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(57) ABSTRACT

An ultrasound machine provides for segmentation of tissue
structure that may track isolated tissue structures over mul-
tiple frames of data taken over time. Analysis of the isolated
tissue structure permits better discrimination of small differ-
ences between tissue structures such as may indicate tissue
damage or disease.
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ULTRASOUND MACHINE FOR IMPROVED
LONGITUDINAL TISSUE ANALYSIS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0001] This invention was made with government support
under EB008548 awarded by the National Institutes of
Health. The government has certain rights in the invention.

CROSS REFERENCE TO RELATED
APPLICATION

Background of the Invention

[0002] The present invention relates to ultrasonic imaging
equipment and in particular to a method and apparatus for
providing improved measurements of subtle changes in tissue
as a function of time.

[0003] Conventional ultrasonic imaging provides a map-
ping of ultrasonic echo signals into an image where the inten-
sity of the echo, caused principally by relatively small differ-
ences in material properties between adjacent material types,
is mapped to brightness of pixels on the image plane. While
such images serve to distinguish rough structure within the
body, they provide limited insight into the physical properties
of the imaged materials.

[0004] Newly developed ultrasonic imaging machines may
measure physical properties of the imaged materials to reveal
stiffness properties of the material. Such imaging is some-
times referred to as “elastography”.

[0005] In one type of elastography, termed “quasi-static”
elastography, two images of a material in two different states
of compression, for example no compression and a given
positive compression, may be obtained by the ultrasound
device. The material may be compressed by a probe (includ-
ing the transducer itself) or, for biological materials, by mus-
cular action or movement of adjacent organs. Strain may be
deduced from these two images by computing gradients of the
relative shift of the material in the two images along the
compression axis. Quasi-static elastography is analogous to a
physician’s palpation of tissue in which the physician deter-
mines stiffness by pressing the material and detecting the
amount of material yield (strain) under this pressure.

[0006] U.S.Pat.Nos.7,736,315;7,744,535 and U.S. patent
application 2010/0228125, all assigned to the assignee of the
present invention, describe “acoustoelastic” techniques to
measure mechanical tissue properties which, rather than
deducing strain by measuring the motion of the material,
deduces strain directly from the modification of the ultrasonic
signal caused by changes in the acoustic properties of the
material under deformation, for example the change in
reflected energy in the ultrasonic signal. In situations when
the strain is known, this technique may be used to derive serial
properties related to the elasticity of the tissue such as Pois-
son’s ratio, Young’s modulus, and other common strain and
strain-related measurements.

SUMMARY OF THE INVENTION

[0007] The present invention provides a method and appa-
ratus to automatically segment or isolate tissue being studied
by ultrasonic techniques so that the same tissue can be iden-
tified at different times. When combined with acoustoelastic
techniques, the segmentation permits the detection of subtle
changes in acoustic properties that would otherwise be lost if
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averaged with the acoustic properties of surrounding tissue.
The present invention raises the possibility of new diagnostic
procedures based on measurement of tissue properties of
extremely small tissue regions, for example portions of ten-
dons or the wall of a blood vessel. The possibility of accu-
rately monitoring the elastic properties of a blood vessel wall
presents the possibility of early detection of vascular disease.
[0008] Specifically the present invention may provide an
ultrasound machine including an ultrasonic signal acquisition
system adapted to transmit an ultrasonic signal into a body
and to receive and measure the ultrasonic signal as modified
by tissue of the body, the measurements providing a series of
data points in at least two spatial dimensions. An electronic
computer communicating with the ultrasound signal acquisi-
tion system may execute a stored program to receive mea-
surements from the ultrasonic signal acquisition system to:
(a) automatically identify a preliminary spatial division of the
data points into internal data points within the tissue structure,
external data points outside of the tissue structure, and at least
some uncommitted intermediate data points between the
internal and external data points; (b) determine at least one
dividing criterion from the internal data points and external
data points; (c) assign the uncommitted data points to one of
the internal data points and external data points using the
dividing criterion; and (d) determine a property of the tissue
structure based on combined value of internal data points
after application of the dividing criterion.

[0009] It is thus a feature of at least one embodiment of the
invention to provide an automatic segmentation tool that
derives a threshold not simply from data within the region of
interest but also from data outside. It is another feature of at
least one embodiment of the invention to provide a segmen-
tation system that more broadly considers the statistics of the
entire region of interest in making local thresholding deci-
sions.

[0010] Afterstep (c), step (b) may be repeated to determine
a second dividing criterion and step (c) may also be repeated
to assign the data points according to the second dividing
criterion.

[0011] TItis thus a feature of at least one embodiment of the
invention to provide an iterative method of refining the seg-
mentation.

[0012] Step (a) may include the steps of receiving at least
one seed region holding multiple data points within the tissue
structure and automatically identifying internal data points
based the seed region.

[0013] TItis thus a feature of at least one embodiment of the
invention to provide a simple method of identifying a region
to be segmented by simply selecting a few points within that
region.

[0014] The seed region may be expanded in two steps to
provide uncommitted data points in a first region surrounding
the seed region and external data points in a second region
surrounding the uncommitted data points.

[0015] TItis thus a feature of at least one embodiment of the
invention to provide for relatively “pure” internal and exter-
nal regions that may be used to define a threshold value for the
region of interest.

[0016] The expansion of the seed region substantially pre-
serves the shape of the seed region.

[0017] Ttis thus a feature of at least one embodiment of the
invention to provide an automatic method of identifying an
approximate boundary of the region that is neither over- nor
under-representative of the internal or external regions.
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[0018] The initial seed region maybe identified manually
on a standard ultrasound image.

[0019] TItis thus a feature of at least one embodiment of the
invention to provide a flexible method of region identification
that may work with a variety of different region types.
[0020] The data points may provide measures of echo
strength of the received ultrasonic signal from tissue at those
points and the dividing criterion may be an echo strength
criterion. In one example, the data points may provide mea-
sures of acoustoelastic properties of the tissue at those points
and the dividing criterion is an acoustoelastic criterion.
[0021] TItis thus a feature of at least one embodiment of the
invention to provide a segmentation system that may consider
segmentations based on properties of the tissue other than
texture or other spatial features.

[0022] The ultrasonic apparatus may output data indicating
acoustoelastic properties of the internal data points.

[0023] Itis thus a feature of at least one embodiment of the
invention to provide a system that may augment sensitive
measurements of acoustoelastic properties.

[0024] The ultrasonic acquisition system provides a time
series of data frames each holding data points in at least two
spatial dimensions and further includes the steps of: project-
ing a region of interest defined by the internal data points of a
first frame at step (c) to a second frame to define internal and
external data points in the second frame, and performing steps
(b)-(c) for the second data frame using the defined internal
and external data points of the second frame.

[0025] TItis thus a feature of at least one embodiment of the
invention to provide an automatic segmentation system that
may identify the same regions of interest in the multiple
images over time to permit longitudinal studies of the tissue.
[0026] The ultrasonic apparatus may further track motion
between the data frames and the electronic computer may
further execute the stored program to project the region of
interest between the first and second data frame according to
a determined motion between the first and second data frame.
The tracking of motion may be performed by a shifting
between the first and second frame providing a best matching
of the data associated with first and second frames.

[0027] TItis thus a feature of at least one embodiment of the
invention to employ motion-tracking techniques to improve
the segmentation among different data frames taken of mov-
ing tissue.

[0028] The region of interest of the first frame may be
shrunken contemporaneously with projection onto the second
frame.

[0029] Itis thus a feature of at least one embodiment of the
invention to permit the auto segmentation process to correct
for changes in region dimension and motion.

[0030] The ultrasonic apparatus may employ the dividing
criterion of the first frame in identifying internal data points in
the second frame.

[0031] Itis thus a feature of at least one embodiment of the
invention to accelerate the segmentation process in later
frames by using the dividing criteria of the previous frame in
the first iteration of the segmentation.

[0032] The dividing criterion may describe a hyper plane or
some other simply parameterized separating surface.

[0033] Itis thus a feature of at least one embodiment of the
invention to permit sophisticated multiparameter segmenta-
tion of a region of interest.

[0034] The dividing criterion may evaluate multiple
moments of the data points.
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[0035] TItis thus a feature of at least one embodiment of the
invention to provide a versatile framework for the dividing
criteria.

[0036] The ultrasonic acquisition system may provide a
time series of data frames each holding data points in at least
two spatial dimensions and the electronic computer may fur-
ther execute the stored program to output a data value indi-
cating changes in property of the tissue structure across at
least two data frames.

[0037] TItis thus a feature of at least one embodiment of the
invention to permit tissue to be characterized with respect to
a change in properties under different tissue conditions, for
example tension.

[0038] Generally the present invention provides a method
of tissue analysis comprising the steps of transmitting an
ultrasonic signal into a body and receiving and measuring the
ultrasonic signal as modified by tissue of the body, the mea-
surements to produce a time series of data frames each com-
prising data points in at least two spatial dimensions at dif-
ferent times. The method may employ an electronic computer
to identify a tissue structure of interest within the body in
different data frames and determine a change in an acoustic
property of the tissue structure between data frames based on
combined value of data points within the tissue structure.
[0039] TItis thus a feature of at least one embodiment of the
invention to permit improved sensitivity in the measurement
of acoustoelastic properties by accurate segmentation of a
region of interest.

[0040] In two important embodiments, the tissue structure
may be a tendon and blood vessel wall.

[0041] Ttis thus a feature of at least one embodiment of the
invention to provide improved measurements of these tissue
structures in vivo.

[0042] The comparison performed on the blood vessel wall
may be done at predetermined phases of the cardiac cycle and
the process may include the step of outputting an indication of
vascular disease.

[0043] TItis thus a feature of at least one embodiment of the
invention to provide a new and sensitive measure of blood
vessel health that may be performed by ultrasound equip-
ment.

[0044] These particular features and advantages may apply
to only some embodiments falling within the claims and thus
do not define the scope of the invention. The following
description and figures illustrate a preferred embodiment of
the invention. Such an embodiment does not necessarily rep-
resent the full scope of the invention, however. Furthermore,
some embodiments may include only parts of a preferred
embodiment. Therefore, reference must be made to the
claims for interpreting the scope of the invention.

BRIEF DESCRIPTION OF THE FIGURES

[0045] FIG. 1is a block diagram of an ultrasound machine
suitable for practice of the present invention;

[0046] FIG.2isasimplified representation of multiple data
frames of ultrasonic data as may be used by the present
invention;

[0047] FIG. 3a is a simplified view of a tendon showing a
region of interest with the tendon in a relaxed state;

[0048] FIG.3bis afigure similar to that of FIG. 3a showing
the tendon in a state of tension causing movement of the
region of interest such as may be accommodated by the
present invention;
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[0049] FIG. 4a is a chart showing a first segregation of the
data points of the data frame of FIG. 2 into internal and
external regions and the establishnient of the dividing crite-
rion to segment data points that have not been identified to be
internal or external regions;

[0050] FIG. 4bis afigure similar to that of FIG. 4a showing
a refined division between data points fully segregated into
the internal and external regions;

[0051] FIG. 5 is a flowchart linked to multiple diagrams
depicting the operation of the segmentation system of the
present invention;

[0052] FIG. 6 is a simplified representation of an initial
region of interest showing its expansion into multiple regions
as used in the process of FIG. 5; and

[0053] FIG. 7 is a diagram showing use of the invention in
the measurement of vascular health.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

[0054] Referring now to FIG. 1, an ultrasound apparatus 10
suitable for use with the present invention may employ an
ultrasonic imaging machine 12 providing the necessary hard-
ware and/or software to collect and process ultrasonic echo
signals. During operation of the ultrasonic imaging machine
12, an ultrasonic transducer 14 may transmit an ultrasound
beam 16 along an axis 18 toward a region of interest 20 within
a patient 22 to produce echo signals returning generally along
axis 18. The echo signals may be received by the ultrasonic
transducer 14 and converted to an electrical echo signal.
[0055] The electrical echo signals may be communicated
along lead 24 to be received by interface circuitry 26 of the
ultrasonic imaging machine 12, the former providing ampli-
fication, digitization, and other signal processing of the elec-
trical signal as is understood in the art of ultrasonic imaging.
[0056] Referring also to FIG. 2, digitized echo signals may
then be transmitted to a memory 28 for storage in multiple
data frames 30 representing multidimensional data acquired
at separate sequential times. Generally, each data frame 30
will be comprised of multiple data points 39 arranged over
two or three dimensions (two dimensions shown for clarity)
corresponding to physical locations within the patient tissue.
Each data point 39 will thus have a set of coordinate values
describing its dimensional location in space and a data value
being a measure of the echo signal at that coordinate. The data
value may be the strength of the echo or other measures of the
echo signal (e.g. phase or spectrum) and alternatively or in
addition be further processed to provide, for example, the data
values that indicate material properties of the tissue at those
coordinates, for example stiffness, strain or the like, using
acoustoelastic calculations. In the present example, it will be
assumed that each data value is associated with both a
B-mode image data value, and an acoustoelastic data value
which may be used interchangeably as described. Generally,
multiple data frames 30 will be obtained at sequential points
in time.

[0057] The data frames 30 as stored in memory will be
processed according to a stored program 32 of the present
invention by a processor 34 as will be described below.
[0058] After processing, the data points 39 of the data
frames 30 may be used to construct an image displayed on
graphical display 36 (for example an image indicating tissue
properties) or may be displayed quantitatively on the graphi-
cal display 36. The term “image” here is used generally to
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indicate a mapping of data values to pixel values according to
the coordinates of the data values and need not be a conven-
tional ultrasound image.

[0059] Input commands affecting the display of the data
points 39 and their processing may be received via a keyboard
38 or cursor control device 41, such as a mouse, attached to
the processor 33 via interface 26, as is well understood in the
art.

[0060] Referring now to FIGS. 1, 4a and 4b, in one non-
limiting application, the invention may be used for analyzing
aregion of interest 40 in the Achilles’ tendon 42 of the human
heel 44. The region of interest 40 is selected to represent
tissue being qualified or evaluated, for example, for injury or
disease. During that analysis, different data frames 30 may be
obtained at different times with the tendon 42 in different
states of tension, for example, by instructing the patient to
press down on the ball of the foot against a restraining force or
scale. The tension to the tendon 42 may be applied along axis
46 generally perpendicular and crossing axis 18 of the ultra-
sonic beam.

[0061] In these different tension states, represented by
FIGS. 4a and 4b, the region of interest 40 may move and
change in size and shape. Precise quantitative evaluation of
the region of interest 40 requires isolation or “segmentation”
of the region of interest in each of the data frames 30 so that
the data points 39 within the region of interest may be pro-
cessed in isolation of other tissue. This allows properties
intrinsic to the region of interest to be distinguished (and
separated from) adjacent tissues. For example, only the data
values within the region of interest 40 could be averaged or
otherwise processed. Referring again to FIG. 1, the program
32 of the ultrasonic imaging machine 12 may provide this
segmentation for successive sequential data frames repre-
sented, for example, by data frame 30a and data frame 305.

[0062] Referring now to FIG. 1 and FIG. 5, in a first step of
the program 32, as indicated by process block 48, a seed
internal region 50 is defined in an initial data frame 30. This
identification can be performed manually, for example, on a
B-mode image of the data frame 30a displayed on display 36
(shown in FIG. 1). In one embodiment, a physician may
simply draw the seed internal region 50 by specifying a small
number of points within the desired region of interest 40 as
displayed, whose internal area may be mapped to the actual
data points in the data frame 30 to identify the data points 39
within the seed internal region 50. Desirably the seed internal
region 50 is placed comfortably inside the actual region of
interest 40.

[0063] Referring to FIGS. 5 and 6, at succeeding process
block 52, this seed internal region 50 is expanded to define an
intermediate region 54 surrounding the seed internal region
50, and an external region 56 surrounding the intermediate
region 54. The amount of expansion may be chosen to be a
uniform percentage in all directions about the center of the
seed internal region 50 to largely preserve the shape of the
seed internal region 50.

[0064] In one embodiment, an expansion ratio is used to
create intermediate region 54 by enlarging the seed internal
region 50. Suppose (X, y) is a boundary pixel of the internal
region, (x y) is the center of the interior region, and (X', y') is
the boundary pixel of the enlarged region with the same
normalized vector to (X, y) as point (X, y). The location of (x',
y") and the expansion ratio can be determined by the following
equations:
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W -%y -7 (xXx-%,y-7% oy

Vow-mt+v =37 Jex-mt+ -7

Vo -m2+ (7 -2 (2)
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Expansion Ratio =

[0065] Let P, be the data set of the location of points in
the seed internal region 50. Applying an expansion ratio, IR
creates a larger region P, (intermediate region 54) that
encloses the internal region P, (seed internal region 50).
The intermediate region P, 4, is given by:

P =IRXP;nr 3
Pryp={(p)EPAIN [ 3)EP 1] “
[0066] The second expansion ratio ER is applied to create

another region P (external region 56) that encloses both the
internal region and the intermediate region. The external
region Py is given by:

Pp=ERxPpyr (&)
Pxr=[(xy)EPIN[(x1)FEP4] )
[0067] Inoneembodiment, the expansion ratio IR is initial-

ized to 1.3 while the expansion ratio ER of biomedical tissue
may lie between 2.5 and 3 (though it may vary with different
tissue characteristics). The expansion ratio may be adjusted
automatically in order to ultimately fit the data.

[0068] Referring again to FIG. 5, at process block 58, the
data points 39 in each of the seed internal region 50 and the
external region 56 are used to develop a dividing criterion.
This process considers both the spatial location of the data
points 39 within each of the seed internal region 50 and
external region 56 and the values of the data points (either
B-mode or acoustoelastic value).

[0069] The dividing process in one embodiment considers
not only the values of the data points 39 themselves but
statistical features of the data points 39. The particular statis-
tical features may be a collection of moments, which are
functions of the pixel intensity and different orders of dis-
tance. These are adapted from R. C. Gonzales and R. D.
Woods, Digital Image Processing, Third Edition, Prentice
Hall, 2008.

Y=Y+2 x=X+2 (8)

pro= Y Y =2y -92fy)
y=y-2 x=x-2

[0070] Suppose x and y is the location of the pixel, x and y
is the location of each surrounding pixel (in a 5 by 5 neigh-
borhood in this example), and f(x, y) is the intensity of point
(%, y). P and Q are the numbers of order of the distance factor,
which usually varies from O to 3.

Y=y+2 x=x+2 (9)
poo= Y > =0 -9f0x )

y=y-2 x=x-2
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-continued
Y=IH2 x=x+2 (10)
H20 = 2 Z @-0 -2 Y
y=y-2 x=x-2
Y=y+2 x=x+2 (1 1)
po= Y > =D -9 )
y=y-2 x=x-2

[0071] With these moments, the normalized central
moments, denoted as 1,,,, can be defined as

_ kro (12)
e Hoo
where
r= P; 2 +1
[0072] A set of invariant moments can be derived from the
second and third moments:
$1=N20+M02 (13)
P2=(M20~Me2)*+4N11° (14)
$3=M30-3112)"+(3M21-M03)° (15)
$4=(M30M12)°+(N21+M03)° (16)
[0073] The algorithm uses a five by five matrix centering at

each pixel and calculates the seven moments (LLog, oo, Hozs $15
$,, 0,95, ¢,) within this matrix. This helps prevent the influ-
ence of inconsistent speckles and other irregularities which
are often noise.

[0074] The moments associated with each data point 39
may be represented graphically as shown in FIG. 4a (only two
moments shown for clarity) with the data points 39 of the seed
internal region 50 shown in a first cluster 61 and data points 39
of the external region 56 shown in cluster 62. Generally, the
statistics of the data points 39 of the intermediate region 54
will be distributed both inside and outside of the clusters 61
and 62.

[0075] The moments associated with each data point 39 are
then processed to determine a dividing boundary 60 that will
be used as a dividing criterion between data points 39 within
the region of interest 40 and outside of the region of interest
40.

[0076] One method of making the dividing boundary 60
compares the differences in the statistical features of the two
regions: seed internal region 50 and external region 56, and
calculates an empirical value through minimum squared-er-
ror and pseudoinverse equation, as used for pattern classifi-
cation in R. O. Duda, P. E. Hart, and D. G. Stork, Pattern
Classification, 2nd Edition, John Wiley and Sons, 2001. Gen-
erally, for multiple moments, the dividing boundary 60 may
be a hyperplane, however it is also possible to use high-
dimensional surfaces (i.e. greater than three dimensions)
other than a hyperplane, for example, quadratic surfaces as
also taught in the above reference, or Gaussian surfaces
[0077] Referring again to FIGS. 36 and 5, the dividing
boundary 60 of process block 58 is used as indicated by
process block 64 to divide the remaining data points 39 into
new clusters 63 associated with the region of interest 40 and
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cluster 65 associated with points outside of the region of
interest 40. This new division of the data points 39 provides a
refined seed region 66 and refined external region 68 the latter
having a shared outer boundary with originally defined exter-
nal region 56.

[0078] A loop 70 is provided so that the analysis of process
block 58 is repeated using this new dividing boundary 60 and
new refined seed region 66 and refined external region 68 of
process block 64 to recompute the dividing boundary 60. This
refinement of the dividing boundary 60 may be repeated for
multiple iterations.

[0079] The data points 39 identified to the ultimate refined
seed region 66 closely approximating the region of interest 40
may then be used as indicated by process block 75 for analysis
of acoustoelastic properties of the region of interest 40. By
isolating the region of interest 40 from other tissue, sensitive
measurements of the region of interest may be extracted. This
extraction process may for example combine the values of the
data points 39 in the region of interest 40 to reduce the effects
of noise and the like.

[0080] Referring still to FIG. 5, as noted above, multiple
data frames 30a and 305 may be acquired at sequential times
(for example being representative of a set of multiple data
frames 30). In order to speed the processing of multiple data
frames, a “projection” process is used in which information
derived from an earlier data frame (e.g. data frame 30aq) is
used to inform the processing of the subsequent data frame
(e.g. data frame 305).

[0081] For the purpose of making the projection, the under-
lying image data of the data frames 30a and 305 maybe
compared, for example, by correlation, as indicated by pro-
cess block 80, to produce a set of motion vectors 76 indicating
relative motion of the tissue elements between data frame 30a
and data frame 305. It will be understood that the correlation
process may use both strict mathematical correlation and
other similar correlation type techniques, for example those
using sums of different magnitudes. The data being correlated
may be standard B-mode data or acoustoelastic data.

[0082] The motion vectors 76 are used to project refined
seed region 66 having center 84 in data frame 30a to data
frames 305 where it becomes seed internal region 50'. The
seed internal region 50" has a center 86 in data frame 305
displaced from center 84 in data frame 30a according to the
motion vector 76. In addition, the seed internal region 50'is a
contracted form of region 66 using a contraction process
analogous to the expansion process described above.

[0083] The seed internal region 50' is then expanded as
described above with respect to process block 52, and the
dividing criterion developed for data frame 304 is used to sort
data points 39 in the intermediate region 54 per process block
58. This sorting is then used to create a new dividing criterion
analogous to process block 64 to finalize the seed internal
region 50" as a refined seed region 66'. Again, at process block
71 the data points 39 within the refined seed region 66' may be
analyzed to accurately characterize acoustoelastic properties.
[0084] The process of process block 80, 82 and 71 maybe
then repeated for succeeding data frame 30c as desired.
[0085] At process block 90, acoustoelastic properties 92
derived from process block 71 for different data frames 30
under different tissue conditions may be analyzed to extract
additional information using the techniques described in the
previously cited patent references. The tendon 42 (shown in
FIG. 4), in this example, could be intentionally stressed by
muscle contraction by the patient between two times (for
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example by pressure on the foot of a known force) to vary
tension on the tendon 42 to assess the elasticity of the tissue
and its health.

[0086] Referring now to FIG. 6, the defined region of inter-
est may be, for example, a cross-sectional slice through an
artery 102 at a first phase ¢0 of the cardiac cycle exhibiting a
first pressure and the second phase ¢1 of the cardiac cycle
exhibiting a second pressure, the pressure revealing a circum-
ferential tension on the wall of the artery 102. These two
measurements may be used together, further references
described above, to deduce the elastic properties of the artery
102 such as may reveal early indications of arteriosclerosis.
This information may be provided through an image 108, for
example, having shading indicating elastic properties, as well
as a quantitative regime output 110.

[0087] 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.

[0088] 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.

[0089] References to “a controller” and “a processor” can
be understood to include one or more controllers or proces-
sors that can communicate in a stand-alone and/or a distrib-
uted environment(s), and can thus be configured to commu-
nicate via wired or wireless communications with other
processors, where such one or more processor can be config-
ured to operate on one or more processor-controlled devices
that can be similar or different devices. Furthermore, refer-
ences 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.
[0090] It is 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.
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We claim:

1. An ultrasonic apparatus comprising:

an ultrasonic signal acquisition system adapted to transmit
an ultrasonic signal into a body and to receive and mea-
sure the ultrasonic signal as modified by tissue of the
body, the measurements providing a series of data points
in at least two spatial dimensions;

an electronic computer executing a stored program to
receive measurements from the ultrasonic signal acqui-
sition system to:

(a) automatically identify a preliminary spatial division of
the data points into internal data points within the tissue
structure, external data points outside of the tissue struc-
ture, and at least some uncommitted intermediate data
points between the internal and external data points;

(b) determine at least one dividing criterion from the inter-
nal data points and external data points;

(c) assign the uncommitted intermediate data points to one
of the internal data points and external data points using
the dividing criterion; and

(d) determine a property of the tissue structure based on the
combined value of internal data points after application
of the dividing criterion.

2. The ultrasonic apparatus of claim 1 wherein the elec-
tronic computer further executes the stored program to repeat
step (b) after step (c) to determine a second dividing criterion
and repeating step (c) to assign the data points according to
the second dividing criterion.

3. The ultrasonic apparatus of claim 1 wherein step (a)
includes the steps of receiving at least one seed region holding
multiple data points within the tissue structure and automati-
cally identifying internal data points based the seed region.

4. The ultrasonic apparatus of claim 3 wherein the seed
region is expanded in two steps to provide uncommitted data
points in a first region surrounding the seed region and exter-
nal data points in a second region surrounding the uncommit-
ted data points.

5. The ultrasonic apparatus of claim 4 wherein the expan-
sion of the seed region substantially preserves the shape of the
seed region.

6. The ultrasonic apparatus of claim 3 wherein the seed
region is identified manually on a standard ultrasound image.

7. The ultrasonic apparatus of claim 1 wherein the data
points provide measures of echo strength of a received ultra-
sonic signal from tissue at those points and the dividing
criterion is an echo strength criterion.

8. The ultrasonic apparatus of claim 1 wherein the data
points provide measures of acoustoelastic properties of the
tissue at those points and the dividing criterion is an acous-
toelastic criterion.

9. The ultrasonic apparatus of claim 1 wherein the elec-
tronic computer further executes the stored program to output
data indicating acoustoelastic properties of the internal data
points.

10. The ultrasonic apparatus of claim 1 wherein the ultra-
sonic acquisition system provides a time series of data frames
each holding data points in at least two spatial dimensions and
wherein the electronic computer further executes the stored
program to provide the steps of:

projecting a region of interest defined by the internal data
points of a first frame at step (c) to a second frame to
define internal and external data points in the second
frame;
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performing steps (b)-(c) for the second data frame using

the defined internal and external data points of the sec-

ond frame.

11. The ultrasonic apparatus of claim 10 wherein the elec-
tronic computer further executes the stored program to track
motion between the data frames and wherein the step of
projecting the region of interest between the first and second
data frame projects the region of interest according to a deter-
mined motion between the first and second data frame.

12. The ultrasonic apparatus of claim 11 wherein the track-
ing of motion is performed by determining a shifting between
the first and second frame providing a best matching of the
data associated with the first and second frames.

13. The ultrasonic apparatus of claim 10 wherein the region
of interest of the first frame is shrunken contemporaneously
with projection onto the second frame.

14. The ultrasonic apparatus of claim 1 wherein the ultra-
sonic acquisition system provides a time series of data frames
each holding data points in at least two spatial dimensions and
further including the step of:

employing in the dividing criterion of a first frame in iden-

tifying internal data points in a second frame at a later

time.

15. The ultrasonic apparatus of claim 1 wherein the divid-
ing criterion describes a surface having more than three
dimensions.

16. The ultrasonic apparatus of claim 1 wherein the divid-
ing criterion evaluates multiple moments of the data points.

17. The ultrasonic apparatus of claim 1 wherein the ultra-
sonic acquisition system provides a time series of data frames
eachholding data points in at least two spatial dimensions and
further including the step of outputting a data value indicating
changes in property of the tissue structure across at least two
data frames.

18. A method of tissue analysis comprising the steps of:

(a) transmitting an ultrasonic signal into a body;

(b) receiving and measuring the ultrasonic signal as modi-

fied by tissue of the body, the measurements to produce

a time series of data frames each comprising data points

in at least two spatial dimensions at different times;

(c) using an electronic computer to:

(1) identify a tissue structure of interest within the body
in different data frames;

(ii) determine a change in an acoustic property of the
tissue structure between data frames based on com-
bined value of data points within the tissue structure.

19. The method of tissue analysis of claim 18 wherein the
acoustic property is manifested as a change in a strength of
reflected acoustic energy.

20. The method of claim 18 wherein the tissue structure is
a tendon.

21. The method of claim 18 wherein the tissue structure is
a blood vessel wall.

22. The method of claim 21 wherein the comparison is
performed between measurements made at predetermined
phases of a cardiac cycle.

23. The method of claim 22 further including the step of
outputting an indication of vascular disease.
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