high levels of rapidly changing
detail will have higher values toward the left and right edges
of each row representing higher spatial frequencies.

[0058] The Fourier phase image 52 provides a relative
phase offset of the frequencies of the Fourier magnitude
image 50, for example, a single row 56 having phase values 58
representing the phase of the corresponding magnitude val-
ues 54.

[0059] Referring now to FIGS. 3 and 6, in the first step in
the registration process of process block 40, as indicated by
subprocess block 60, the corresponding portions P of the
images of the subset 44 are registered with respect to rotation.
This process may compare Fourier magnitude image 50a of a
portion P, ; of image 32a with Fourier magnitude image 505
of a portion P, ; of image 325, for example, to deduce the
rotatable offset between the two. In this process, each Fourier
magnitude image 50 is first windowed to a circular window 49
centered about the zero frequency position (for example,
using a Tukey window sized to fit within a circle circum-
scribed by the boundaries of the Fourier magnitude image
50). In addition, the “DC values™ 51 about the origin of each
Fourier magnitude image 50 (at approximately Yio the radius
of the Tukey window) representing low spatial frequencies
are removed.

[0060] As windowed, the Fourier magnitude image 505 is
incrementally rotated about its origin by angle alpha and the
correlation between the images 63 as a function of alpha is
measured to find a peak correlation value (a0) that will be
used to rotate portion P, ;image 325 withrespect toportion P, ,
image 32a before combination. Typically a full range of
angles alpha need not be investigated based on an assumption
that the portions P, ; remain relatively aligned in rotation. This
process is then repeated for each of the portions P, ; indepen-
dently to determine a rotational offset for the portions P, ; of
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each of images 326-32d with respect corresponding portions
P,; of image 32a. So, for example, the process may be
repeated for the next portions P, ; of the Fourier magnitude
image 50a and Fourier magnitude image 50¢ corresponding
to image 32a and image 32c¢ to produce a value of rotatable
offsetofal. Ultimately this process allows the portions P, of
each of images 32a-32¢ to be mutually registered in rotation.
It will be appreciated that the windowing process of the
Fourier magnitude images deemphasizes high spatial fre-
quency information of the images 43 in the alignment process
as well as very low spatial frequency information.

[0061] Referring now to FIGS. 3 and 7, translated offsets
along the x- and y-axes of images 32 may then be determined
to register these images in translation per subprocess block
62. In this process, only the Fourier phase image 52a of the
portions P, is considered after windowing as described
above. As before, each of the images 32 will be pairwise
translatively aligned to a baseline image, for example, being
the first image in the subset 44.

[0062] In this translation process, a two-dimensional phase
difference map 64 is generated between each corresponding
pair of portions P, ; in two different Fourier phase images 52
representing a point wise difference between phase values 58
for corresponding points in the two portions P, ; of the two
Fourier phase images 52. A plane 66 is then fit to the three-
dimensional surface of the difference map 64 by a least-
squares approximation and the average slope of this plane in
the x and y directions is used to deduce the x and y offset
between the portions P; ; of the corresponding images 32. As
before, this process is repeated for successive Fourier phase
images 52 so that each of the portions P, ; of each of the
images 32 within the subset 44 may be aligned in translation
to corresponding common portions P; .

[0063] Referring still to FIG. 3, once each of the portions
P, of each of the images 32 in the subset 44 is aligned in
rotation and in translation, (by shifting according to the
deduced offsets) they are combined by averaging together
corresponding data points. Typically, the shifting and rotation
of the registration process means that the data points for
different portions P, ; will no longer lie on a common grid and
accordingly bicubic interpolation or other similar interpola-
tion (for example, normalized convolution) will be used to
make this combination. The interpolated values to a common
grid are then averaged together.

[0064] The result is a series of high-resolution image 70
associated with each subset 44 each separated in time by the
interframe time ofthe images 32 but delayed by the number of
images in a subset 44. This series of high-resolution images
may then be displayed on display 34 as a high-resolution
ultrasound video. Alternatively or in addition, high-resolu-
tion video images 70 associated with different deformations
of the tissue may be used to compute elasticity value per
process block 71 according to the quasi-static process
described above or other elasticity calculating procedures
known in the art. The elasticity calculation may be output as
a numeric value, an image or a video image.

Combination of Frequency Displaced Images

[0065] Referring now to FIG. 8, in a further embodiment,
the present invention contemplates that additional image
information may be obtained by obtaining images 32 at dif-
ferent times as before, and/or at different frequencies to pro-
vide for augmenting images 32', 32", 32" (or more) for each
image 32. Thus, for example, image 32a taken at 8 megahertz
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may be augmented with images 32'a, 32"a and 32™a obtained
at 10, 12 and 13 megahertz, respectively. These augmenting
images 32 may be obtained, for example, by repeated scan-
ning after the acquisition of each image 32 (after switching
the ultrasound transducer 12 to another frequency), or simul-
taneously with the acquisition of each image 32 by broadband
scanning with multiple frequencies through the transducer
12. The invention also contemplates that the order of the
scanning may be varied such as to provide for first scanning of
images 32a-32d of a subset 44 at a first frequency and then
repeating that scanning for the augmenting frequencies.
[0066] Depending on the particular scanning approach,
each image 32 and its augmenting images 32', 32", 32" may
be intrinsically registered (having been obtained at substan-
tially the same time) or may be registered using the processes
described above by partitioning each of the images 32 into
partitions P, ; and performing the registration on each parti-
tion per process blocks 38, 40 (including process blocks 60
and 62) and process block 42. Alternatively, each of the
images at a given frequency may be first combined (for
example, combining 32a-324, augmenting images 32'a-32'd,
etc.) and then the combined images may be combined.
[0067] Inall cases, the combination of the images 32 asso-
ciated with different frequencies will differ from the previous
combination process primarily by the addition of a weighting
of each of the augmenting images before the combination. A
first step in this weighting provides a normalizing weighting
to each image and its augmenting images to compensate for
the fact that echo energies at different frequencies may differ
substantially with lower frequency images and are usually
brighter than those of higher frequency images. For example,
forimages fg, f) , f;, and f, 5, representing images 32, 32', 32",
and 32" respectively, the following weighting system can be
adopted:
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to produce normalized images Ty, T, ,, and f, ;. Normaliza-
tion, as used herein, means adjusting values to a common
scale and does not require that common scale to be from 0 to
L.

[0068] Many such weighting schemes are possible: the key
idea is that the scheme should weight high frequency mea-
surements near the transducer and low frequency measure-
ments further form the transducer.

[0069] Referring now to FIG. 9, a second level of contribu-
tion weighting of each of these weighted images is then
performed to accentuate the image data taken at higher fre-
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quencies at leading edges of attenuating structures 72 in the
image 32. This leading edgeis determined by a direction 74 of
ultrasound propagation and for that reason will be the edge
closest to the ultrasound transducer 12.

[0070] This contribution weighting is facilitated by calcu-
lation of two values I, and A, . Value 1, expresses the cumu-
lative intensity of the echo image along each column and
value A, ; captures a depth into the attenuating structure 72 as
follows:

=l (%)

i-L (©)

where M and N are the number of rows and columns of the
image a and L is the row number for column I at which f(i, j)
is maximum.

[0071] As will be appreciated, equation (5) basically inte-
grates the intensity of the echo values as one moves down
each column rising between zero and a maximum of 1. Equa-
tion (6) roughly provides a depth value increasing as one
moves deeper into the most attenuating structure of the given
rOw.

[0072] One possible weighting system using the above val-
ues is provided as follows:

e ] ™
T = fati ), [+ (7 o -2
r=1

where R an index indicating the particular frequency rank
(8-13 megahertz).

[0073] For the particular frequencies described above this
becomes:

Jad G =4, o0 7140.S 1ol A1) ®

[0074] These weighted values are then combined after
appropriate registration of the given portions P, ; by an aver-
aging after appropriate interpolation.

[0075] Referring now to FI1G. 10, generally this weighting
system provides what will be termed for convenience a high-
definition image 75 in which an image of structure 72 will
have a first leading region 76 in which higher frequencies (e.g.
f, ;) dominate in formation of the image and a trailing region
78 where lower frequencies (e.g. fy) dominate in formation of
the image separated by a transition region 80 with more equal
contributions. This weighting system provides greater sharp-
ness at the leading edge of structure 72 while improving the
information content deeper into the structure 72.

[0076] Generally it will be understood that the high-defini-
tion image 75 also provides for higher resolution as a result of
the combination of additional image data and the term high-
definition is used merely for clarity in discussing these dif-
ferent mechanisms of time and frequency displaced image
combination.

[0077] As noted above, the order in which the multiple
augmenting images and multiple time-displaced images are
combined may be varied and, for example, combination of the
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multiple augmenting images may be performed before or
after combination of images taken at different times. In addi-
tion, the invention contemplates that the weighting process
may be varied to be performed before or after registration.
The result will be a set of high-resolution, high-definition
images that may be used to provide ultrasound video or for the
purposes of elastography or other qualitative or quantitative
purposes.

EXAMPLE I

[0078] Three porcine digital flexor tendons, completely
excised from surrounding tissue but with an intact bone-
tendon insertion site, were mechanically tested in a servohy-
draulic test system (MTS 858, Minneapolis, USA). Original
tendon length was recorded for strain calculations. A bead of
graphite-impregnated silicone gel was placed on the surface
of the tendons to provide a non-deforming image segment.
[0079] Tendons were incrementally stretched, 0.1 mm at a
time, inside a saline-filled bath (which facilitated transmis-
sion of ultrasound waves), to a non-damaging physiological
strain (<6.5% strain). Four ultrasound images, one each at 8,
10, 12, and 13 MHz, were captured at each stretch increment
(GE Logiqe, Fairfield, USA). Unprocessed images were com-
bined into four videos (one at each frequency) to produce
“raw video.” Images were subjected to processing to produce
a high-resolution image followed by a combination of high-
resolution images into high-definition images as discussed
above to produce “processed video 1”. The raw video was
then combined in the alternative order to first produce high-
definition video and then combine the high-definition video
into high-resolution video to produce “processed video 2”.
Each of processed video 1 and processed video 2 was loaded
into a custom DIC-tracking algorithm to calculate average
strain in the tissue. Accuracy of the strain values was mea-
sured by comparison to the actual strain value, and precision
of the strain values was measured by calculating the coeffi-
cient of variation.

[0080] Tendon strain measurements in raw and processed
videos are summarized in Table 1. Tendons 1, 2, and 3 were
stretched to strains of 4.68-6.43%. DIC strain measurements
using raw videos ranged from 5.34-9.67%, whereas measure-
ments using processed video 1. and processed video 2 ranged
from 4.38-6.65%.
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strated by a reduced coefficient of variation; p=0.018, t-test
comparison) in the super-resolved images compared to raw
videos.

TABLE 2
Average of
processed video
Raw video Actual land2
Tendon1  Strain 8.96% 6.43% 6.63%
Strain Error % 35.6% 3.3%
cv 22.22% 1.49%
Tendon2  Strain 6.05% 4.83% 4.76%
Strain Error % 25.10% 1.40%
cv 34.64% 9.60%
Tendon3  Strain 6.48% 4.68% 4.68%
Strain Error % 38.5% 0.10%
cv 39.65% 6.74%
Average  Strain Error % 33.1% 1.6%
cv 31.63% 5.85%
EXAMPLE I
[0082] A silicone breast tumor phantom (provided by
SuperSonic Imagine, Aix-en-Provence, France) was

mechanically compressed in a servohydraulic test system
(MTS 858, Minneapolis, Minn., USA). The “breast” was
incrementally compressed, 0.1 mm at a time, with the ultra-
sound transducer positioned immediately over the “tumor.”
Four ultrasound images, one each at 8, 10, 12, and 13 MHz,
were captured at each compression increment. Unprocessed
images were combined into four videos (one at each fre-
quency); this is the “raw video.” Raw video images were
subjected to processing to produce a high-resolution image
followed by a combination of high-resolution images into
high-definition, high-resolution images as discussed above to
produce “processed video 1”. The raw video was then com-
bined in the alternative order to first reduce high-definition
video and then combine the high-definition video into high-
definition, high-resolution video to produce “processed video
27,

[0083] Each of the videos (raw video, processed video 1
and processed video 2) was loaded into a custom DIC-track-
ing algorithm to calculate average strain in the tissue. Preci-
sion of the strain values was measured by calculating the
coefficient of variation. These videos were also loaded into a
custom segmentation algorithm to calculate ultrasound image
brightness such that the brightness of the pixels inside the

TABLE 1
Processed  Processed

8MHz 10MHz 12MHz 13MHz Actual Video 1 Video 2

Tendon 1 Strain  8.84% 8.42% 890% 9.67% 6.43% 6.65% 6.60%
(6% 16.84% 27.08% 10.45% 34.50% 1.63% 1.34%

Tendon 2 Strain  6.14%  5.69% 5.78%  6.57% 4.83% 5.14% 4.38%
(&% 53.33% 33.51% 33.98% 17.74% 9.52% 9.68%

Tendon 3 Strain ~ 7.39% 5.71% 747% 5.34% 4.68% 4.67% 4.68%
CcvV 41.17% 33.89% 43.55% 3997% 2.38% 11.10%

where CV is coefficient of variation in strain measured in the
raw and processed videos.

[0081] The results in Table 2 (below) demonstrate
improved accuracy (as demonstrated by a reduced strain
error; p=0.018, t-test comparison) and piecision (as demon-

“tumor” region and in the surrounding “breast tissue” regions
could be quantified and compared, in order to determine the
contrast ratio between these two “tissue” types.

[0084] Variability in strain measurements of the com-
pressed tumor phantom is demonstrated in Table 3.
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TABLE 3
processed
8MHz 10MHz 12MHz 13MHz processed video 1  video 1
CV 11.95% 1690% 12.84% 38.64% 1.17% 1.18%

[0085] The average CV for raw videos was 20.62%, com-
pared to an average CV value of 1.18% for processed videos.
Thus, spatial and frequency-based high-definition, high-reso-
lution of ultrasound images results in reduced variability in
strain measurements in a tumor phantom.

[0086] The average contrast ratio in the raw videos was
2.43, while the contrast ratio in the processed videos was
3.38. Thus, spatial and frequency-based high-resolution,
high-definition of ultrasound images results in improved con-
trast ratio in images of a breast tumor phantom.

[0087] The terms “high resolution”, “higher resolution”,
“high definition” and “higher definition” as may be used
herein refer generally to effective increases in resolution
resulting from improved signal to noise ratio in the underly-
ing data of the image that may result in one or both of prac-
tically increased spatial resolution or pixel depth resolution,
the latter being the number of grey scale or color levels
rendered by a pixel.

[0088] Certain terminology is used herein for purposes of
reference only and thus is not intended to be limiting. For
example, terms such as “upper”, “lower”, “above”, and
“below” refer to directions in the drawings to which reference
is made. Terms such as “front”, “back”, “rear”, “bottom” and
“side”, describe the orientation of portions of the component
within a consistent but arbitrary frame of reference which is
made clear by reference to the text and the associated draw-
ings describing the component under discussion. Such termi-
nology may include the words specifically mentioned above,
derivatives thereof, and words of similar import. Similarly,
the terms “first”, “second” and other such numerical terms
referring to structures do not imply a sequence or order unless
clearly indicated by the context.

[0089] When introducing elements or features of the
present disclosure and the exemplary embodiments, the
articles “a”, “an”, “the and” “said” are intended to mean that
there are one or more of such elements or features. The terms
“comprising”, “including” and “having” are intended to be
inclusive and mean that there may be additional elements or
features other than those specifically noted. It is further to be
understood that the method steps, processes, and operations
described herein are not to be construed as necessarily requir-
ing their performance in the particular order discussed or
illustrated, unless specifically identified as an order of perfor-
mance. It is also to be understood that additional or alternative
steps may be employed.

[0090] References to “a computer” and “a processor” can
be understood to include one or more microprocessors that
can communicate in a stand-alone and/or a distributed envi-
ronment(s), and can thus be configured to communicate via
wired or wireless communications with other processors,
where such one or more processor can be configured to oper-
ate on one or more processor-controlled devices that can be
similar or different devices. Furthermore, references to
memory, unless otherwise specified, can include one or more
processor-readable and accessible memory elements and/or
components that can be internal to the processor-controlled
device, external to the processor-controlled device, and can
be accessed via a wired or wireless network.
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[0091] Ttis specifically intended that the present invention
not be limited to the embodiments and illustrations contained
herein and the claims should be understood to include modi-
fied forms of those embodiments including portions of the
embodiments and combinations of elements of different
embodiments as come within the scope of the following
claims. All of the publications described herein, including
patents and non-patent publications, are hereby incorporated
herein by reference in their entireties.

What we claim is:

1. An ultrasonic imaging apparatus comprising:

an ultrasound transducer for transmitting ultrasound and

detecting ultrasonic echoes from the transmitted ultra-

sound,;

ultrasound processing circuitry including an electronic

computer executing a stored program to

(a) generate a series of time displaced images depicting

ultrasound echo information over at least two dimen-

sions of an imaged object; and

(b) combine multiple time displaced images to produce a

high-resolution image with the steps of:

(i) subdividing each of the multiple time displaced
images into multiple regions having at least two
dimensions to provide corresponding regions in each
of the multiple time displaced images;

(ii) separately registering corresponding regions of the
multiple time displaced images in rotation and trans-
lation; and

(iil) combining the corresponding regions as registered
to produce the high-resolution image.

2. The vltrasonic imaging apparatus of claim 1 wherein the
combining further includes filtration of the corresponding
image portions before registration to remove influence of
high spatial frequency components of the corresponding
image portions.

3. The ultrasonic imaging apparatus of claim 2 wherein the
registration in translation shifts corresponding image por-
tions to reduce differences in values of Fourier phase coeffi-
cients in the corresponding image portions.

4. The ultrasonic imaging apparatus of claim 3 wherein the
registration in translation substantially disregards values of
Fourier magnitude coefficients in the corresponding image
portions.

5. The ultrasonic imaging apparatus of claim 4 wherein the
registration converts corresponding image portions into a
frequency domain and registers the corresponding image por-
tions by determining a spatial offset needed to reduce differ-
ences in phase components of the frequency domain repre-
sentations of the corresponding image portions.

6. The ultrasonic imaging apparatus of claim 1 wherein
registration of the corresponding images rotatively shifts cor-
responding image portions into registration to minimize dif-
ferences in values of Fourier magnitude coefficients in the
corresponding image portions.

7. The ultrasonic imaging apparatus of claim 6 wherein the
registration converts corresponding image portions into a
frequency domain and registers the corresponding image por-
tions by determining a rotational offset needed to reduce
differences in magnitude components of the frequency
domain representations of the corresponding image portions.

8. The ultrasonic imaging apparatus of claim 1 wherein the
process of combining multiple time displaced images to pro-
duce a high-resolution image is repeated with successive sets
of time displaced images each within a rolling window of
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time covering a predetermined number of time displaced
images shifted by an integer number oftime displaced images
with each repetition to provide a set of time displaced high-
resolution images.

9. The ultrasonic imaging apparatus of claim 1 wherein the
corresponding regions are identical in size and shape and
regularly tile the dimension of each time displaced image.

10. The ultrasonic imaging apparatus of claim 1 wherein
the electronic computer further operates to repeat the com-
bining of step (b) to provide at least two high-resolution
images and to compare the two high-resolution images to
deduce a shifting of structure within the two high-resolution
images to provide an output indicating elasticity of structure
of the imaged object.

11. The ultrasonic imaging apparatus of claim 1

wherein step (a) generates a series of time and frequency
displaced images depicting ultrasound echo information
over at least two dimensions of an imaged object at
different times and at different ultrasonic frequencies;
and:

wherein step (b)(i) subdivides each of the multiple time
displaced images into multiple regions having at least
two dimensions to provide corresponding regions in
each of multiple time and frequency displaced images;
and further including the step of:

combining corresponding regions of frequency displaced
images to emphasize data from regions associated with
higher ultrasonic frequencies for portions of the com-
bined high-resolution image closer to the ultrasound
transducer over data from regions associated with lower
ultrasonic frequencies and to deemphasize data from
regions associated with higher ultrasonic frequencies for
portions of the combined high-resolution image further
from the ultrasound transducer over regions associated
with lower ultrasonic frequencies.

12. An ultrasonic imaging apparatus comprising:

an ultrasound transducer for transmitting ultrasound and
detecting ultrasonic echoes from the transmitted ultra-
sound at multiple different ultrasonic frequencies;

ultrasound processing circuitry including an electronic
computer executing a store(program to:

(a) generate at least two images depicting ultrasound echo
information over at least two dimensions of an imaged
object at different ultrasound frequencies; and

(b) combine the images at the different ultrasound frequen-
cies to produce a high-definition image with the steps of:
(1) weighting the images to emphasize data from at least

one image at a higher ultrasound frequency with
respect to data from at least one image at a lower

Dec. 18,2014

ultrasound frequency for portions of the high-resolu-
tion image closer to the ultrasound transducer and to
deemphasize data from the at least one image at
higher ultrasound frequencies with respect to data
from at least one image at lower ultrasound frequen-
cies for portions of the high-definition image further
from the ultrasound transducer; and

combining the multiple registered regions to produce the
high-definition image.

13. The ultrasonic imaging apparatus of claim 12 further
including the step of acquiring a time series of images at the
different ultrasound frequencies to provide high-definition
images at different times and including the step of combining
multiple high-definition images acquired at different times to
produce a high-resolution, high-definition image.

14. The ultrasonic imaging apparatus of claim 13 further
including the steps of:

(1) subdividing each of the multiple high-definition images
into multiple regions having at least two dimensions to
provide corresponding regions in each of the multiple
high-definition images;

(ii) separately registering corresponding regions of the
multiple high-definition images acquired at different
times in rotation and translation;

(iii) combining the corresponding regions as registered to
produce the high-definition, high-resolution image.

15. The ultrasonic imaging apparatus of claim 12 wherein
the weighting of the images provides a weighting for given
data of at least one image dependent on a cumulative value of
attenuating tissue traversed by the ultrasound beam in passing
from the ultrasonic transducer to material located at a point of
the given data

16. The ultrasonic imaging apparatus of claim 12 wherein
the weighting applies different weights to images of different
frequencies with weighting of images with relatively higher
frequencies decreasing with distance from the ultrasound
transducer and the weighting of images with relatively lower
frequencies increasing with distance from the ultrasound
transducer.

17. The ultrasonic imaging apparatus of claim 16 including
at least three images at different ultrasound frequencies
wherein the weighting applies a constant weighting to an
image of at least three images at an ultrasound frequency
between frequencies of at least two other images.

18. The ultrasonic imaging apparatus of claim 12 wherein
data for the images of different ultrasound frequencies are
obtained in separate image acquisitions at different frequen-
cies.
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