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(57) ABSTRACT

Systems and methods are described for determining tissue
attributes using ultrasound energy. Various characteristics of
a medium, such as an animal tissue, can be estimated using
techniques such as signal trace analysis and angular-depen-
dency analysis of reflectivity. Such techniques can be per-
formed in conjunction with a spectral decomposition analy-
sis. Attributes can be cross-plotted so as to facilitate user
analysis and better understanding of the medium. Attributes
obtained in the foregoing manner do not necessarily need to
conform to standard values, especially when attempting to
detect and characterize an anomaly within the medium.
Relative differences of attribute values within the medium
can provide information about the anomaly. Additional
information about the anomaly can be provided by an
observation of the anomaly by an expert.
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DETERMINING ATTRIBUTES USING
ULTRASOUND

BACKGROUND

[0001] 1. TField

[0002] The present teachings generally relate to ultra-
sound technology and, in particular, to systems and methods
for determining attributes of an object based on its interac-
tion with acoustic energy.

[0003] 2. Description of the Related Art

[0004] In conventional ultrasound devices, an image of a
reflecting object in a medium is formed by analyzing the
propagation time and amplitude of the reflected acoustic
energy. Such devices are typically configured so as to
optimize some combination of resolution, ease of use, and
other imaging-related performance parameters.

[0005] Thus, conventional ultrasound devices can detect
an object in the medium based on visual contrast between
the object and the surrounding medium. Such differences in
contrast generally result from differences in reflecting prop-
erties of the medium and the object. Even if the object is
detected in the foregoing manner, information about the
object is usually limited to the visual interpretation of the
contrast image.

SUMMARY

[0006] The present teachings generally relate to a system
and method for determining attributes using ultrasound
energy. Various characteristics of a medium such as an
animal tissue can be estimated using techniques such as
signal trace analysis and angular-dependency analysis of
reflectivity. Such techniques can be performed in conjunc-
tion with a spectral decomposition analysis. Attributes can
be cross-plotted so as to facilitate user analysis and better
understanding of the medium. Attributes obtained in the
foregoing manner do not necessarily need to conform to
some standard values, especially when attempting to detect
and characterize an anomaly within the medium. Relative
differences of the attribute values within the medium can
provide information about the anomaly. Additional informa-
tion about the anomaly can be provided by an observation of
the anomaly by an expert.

[0007] One embodiment of the present teachings relates to
a method for determining an attribute of an animal tissue
using acoustic energy. The method includes receiving acous-
tic energy that has been reflected from the animal tissue. The
method further includes generating an electrical signal from
the received acoustic energy. The method further includes
processing the electrical signal so as to generate a value of
the attribute of the animal tissue, with the attribute being
selected from the group consisting of an amplitude-varia-
tions-with-offset characteristic and a signal trace character-
istic. The method further includes registering the value of
the attribute in a computer storage.

[0008] Inoneembodiment, the tissue attribute includes the
amplitude-variations-with-offset characteristic. In one
embodiment, the tissue attribute includes the signal trace
characteristic. In one embodiment, the tissue attribute fur-
ther includes a spatial characteristic.
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[0009] In one embodiment where the tissue attribute
includes the amplitude-variations-with-offset characteristic,
the amplitude-variations-with-offset characteristic includes
a plot of a plurality of values corresponding to reflection
amplitudes R of the received acoustic energy versus values
corresponding to respective reflection angles 6 of the reflec-
tion amplitudes, with the reflection angles 6 being with
respect to a layer in the animal tissue.

[0010] Inoneembodiment, the amplitude-variations-with-
offset characteristic includes a functional relationship R
estimated from an R versus 6 plot.

[0011] In one embodiment, the functional relationship R
includes a relationship R(0)=A+B sin®0+C sin®0 tan®d
where parameters A, B, and C are constants that can be
estimated from the R versus 6 plot. In one embodiment, the
method further includes estimating values Ry, and Ry,
respectively corresponding to zero-offset reflectivity of a
compressional component of the received acoustic energy
and zero-offset reflectivity of a shear component of the
received acoustic energy. In one embodiment, R, and Ry,
are approximated as Rp,=A and Ry,=(4A-9B+5C)/8 with an
assumption that velocity V;, of the compressional compo-
nent is approximately three times that of velocity V¢ of the
shear component in the animal tissue.

[0012] In another embodiment, the amplitude-variations-
with-offset characteristic includes a functional relationship
estimated from an R versus sin®6 plot. In one embodiment,
the functional relationship R includes a relationship R(8)=
A+B sin®6, where parameters A and B estimated from the R
versus sin’0 plot, with the A being representative of an
intercept, and B being representative of a slope of a linear
relationship estimated between R and sin”0. In one embodi-
ment, the method further includes estimating values R, and
Rg, respectively corresponding to zero-offset reflectivity of
a compressional component of the received acoustic energy
and zero-offset reflectivity of a shear component of the
received acoustic energy. In one embodiment, R, and Ry,
are approximated as Rpo=A and Rg,=(A-B)/2 with an
assumption that velocity V;, of the compressional compo-
nent is approximately twice that of velocity Vg of the shear
component in the animal tissue.

[0013] In one embodiment, the method further includes
inverting reflectivity values Ry, and Ry, so as to obtain
estimated values of impedance Z; and Z respectively cor-
responding to compressional and shear components of the
animal tissue. In one embodiment, the method further
includes estimating one or more elastic properties of the
animal tissue based on the estimated impedance values Z,
and Z. In one embodiment, the one or more elastic prop-
erties include a rigidity parameter p that corresponds to
resistance to shear deformation, and estimated by a relation-
ship u=Z¢>/p, where p represents an estimate of the density
of the animal tissue. In one embodiment, the one or more
elastic properties further include an elastic parameter A that
is sensitive to fluid content of the animal tissue, with the
elastic parameter A being estimated by a relationship
©A=(Zp>=27.5*)p. In one embodiment, the one or more elastic
properties further include a parameter k that corresponds to
incompressibility or bulk modulus of the animal tissue, with
the parameter K being estimated by a relationship k=A+(2/
3.

[0014] In one embodiment where the tissue attribute
includes the signal trace characteristic, the signal trace
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characteristic includes a complex function F(t)=f{t)+ig(t),
where f(t) includes a real part of F(t) and represents the
electrical signal corresponding to a given region in the
animal tissue, and g(t) includes an imaginary part of F(t) and
represents a Hilbert transform of f(t).

[0015] In one embodiment, the signal trace characteristic
further includes a modulus E(t) of the complex function F(t)
expressed as E(t)=(f3()+g%(t))""%. In one embodiment, the
E(t) represents an envelope of the electrical signal. In one
embodiment, square of the E(t) represents a value corre-
sponding to a substantially instantaneous energy associated
with the received acoustic energy. In one embodiment, the
signal trace characteristic further includes a rate of change of
the E(t) with respect to time, expressed as d(E(t))/dt. In one
embodiment, the d(E(t))/dt provides information about
absorption effects in the animal tissue. In one embodiment,
the signal trace characteristic further includes a rate of
change of the d(E(t))/dt, expressed as d*(E(t))/dt>. In one
embodiment, the d*(E(t)y/dt* provides information about
reflecting interfaces in the animal tissue.

[0016] In one embodiment, the signal trace characteristic
further includes a substantially instantaneous phase of the
received acoustic energy associated with the given region in
the animal tissue, with the phase being expressed as ®(t)=
arctan(g(t)/f(t)). In one embodiment, the phase d(t) is sub-
stantially independent from an amplitude of F(t) and pro-
vides information about propagation phase of the acoustic
energy from the given region in the animal tissue. In one
embodiment, the signal trace characteristic further includes
a substantially instantaneous frequency of the received
acoustic energy associated with the given region in the
animal tissue, with the frequency being expressed as w(t)=
d(d(t))/dt. In one embodiment, the signal trace characteristic
further includes a substantially instantaneous acceleration of
the received acoustic energy associated with the given
region in the animal tissue, with the acceleration being
expressed as a(t)=dw(t)/dt.

[0017] In one embodiment, the signal trace characteristic
further includes a mean frequency w,,.,,(t) of the received
acoustic energy associated with the given region in the
animal tissue, with the mean frequency being obtained by a
method that includes determining a Fourier transform F(w)
of the function F(t); determining an autocorrelation function
P(w) by a relationship P(w)=F(w)F*(w), where F*(w)
includes a complex conjugate of F(w); determining a not-
malized autocorrelation function A(t) by a relationship

Al = foo P(w)exp(riwt)da)/r P(w)dw;
w=0 =0

and determining the mean frequency w,,,.,, by a relationship
Omeant) = dAW) [d i = —lifm wP(w)exp(liwt)dw/ﬁ Pw)dw.
w=0 (=0

[0018] In one embodiment, the signal trace characteristic
further includes a thin-layer indicator parameter determined
by a relationship w(t)-o,,.,,(t). In one embodiment, the
signal trace characteristic further includes an acceleration of
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the received acoustic energy associated with the given
region in the animal tissue, the acceleration determined by
a relationship |[d*A(t)/dt*|. Tn one embodiment, the signal
trace characteristic further includes a centroid frequency w,
of a power spectrum by a relationship

W, = foo wP(w)dw /foo Plw)dw.
w=0 ! Jw=0

In one embodiment, the signal trace characteristic further
includes a variance w, to the centroid frequency w_ by a
relationship

w, = fm (w —w,:)2P(a))da)/foo Pw)dw.
w=0 w=0

In one embodiment, the signal trace characteristic further
includes a root-mean-square frequency wg, s by a relation-
ship

WRMS = squ[fW sz(w)dw/ " P(a))dw].
w=0

w=0

[0019] In one embodiment where the tissue attribute
includes the spatial characteristic, the spatial characteristic
includes information about propagation number k associated
with the received acoustic energy. In one embodiment, the
spatial characteristic further includes a longitudinal compo-
nent k=(w/v)cos B and a transverse component k,=(w/v)sin
0 of the propagation number k, where 0 represents the arrival
angle associated with the received acoustic energy.

[0020] In one embodiment, the spatial characteristic fur-
ther includes a time gradient dt/dx along a selected trans-
verse direction X. In one embodiment, the time gradient
dt/dx is proportional to sin 6/v. In one embodiment, the time
gradient dt/dx is proportional to k,/m, where w represents
the frequency associated with the received acoustic energy.
In one embodiment, the frequency w is estimated by a
centroid frequency w,_ associated with the received acoustic
energy. In one embodiment, the frequency  is estimated by
an autocorrelation function A(t) associated with the received
acoustic energy, evaluated at one time lag, so that
w=arg/A(1)|.

[0021] In one embodiment, the spatial characteristic fur-
ther includes a time gradient dt/dy along a selected trans-
verse direction y that is substantially perpendicular to the
direction x. In one embodiment, the spatial characteristic
further includes an azimuthal time gradient expressed as
A®=arctan(dt/dy, dt/dx). In one embodiment, the spatial
characteristic further includes a transverse time gradient
expressed as AT=sqri(dt/dx)*+(dt/dy)*]. In one embodi-
ment, the spatial characteristic further includes a lateral
continuity estimated as A*T=sqrt[ (d*t/dx?)*+(d*t/dy>)*].

[0022] In one embodiment, the method further includes
performing the processing of the electrical signal at one or
more ranges of frequency associated the electrical signal. In
one embodiment, processing at the plurality of ranges of
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frequency includes a spectral decomposition analysis. In one
embodiment, the method further includes imaging with
ultrasound a region of interest of an animal, with the region
of interest having a plurality of voxels, with each of the
voxels having a value of the attribute at selected one of the
one or more ranges of frequency; determining the value of
the attribute for each of the plurality of voxels; and display-
ing simultaneously on a display the values of the attribute for
the plurality of voxels.

[0023] In one embodiment, the method further includes
classifying the attribute based on its value. In one embodi-
ment, the method further includes generating a result value
based on the classifying of the attribute. In one embodiment,
the classifying of the attribute and the generating of the
result are performed substantially automatically.

[0024] The foregoing features with respect to the animal
tissue can also be applied to materials, where another
embodiment of the present teachings relates to a method for
determining an attribute of a material using acoustic energy.
The method includes receiving acoustic energy that has been
reflected from the material. The method further includes
generating an electrical signal from the received acoustic
energy. The method further includes processing the electri-
cal signal so as to generate a value of the attribute of the
material, with the attribute being selected from the group
consisting of an amplitude-variations-with-offset character-
istic and a signal trace characteristic. The method further
includes registering the value of the attribute in a computer
storage.

[0025] Another embodiment of the present teachings
relates to a device for determining an attribute of an animal
tissue using acoustic energy. The device includes an acoustic
receiver module that receives acoustic energy that has been
reflected from the animal tissue, and outputs an electrical
signal based on the received acoustic energy. The device
further includes a processor that is configured so as to
process the signal and generate a value of the attribute of the
animal tissue, the attribute having at least one of an ampli-
tude-variations-with-offset characteristic and a signal trace
characteristic. The device further includes a computer stor-
age configured so as to store the value of the attribute of the
animal tissue.

[0026] Inoneembodiment, the tissue attribute includes the
amplitude-variations-with-offset characteristic. In one
embodiment, the tissue attribute includes the signal trace
characteristic. In one embodiment, the tissue attribute fur-
ther includes a spatial characteristic.

[0027] In one embodiment where the tissue attribute
includes the amplitude-variations-with-offset characteristic,
the amplitude-variations-with-offset characteristic includes
a plot of a plurality of values corresponding to reflection
amplitudes R of the received acoustic energy versus values
corresponding to respective reflection angles 6 of the reflec-
tion amplitudes, with the reflection angles 8 being with
respect to a layer in the animal tissue.

[0028] Inoneembodiment, the amplitude-variations-with-
offset characteristic includes a functional relationship R
estimated from an R versus 6 plot.

[0029] 1In one embodiment, the functional relationship R
includes a relationship R(0)=A+B sin®0+C sin®0 tan®0
where parameters A, B, and C are constants that can be

Mar. 15, 2007

estimated from the R versus 6 plot. In one embodiment, the
process is further configured so as to estimate values R, and
Ry, respectively corresponding to zero-offset reflectivity of
a compressional component of the received acoustic energy
and zero-offset reflectivity of a shear component of the
received acoustic energy. In one embodiment, R, and Ry,
are approximated as Rp,=A and Ry,=(4A-9B+5C)/8 with an
assumption that velocity Vy of the compressional compo-
nent is approximately three times that of velocity V of the
shear component in the animal tissue.

[0030] In another embodiment, the amplitude-variations-
with-offset characteristic includes a functional relationship
estimated from an R versus sin0 plot. In one embodiment,
the functional relationship R includes a relationship R(0)=
A+B 5in”0, where parameters A and B estimated from the R
versus sin’0 plot, with the A being representative of an
intercept, and B being representative of a slope of a linear
relationship estimated between R and sin®0. In one embodi-
ment, the processor is further configured so as to estimate
values Ry, and Ry, respectively corresponding to zero-offset
reflectivity of a compressional component of the received
acoustic energy and zero-offset reflectivity of a shear com-
ponent of the received acoustic energy. In one embodiment,
Ry, and Ry, are approximated as Ry, =A and Rg,=(A-B)/2
with an assumption that velocity V; of the compressional
component is approximately twice that of velocity Vg of the
shear component in the animal tissue.

[0031] In one embodiment, the processor is further con-
figured so as to invert reflectivity values R, and Ry, so as
to obtain estimated values of impedance Z; and Zg respec-
tively corresponding to compressional and shear compo-
nents of the animal tissue. In one embodiment, the processor
is further configured so as to estimate one or more elastic
properties of the animal tissue based on the estimated
impedance values Z, and Zg. In one embodiment, the one or
more elastic properties include a rigidity parameter p that
corresponds to resistance to shear deformation, and esti-
mated by a relationship p=Z¢*/p, where p represents an
estimate of the density of the animal tissue. In one embodi-
ment, the one or more elastic properties further include an
elastic parameter A that is sensitive to fluid content of the
animal tissue, with the elastic parameter A being estimated
by a relationship }»=(Zp2—2ZS2)/p. In one embodiment, the
one or more elastic properties further include a parameter K
that corresponds to incompressibility or bulk modulus of the
animal tissue, with the parameter K being estimated by a
relationship k=A+(%3)u.

[0032] In one embodiment where the tissue attribute
includes the signal trace characteristic, the signal trace
characteristic includes a complex function F(t)=f(t)+ig(t),
where f{t) includes a real part of F(t) and represents the
electrical signal corresponding to a given region in the
animal tissue, and g(t) includes an imaginary part of F(t) and
represents a Hilbert transform of f(t).

[0033] In one embodiment, the signal trace characteristic
further includes a modulus E(t) of the complex function F(t)
expressed as E()=(f(1)+g*(1))"". In one embodiment, the
E(t) represents an envelope of the electrical signal. In one
embodiment, square of the E(t) represents a value corre-
sponding to a substantially instantaneous energy associated
with the received acoustic energy. In one embodiment, the
signal trace characteristic further includes a rate of change of
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the E(t) with respect to time, expressed as d(E(t))/dt. In one
embodiment, the d(E(t))/dt provides information about
absorption effects in the animal tissue. In one embodiment,
the signal trace characteristic further includes a rate of
change of the d(E(t))/dt, expressed as d*(E(t))/dt>. In one
embodiment, the d*(E(t)y/dt* provides information about
reflecting interfaces in the animal tissue.

[0034] In one embodiment, the signal trace characteristic
further includes a substantially instantaneous phase of the
received acoustic energy associated with the given region in
the animal tissue, with the phase being expressed as ®(t)=
arctan(g(t)/f(t)). In one embodiment, the phase ®(t) is sub-
stantially independent from an amplitude of F(t) and pro-
vides information about propagation phase of the acoustic
energy from the given region in the animal tissue. In one
embodiment, the signal trace characteristic further includes
a substantially instantaneous frequency of the received
acoustic energy associated with the given region in the
animal tissue, with the frequency being expressed as w(t)=
d(w(t))/dt. In one embodiment, the signal trace characteristic
further includes a substantially instantaneous acceleration of
the received acoustic energy associated with the given
region in the animal tissue, with the acceleration being
expressed as a(t)=dw(t)/dt.

[0035] In one embodiment, the signal trace characteristic
further includes a mean frequency w,,.,(t) of the received
acoustic energy associated with the given region in the
animal tissue, with the mean frequency being obtained by a
method that includes determining a Fourier transform F(w)
of the function F(1); determining an autocorrelation function
P(w) by a relationship P(w)=F(w)F*(w), where F*(w)
includes a complex conjugate of F(w); determining a nor-
malized autocorrelation function A(t) by a relationship

Al = f°° P(w)exp(riwt)da)/f P(w)dw;
w=0 w=0

and determining the mean frequency w,,.,, by a relationship

mean

Wmean() = dA@) [dt = —.ifm wP(w)exp(dwt)dw/fl P(w)dw.
w=0 w=0

[0036] In one embodiment, the signal trace characteristic
further includes a thin-layer indicator parameter determined
by a relationship w(t)-w,,...(t). In one embodiment, the
signal trace characteristic further includes an acceleration of
the received acoustic energy associated with the given
region in the animal tissue, the acceleration determined by
a relationship [d*A(t)/dt*. In one embodiment, the signal
trace characteristic further includes a centroid frequency w,
of a power spectrum by a relationship

We = fm wP(w)dw /fm Pw)dw.
w I =0

=0
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In one embodiment, the signal trace characteristic further
includes a variance w, to the centroid frequency w, by a
relationship

w, = foo (w —a)c)zP(a))da)/\fOO P(w)d w.
w=0 w=0

In one embodiment, the signal trace characteristic further
includes a root-mean-square frequency wg, s by a relation-
ship

WRMS = sqr[[f sz((u)dw/fm P(w)dw].
=0 w=0

[0037] In one embodiment where the tissue attribute
includes the spatial characteristic, the spatial characteristic
includes information about propagation number k associated
with the received acoustic energy. In one embodiment, the
spatial characteristic further includes a longitudinal compo-
nent ky=(w/v)cos 6 and a transverse component k,=(w/v)sin
6 of the propagation number k, where 0 represents the arrival
angle associated with the received acoustic energy.

[0038] In one embodiment, the spatial characteristic fur-
ther includes a time gradient dt/dx along a selected trans-
verse direction x. In one embodiment, the time gradient
dt/dx is proportional to sin 6/v. In one embodiment, the time
gradient dt/dx is proportional to k,/m, where o represents
the frequency associated with the received acoustic energy.
In one embodiment, the frequency w is estimated by a
centroid frequency o, associated with the received acoustic
energy. In one embodiment, the frequency  is estimated by
an autocorrelation function A(t) associated with the received
acoustic energy, evaluated at one time lag, so that
o=arglA(1)].

[0039] In one embodiment, the spatial characteristic fur-
ther includes a time gradient dt/dy along a selected trans-
verse direction y that is substantially perpendicular to the
direction x. In one embodiment, the spatial characteristic
further includes an azimuthal time gradient expressed as
Ad=arctan(dt/dy, dt/dx). In one embodiment, the spatial
characteristic further includes a transverse time gradient
expressed as AT=sqri[(dt/dx)*+(dt/dy)*]. In one embodi-
ment, the spatial characteristic further includes a lateral
continuity estimated as A*T=sqnt[ (d*t/dx*)*+(d*t/dy>)*].

[0040] In one embodiment, the processor is further con-
figured so as to perform the processing of the electrical
signal at one or more ranges of frequency associated the
electrical signal. In one embodiment, processing at the
plurality of ranges of frequency includes a spectral decom-
position analysis. In one embodiment, the device further
includes a display component that is configured so as to
display simultaneously values of the attribute that corre-
spond to a plurality of voxels contained within a region of
interest of the animal.

[0041] In one embodiment, the processor is further con-
figured so as to classify the attribute based on its value. In
one embodiment, the processor is further configured so as to
generate a result value based on the classifying of the
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attribute. In one embodiment, the classifying of the attribute
and the generating of the result are performed substantially
automatically.

[0042] The foregoing features with respect to the animal
tissue can also be applied to materials, where another
embodiment of the present teachings relates to a device for
determining an attribute of a material using acoustic energy.
The device includes an acoustic receiver module that
receives acoustic energy that has been reflected from the
material, and outputs an electrical signal based on the
received acoustic energy. The device further includes a
processor that is configured so as to process the signal and
generate a value of the attribute of the material, the attribute
having at least one of an amplitude-variations-with-offset
characteristic and a signal trace characteristic. The device
further includes a computer storage configured so as to store
the value of the attribute of the animal tissue.

[0043] Yet another embodiment of the present teachings
relates to a method for determining attributes of an animal
tissue using acoustic energy. The method includes receiving
acoustic energy that has been reflected from the animal
tissue. The method further includes generating an electrical
signal from the received acoustic energy. The method further
includes processing the electrical signal so as to generate
values of at least two attributes of the animal tissue, with the
attributes being selected from the group consisting of an
amplitude-variations-with-offset characteristic, a signal
trace characteristic, and a spectral decomposition character-
istic. The method further includes registering the values of
the at least two attributes in a computer storage.

[0044] In one embodiment, the at least two attributes
include at least two attributes obtained from the amplitude-
variations-with-offset characteristic. In one embodiment, the
at least two attributes include at least two attributes obtained
from the signal trace characteristic. In one embodiment, the
at least two attributes include at least two attributes obtained
from the spectral decomposition characteristic. In one
embodiment, the at least two attributes include at least one
attribute from the amplitude-variations-with-offset charac-
teristic, and at least one attribute from the signal trace
characteristic. In one embodiment, the at least two attributes
include at least one attribute from the amplitude-variations-
with-offset characteristic, and at least one attribute from the
spectral decomposition characteristic. In one embodiment,
the at least two attributes include at least one attribute from
the signal trace characteristic, and at least one attribute from
the spectral decomposition characteristic.

[0045] In one embodiment, the at least two attributes
further include at least one attribute from a spatial charac-
teristic. In one embodiment, the at least two attributes
include at least one attribute from the amplitude-variations-
with-offset characteristic, and at least one atiribute from the
spatial characteristic. In one embodiment, the at least two
attributes include at least one attribute from the signal trace
characteristic, and at least one attribute from the spatial
characteristic. In one embodiment, the at least two attributes
include at least one attribute from the spatial characteristic,
and at least one attribute from the spectral decomposition
characteristic.

[0046] In one embodiment, registering the values of the at
least two of the attributes includes providing an index for
each attribute, with the index having information about a
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plurality of voxels in a region of interest in the animal tissue.
In one embodiment, the method further includes displaying
a plot of values corresponding to a first set of two of the at
least two attributes based on the registered values. In one
embodiment, the method further includes selecting a portion
of the displayed plot so as to select one or more values
corresponding to the first set of two attributes, with the
selected one or more values having corresponding indices.
In one embodiment, the method further includes displaying
a plot of values corresponding to a second set of two of the
at least two attributes, with the values of the second set
corresponding to the indices of the selected one or more
values from the first set of two attributes.

[0047] Inoneembodiment, the tissue attribute includes the
amplitude-variations-with-offset ~characteristic. In one
embodiment, the tissue attribute includes the signal trace
characteristic. In one embodiment, the tissue attribute
includes the spatial characteristic. In one embodiment, the
tissue attribute includes the spectral decomposition charac-
teristic.

[0048] In one embodiment where the tissue attribute
includes the amplitude-variations-with-offset characteristic,
the amplitude-variations-with-offset characteristic includes
a plot of a plurality of values corresponding to reflection
amplitudes R of the received acoustic energy versus values
corresponding to respective reflection angles 6 of the reflec-
tion amplitudes, with the reflection angles 8 being with
respect to a layer in the animal tissue.

[0049] Inone embodiment, the amplitude-variations-with-
offset characteristic includes a functional relationship R
estimated from an R versus 6 plot.

[0050] In one embodiment, the functional relationship R
includes a relationship R(0)=A+B sin®0+C sin®0 tan®d
where parameters A, B, and C are constants that can be
estimated from the R versus 0 plot. In one embodiment, the
method further includes estimating values R,, and R,
respectively corresponding to zero-offset reflectivity of a
compressional component of the received acoustic energy
and zero-offset reflectivity of a shear component of the
received acoustic energy. In one embodiment, Ry, and Ry,
are approximated as Rp,=A and Ry ,=(4A-9B+5C)/8 with an
assumption that velocity Vy of the compressional compo-
nent is approximately three times that of velocity V of the
shear component in the animal tissue.

[0051] In another embodiment, the amplitude-variations-
with-offset characteristic includes a functional relationship
estimated from an R versus sin®0 plot. In one embodiment,
the functional relationship R includes a relationship R(8)=
A+B sin0, where parameters A and B estimated from the R
versus sin”0 plot, with the A being representative of an
intercept, and B being representative of a slope of a linear
relationship estimated between R and sin”0. In one embodi-
ment, the method further includes estimating values R, and
Ry, respectively corresponding to zero-offset reflectivity of
a compressional component of the received acoustic energy
and zero-offset reflectivity of a shear component of the
received acoustic energy. In one embodiment, Ry, and Ry,
are approximated as Rpo=A and Ry,=(A-B)/2 with an
assumption that velocity V, of the compressional compo-
nent is approximately twice that of velocity Vg of the shear
component in the animal tissue.

[0052] In one embodiment, the method further includes
inverting reflectivity values Ry, and Rgy so as to obtain
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estimated values of impedance Z, and Zg respectively cor-
responding to compressional and shear components of the
animal tissue. In one embodiment, the method further
includes estimating one or more elastic properties of the
animal tissue based on the estimated impedance values 7,
and Zg. In one embodiment, the one or more elastic prop-
erties include a rigidity parameter p that corresponds to
resistance to shear deformation, and estimated by a relation-
ship u=Z%/p, where p represents an estimate of the density
of the animal tissue. In one embodiment, the one or more
elastic properties further include an elastic parameter A that
is sensitive to fluid content of the animal tissue, with the
elastic parameter 2 being estimated by a relationship
A=(Z,"-27)p. In one embodiment, the one or more elastic
properties further include a parameter k that corresponds to
incompressibility or bulk modulus of the animal tissue, with
the parameter k being estimated by a relationship k=A+(%3)y.

[0053] In one embodiment where the tissue attribute
includes the signal trace characteristic, the signal trace
characteristic includes a complex function F(t)=f(t)+ig(t),
where f(t) includes a real part of F(t) and represents the
electrical signal corresponding to a given region in the
animal tissue, and g(t) includes an imaginary part of F(t) and
represents a Hilbert transform of f(t).

[0054] In one embodiment, the signal trace characteristic
further includes a modulus E(t) of the complex function F(t)
expressed as B()=(f(1)+g(1))"%. In one embodiment, the
E(t) represents an envelope of the electrical signal. In one
embodiment, square of the E(t) represents a value corre-
sponding to a substantially instantaneous energy associated
with the received acoustic energy. In one embodiment, the
signal trace characteristic further includes a rate of change of
the E(t) with respect to time, expressed as d(E(t))/dt. In one
embodiment, the d(E(t))/dt provides information about
absorption effects in the animal tissue. In one embodiment,
the signal trace characteristic further includes a rate of
change of the d(E(t))/dt, expressed as d*(E(t))/dt>. In one
embodiment, the d*(E(t))/dt* provides information about
reflecting interfaces in the animal tissue.

[0055] 1In one embodiment, the signal trace characteristic
further includes a substantially instantaneous phase of the
received acoustic energy associated with the given region in
the animal tissue, with the phase being expressed as ®(t)=
arctan(g(t)/f(1)). In one embodiment, the phase d(t) is sub-
stantially independent from an amplitude of F(t) and pro-
vides information about propagation phase of the acoustic
energy from the given region in the animal tissue. In one
embodiment, the signal trace characteristic further includes
a substantially instantaneous frequency of the received
acoustic energy associated with the given region in the
animal tissue, with the frequency being expressed as w(t)=
d(d(1))/dt. In one embodiment, the signal trace characteristic
further includes a substantially instantaneous acceleration of
the received acoustic energy associated with the given
region in the animal tissue, with the acceleration being
expressed as a(t)=dw(t)/dt.

[0056] In one embodiment, the signal trace characteristic
further includes a mean frequency w,_,_. () of the received
acoustic energy associated with the given region in the
animal tissue, with the mean frequency being obtained by a
method that includes determining a Fourier transform F(w)
of the function F(t); determining an autocorrelation function
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P(w) by a relationship P(w)=F(w)F*(w), where F*(w)
includes a complex conjugate of F(w): determining a nor-
malized autocorrelation function A(t) by a relationship

Al = foo P(w)exp(fiwt)dw/ﬁ Plw)dw;
w=0 w=0

and determining the mean frequency w,,.,, by a relationship

Omean®) =dA@) [ di = —lifm wP(w)eXp(liwt)dw/fQ Pw)dw.
w=0 w=0

[0057] 1In one embodiment, the signal trace characteristic
further includes a thin-layer indicator parameter determined
by a relationship w(t)-o,...(t). In one embodiment, the
signal trace characteristic further includes an acceleration of
the received acoustic energy associated with the given
region in the animal tissue, the acceleration determined by
a relationship [d*A(t)/dt*. In one embodiment, the signal
trace characteristic further includes a centroid frequency w,
of a power spectrum by a relationship

W = fm wP(w)dw /fm P(w)dw.
w=0 o Jw=0

In one embodiment, the signal trace characteristic further
includes a variance w, to the centroid frequency w, by a
relationship

Wy = fm (w —w,:)zP(w)dw/foo P(w)dw.
w=0 w=0

In one embodiment, the signal trace characteristic further
includes a root-mean-square frequency wg,,5 by a relation-
ship

WrMS = sqrt[f W Pw)dw /fm P(w)dw].
w=0 / w=0

[0058] In one embodiment where the tissue attribute
includes the spatial characteristic, the spatial characteristic
includes information about propagation number k associated
with the received acoustic energy. In one embodiment, the
spatial characteristic further includes a longitudinal compo-
nent k =(w/v)cos 0 and a transverse component k,=(w/v)sin
6 of the propagation number k, where 0 represents the arrival
angle associated with the received acoustic energy.

[0059] 1In one embodiment, the spatial characteristic fur-
ther includes a time gradient dt/dx along a selected trans-
verse direction X. In one embodiment, the time gradient
dt/dx is proportional to sin 0/v. In one embodiment, the time
gradient dt/dx is proportional to k,/m, where w represents
the frequency associated with the received acoustic energy.
In one embodiment, the frequency w is estimated by a
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centroid frequency o, associated with the received acoustic
energy. In one embodiment, the frequency w is estimated by
an autocorrelation function A(t) associated with the received
acoustic energy, evaluated at one time lag, so that
w=arg/A(1)|.

[0060] In one embodiment, the spatial characteristic fur-
ther includes a time gradient dt/dy along a selected trans-
verse direction y that is substantially perpendicular to the
direction x. In one embodiment, the spatial characteristic
further includes an azimuthal time gradient expressed as
Ad=arctan(dt/dy, dt/dx). In one embodiment, the spatial
characteristic further includes a transverse time gradient
expressed as AT=sqrt[(dt/dx)*+(dt/dy)*]. In one embodi-
ment, the spatial characteristic further includes a lateral
continuity estimated as AZT=sqrt[(d*t/dx?)*+(d*t/dy*)*].
[0061] In one embodiment, the method further includes
performing the processing of the electrical signal at one or
more ranges of frequency associated the electrical signal. In
one embodiment, processing at the plurality of ranges of
frequency includes a spectral decomposition analysis. In one
embodiment, the method further includes imaging with
ultrasound a region of interest of an animal, with the region
of interest having a plurality of voxels, with each of the
voxels having a value of the attribute at selected one of the
one or more ranges of frequency; determining the value of
the attribute for each of the plurality of voxels; and display-
ing simultaneously on a display the values of the attribute for
the plurality of voxels.

[0062] In one embodiment, the method further includes
classifying the attribute based on its value. In one embodi-
ment, the method further includes generating a result value
based on the classifying of the attribute. In one embodiment,
the classifying of the attribute and the generating of the
result are performed substantially automatically.

[0063] The foregoing features with respect to the animal
tissue can also be applied to materials, where another
embodiment of the present teachings relates to a method for
determining attributes of a material using acoustic energy.
The method includes receiving acoustic energy that has been
reflected from the material. The method further includes
generating an electrical signal from the received acoustic
energy. The method further includes processing the electri-
cal signal so as to generate values of at least two attributes
of the material, with the attributes being selected from the
group consisting of an amplitude-variations-with-offset
characteristic, a signal trace characteristic, and a spectral
decomposition characteristic. The method further includes
registering the values of the at least two attributes in a
computer storage.

[0064] Yet another embodiment of the present teachings
relates to a device for determining at least two attributes of
an animal tissue using acoustic energy. The device includes
an acoustic receiver module that receives acoustic energy
that has been reflected from the animal tissue, and outputs an
electrical signal based on the received acoustic energy. The
device further includes a processor that is configured so as
to process the signal so as to generate values of the at least
two attributes of the animal tissue, with the attributes being
selected from the group consisting of an amplitude-varia-
tions-with-offset characteristic, a signal trace characteristic,
and a spectral decomposition characteristic. The device
further includes a computer storage configured so as to store
the values of at the least two attributes of the animal tissue.
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[0065] In one embodiment, the at least two attributes
include at least two attributes obtained from the amplitude-
variations-with-offset characteristic. In one embodiment, the
at least two attributes include at least two attributes obtained
from the signal trace characteristic. In one embodiment, the
at least two attributes include at least two attributes obtained
from the spectral decomposition characteristic. In one
embodiment, the at least two attributes include at least one
attribute from the amplitude-variations-with-offset charac-
teristic, and at least one attribute from the signal trace
characteristic. In one embodiment, the at least two attributes
include at least one attribute from the amplitude-variations-
with-offset characteristic, and at least one attribute from the
spectral decomposition characteristic. In one embodiment,
the at least two attributes include at least one attribute from
the signal trace characteristic, and at least one attribute from
the spectral decomposition characteristic.

[0066] In one embodiment, the at least two attributes
further include at least one attribute from a spatial charac-
teristic. In one embodiment, the at least two attributes
include at least one attribute from the amplitude-variations-
with-offset characteristic, and at least one attribute from the
spatial characteristic. In one embodiment, the at least two
attributes include at least one attribute from the signal trace
characteristic, and at least one attribute from the spatial
characteristic. In one embodiment, the at least two attributes
include at least one attribute from the spatial characteristic,
and at least one attribute from the spectral decomposition
characteristic.

[0067] In one embodiment, the values of the at least two
of the attributes includes information about an index for
each attribute, with the index having information about a
plurality of voxels in a region of interest in the animal tissue.
In one embodiment, the device further includes display
component that is configured so as to plot values corre-
sponding to a first set of two of the at least two attributes
based on the registered values. In one embodiment, the
display component is further configured so as to allow
selection of a portion of the displayed plot so as to select one
or more values corresponding to the first set of two
attributes, with the selected one or more values having
corresponding indices. In one embodiment, the display
component is further configured so as to display a plot of
values corresponding to a second set of two of the at least
two attributes, with the values of the second set correspond-
ing to the indices of the selected one or more values from the
first set of two attributes.

[0068] Inoneembodiment, the tissue attribute includes the
amplitude-variations-with-offset characteristic. In one
embodiment, the tissue attribute includes the signal trace
characteristic. In one embodiment, the tissue attribute
includes the spatial characteristic. In one embodiment, the
tissue attribute includes the spectral decomposition charac-
teristic.

[0069] In one embodiment where the tissue attribute
includes the amplitude-variations-with-offset characteristic,
the amplitude-variations-with-offset characteristic includes
a plot of a plurality of values corresponding to reflection
amplitudes R of the received acoustic energy versus values
corresponding to respective reflection angles 6 of the reflec-
tion amplitudes, with the reflection angles 0 being with
respect to a layer in the animal tissue.
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[0070] Inoneembodiment, the amplitude-variations-with-
offset characteristic includes a functional relationship R
estimated from an R versus 6 plot.

[0071] In one embodiment, the functional relationship R
includes a relationship R(6)=A+B sin’0+C sin®0 tan®0
where parameters A, B, and C are constants that can be
estimated from the R versus 0 plot. In one embodiment, the
process is further configured so as to estimate values Ry, and
Ry, respectively corresponding to zero-offset reflectivity of
a compressional component of the received acoustic energy
and zero-offset reflectivity of a shear component of the
received acoustic energy. In one embodiment, Ry, and Rg,
are approximated as Ry,=A and R, =(4A-9B+5C)/8 with an
assumption that velocity Vy of the compressional compo-
nent is approximately three times that of velocity V¢ of the
shear component in the animal tissue.

[0072] In another embodiment, the amplitude-variations-
with-offset characteristic includes a functional relationship
estimated from an R versus sin0 plot. In one embodiment,
the functional relationship R includes a relationship R(8)=
A+B sin 20, where parameters A and B estimated from the
R versus sin’0 plot, with the A being representative of an
intercept, and B being representative of a slope of a linear
relationship estimated between R and sin”0. In one embodi-
ment, the processor is further configured so as to estimate
values Ry, and Rg, respectively corresponding to zero-offset
reflectivity of a compressional component of the received
acoustic energy and zero-offset reflectivity of a shear com-
ponent of the received acoustic energy. In one embodiment,
Rpo and Ry are approximated as Rpy=A and Rgy=(A-B)/2
with an assumption that velocity V; of the compressional
component is approximately twice that of velocity Vg of the
shear component in the animal tissue.

[0073] In one embodiment, the processor is further con-
figured so as to invert reflectivity values R, and Ry, so as
to obtain estimated values of impedance Z, and Zg respec-
tively corresponding to compressional and shear compo-
nents of the animal tissue. In one embodiment, the processor
1s further configured so as to estimate one or more elastic
properties of the animal tissue based on the estimated
impedance values Z, and Z. In one embodiment, the one or
more elastic properties include a rigidity parameter 1 that
corresponds to resistance to shear deformation, and esti-
mated by a relationship p=Z%p, where p represents an
estimate of the density of the animal tissue. In one embodi-
ment, the one or more elastic properties further include an
elastic parameter A that is sensitive to fluid content of the
animal tissue, with the elastic parameter A being estimated
by a relationship A=(Z,>-2Z*)/p. In one embodiment, the
one or more elastic properties further include a parameter K
that corresponds to incompressibility or bulk modulus of the
animal tissue, with the parameter Kk being estimated by a
relationship K=h+(%).

[0074] In one embodiment where the tissue attribute
includes the signal trace characteristic, the signal trace
characteristic includes a complex function F(t)=f(t)+ig(t),
where f{t) includes a real part of F(t) and represents the
electrical signal corresponding to a given region in the
animal tissue, and g(t) includes an imaginary part of F(t) and
represents a Hilbert transform of f(t).

[0075] In one embodiment, the signal trace characteristic
further includes a modulus E(t) of the complex function F(t)
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expressed as E(D)=(f()+g>(1))'>. In one embodiment, the
E(t) represents an envelope of the electrical signal. In one
embodiment, square of the E(t) represents a value corre-
sponding to a substantially instantaneous energy associated
with the received acoustic energy. In one embodiment, the
signal trace characteristic further includes a rate of change of
the E(t) with respect to time, expressed as d(E(t))/dt. In one
embodiment, the d(E(t))/dt provides information about
absorption effects in the animal tissue. In one embodiment,
the signal trace characteristic further includes a rate of
change of the d(B(t)/dt, expressed as d*(E(t))/dt>. In one
embodiment, the d*(E(t))/dt* provides information about
reflecting interfaces in the animal tissue.

[0076] In one embodiment, the signal trace characteristic
further includes a substantially instantaneous phase of the
received acoustic energy associated with the given region in
the animal tissue, with the phase being expressed as ®(t)=
arctan(g(t)/f(1)). In one embodiment, the phase ®(t) is sub-
stantially independent from an amplitude of F(t) and pro-
vides information about propagation phase of the acoustic
energy from the given region in the animal tissue. In one
embodiment, the signal trace characteristic further includes
a substantially instantaneous frequency of the received
acoustic energy associated with the given region in the
animal tissue, with the frequency being expressed as w(t)=
d(DD(t))/dt. In one embodiment, the signal trace character-
istic further includes a substantially instantaneous accelera-
tion of the received acoustic energy associated with the
given region in the animal tissue, with the acceleration being
expressed as a(t)=dw(t)/dt.

[0077] In one embodiment, the signal trace characteristic
further includes a mean frequency m,,., (t) of the received
acoustic energy associated with the given region in the
animal tissue, with the mean frequency being obtained by a
method that includes determining a Fourier transform F(w)
of the function F(1); determining an autocorrelation function
P(w) by a relationship P(w)=F(w)F*(w), where F*(w)
includes a complex conjugate of F(w); determining a nor-
malized autocorrelation function A(t) by a relationship

Alt) = foo P(w)exp(ﬂ'wt)da)/foo Plw)dw;
w=0 w=0

and determining the mean frequency ., by a relationship

mean

a0 = dAW) dr = —i f " wPeespliondu | f“ Plwido.
=0 w=0

[0078] In one embodiment, the signal trace characteristic
further includes a thin-layer indicator parameter determined
by a relationship w(t)-w,...(t). In one embodiment, the
signal trace characteristic further includes an acceleration of
the received acoustic energy associated with the given
region in the animal tissue, the acceleration determined by
a relationship [d*A(t)/dt*]. In one embodiment, the signal
trace characteristic further includes a centroid frequency w,
of a power spectrum by a relationship
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We = fm wP(w)dw /fm Pw)dw.
0 ! Ju=o

In one embodiment, the signal trace characteristic further
includes a variance w, to the centroid frequency w, by a
relationship

w, = fm (w —wC)ZP(w)dw/f P(w)dw.
w=0 w=0

In one embodiment, the signal trace characteristic further
includes a root-mean-square frequency wg, s by a relation-
ship

WRMS = sqrr[f:sz(w)dw/ ﬁOP(w)dw].

[0079] In one embodiment where the tissue attribute
includes the spatial characteristic, the spatial characteristic
includes information about propagation number k associated
with the received acoustic energy. In one embodiment, the
spatial characteristic further includes a longitudinal compo-
nent k,=(oy/'v)cos 8 and a transverse component k =(w/v)sin
0 of the propagation number k, where 6 represents the arrival
angle associated with the received acoustic energy.

[0080] In one embodiment, the spatial characteristic fur-
ther includes a time gradient dt/dx along a selected trans-
verse direction X. In one embodiment, the time gradient
dt/dx is proportional to sin 0/v. In one embodiment, the time
gradient dt/dx is proportional to k /o, where w represents
the frequency associated with the received acoustic energy.
In one embodiment, the frequency w is estimated by a
centroid frequency o, associated with the received acoustic
energy. In one embodiment, the frequency w is estimated by
an autocorrelation function A(t) associated with the received
acoustic energy, evaluated at one time lag, so that
w=argA(1)|.

[0081] In one embodiment, the spatial characteristic fur-
ther includes a time gradient dt/dy along a selected trans-
verse direction y that is substantially perpendicular to the
direction x. In one embodiment, the spatial characteristic
further includes an azimuthal time gradient expressed as
Ad=arctan(dt/dy, dt/dx). In one embodiment, the spatial
characteristic further includes a transverse time gradient
expressed as AT=sqri (dt/dx)*+(dt/dy)*]. In one embodi-
ment, the spatial characteristic further includes a lateral
continuity estimated as AZT=sqrt[(d*t/dx?)*+(d*t/dy?)*].
[0082] In one embodiment, the processor is further con-
figured so as to perform the processing of the electrical
signal at one or more ranges of frequency associated the
electrical signal. In one embodiment, processing at the
plurality of ranges of frequency includes a spectral decom-
position analysis. In one embodiment, the device further
includes a display component that is configured so as to
display simultaneously values of the attribute that corre-
spond to a plurality of voxels contained within a region of
interest of the animal.
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[0083] In one embodiment, the processor is further con-
figured so as to classify the attribute based on its value. In
one embodiment, the processor is further configured so as to
generate a result value based on the classifying of the
attribute. In one embodiment, the classifying of the attribute
and the generating of the result are performed substantially
automatically.

[0084] The foregoing features with respect to the animal
tissue can also be applied to materials, where another
embodiment of the present teachings relates to a device for
determining at least two atiributes of a material using
acoustic energy. The device includes an acoustic receiver
module that receives acoustic energy that has been reflected
from the material, and outputs an electrical signal based on
the received acoustic energy. The device further includes a
processor that is configured so as to process the signal so as
to generate values of the at least two attributes of the
material, with the attributes being selected from the group
consisting of an amplitude-variations-with-offset character-
istic, a signal trace characteristic, and a spectral decompo-
sition characteristic. The device further includes a computer
storage configured so as to store the values of at the least two
attributes of the material.

[0085] Yet another embodiment of the present teachings
relates to a device for determining an attribute of an animal
tissue using acoustic energy. The device includes a means
for receiving acoustic energy that has been reflected from the
animal tissue. The device further includes a means for
outputting an electrical signal based on the received acoustic
energy. The device further includes a means for processing
the signal so as to generate a value of the attribute of the
animal tissue, with the attribute having at least one of an
amplitude-variations-with-offset characteristic, a signal
trace characteristic, a spatial characteristic, and a spectral
decomposition characteristic. The device further includes a
means for storing in a computer-readable medium the value
of the attribute of the animal tissue.

[0086] Inoneembodiment, the tissue attribute includes the
amplitude-variations-with-offset  characteristic. In one
embodiment, the tissue attribute includes the signal trace
characteristic. In one embodiment, the tissue attribute
includes the spatial characteristic. In one embodiment, the
tissue attribute includes the spectral decomposition charac-
teristic.

[0087] The foregoing features with respect to the animal
tissue can also be applied to materials, where another
embodiment of the present teachings relates to a device for
determining an attribute of a material using acoustic energy.
The device includes a means for receiving acoustic energy
that has been reflected from the material. The device further
includes a means for outputting an electrical signal based on
the received acoustic energy. The device further includes a
means for processing the signal so as to generate a value of
the attribute of the material, with the attribute having at least
one of an amplitude-variations-with-offset characteristic, a
signal trace characteristic, a spatial characteristic, and a
spectral decomposition characteristic. The device further
includes a means for storing in a computer-readable medium
the value of the attribute of the material.

[0088] Yet another embodiment of the present teachings
relates to a computer-readable medium having a computer-
executable instruction that is configured to process a signal
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s0 as to generate values of at least two attributes of an animal
tissue, with the at least two attributes being selected from the
group consisting of an amplitude-variations-with-offset
characteristic, a signal trace characteristic, a spatial charac-
teristic, and a spectral decomposition characteristic. The
signal is based on an acoustic energy that has been reflected
from the animal tissue.

[0089] In one embodiment, the at least two attributes
include at least two attributes obtained from the amplitude-
variations-with-offset characteristic. In one embodiment, the
at least two attributes include at least two attributes obtained
from the signal trace characteristic. In one embodiment, the
at least two attributes include at least two attributes obtained
from the spectral decomposition characteristic. In one
embodiment, the at least two attributes include at least one
attribute from the amplitude-variations-with-offset charac-
teristic, and at least one attribute from the signal trace
characteristic. In one embodiment, the at least two attributes
include at least one attribute from the amplitude-variations-
with-offset characteristic, and at least one attribute from the
spectral decomposition characteristic. In one embodiment,
the at least two attributes include at least one attribute from
the signal trace characteristic, and at least one attribute from
the spectral decomposition characteristic.

[0090] In one embodiment, the at least two attributes
further include at least one attribute from a spatial charac-
teristic. In one embodiment, the at least two attributes
include at least one attribute from the amplitude-variations-
with-offset characteristic, and at least one atiribute from the
spatial characteristic. In one embodiment, the at least two
attributes include at least one attribute from the signal trace
characteristic, and at least one attribute from the spatial
characteristic. In one embodiment, the at least two attributes
include at least one attribute from the spatial characteristic,
and at least one attribute from the spectral decomposition
characteristic.

[0091] In one embodiment, the values of the at least two
of the attributes includes information about an index for
each attribute, with the index having information about a
plurality of voxels in a region of interest in the animal tissue.

[0092] Inoneembodiment, the tissue attribute includes the
amplitude-variations-with-offset characteristic. In one
embodiment, the tissue attribute includes the signal trace
characteristic. In one embodiment, the tissue attribute
includes the spatial characteristic. In one embodiment, the
tissue attribute includes the spectral decomposition charac-
teristic.

[0093] In one embodiment where the tissue attribute
includes the amplitude-variations-with-offset characteristic,
the amplitude-variations-with-offset characteristic includes
a plot of a plurality of values corresponding to reflection
amplitudes R of the received acoustic energy versus values
corresponding to respective reflection angles 6 of the reflec-
tion amplitudes, with the reflection angles 8 being with
respect to a layer in the animal tissue.

[0094] Inoneembodiment, the amplitude-variations-with-
offset characteristic includes a functional relationship R
estimated from an R versus 6 plot.

[0095] 1In one embodiment, the functional relationship R
includes a relationship R(0)=A+B sin®0+C sin®0 tan®0
where parameters A, B, and C are constants that can be
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estimated from the R versus 6 plot. In one embodiment, the
process is further configured so as to estimate values R, and
Ry, respectively corresponding to zero-offset reflectivity of
a compressional component of the received acoustic energy
and zero-offset reflectivity of a shear component of the
received acoustic energy. In one embodiment, R, and Ry,
are approximated as Rp,=A and Ry,=(4A-9B+5C)/8 with an
assumption that velocity Vy of the compressional compo-
nent is approximately three times that of velocity V of the
shear component in the animal tissue.

[0096] In another embodiment, the amplitude-variations-
with-offset characteristic includes a functional relationship
estimated from an R versus sin0 plot. In one embodiment,
the functional relationship R includes a relationship R(0)=
A+B 5in”0, where parameters A and B estimated from the R
versus sin’0 plot, with the A being representative of an
intercept, and B being representative of a slope of a linear
relationship estimated between R and sin®0. In one embodi-
ment, the computer-executable instruction is further config-
ured so as to estimate values R,, and Ry, respectively
corresponding to zero-offset reflectivity of a compressional
component of the received acoustic energy and zero-offset
reflectivity of a shear component of the received acoustic
energy. In one embodiment, R, and Ry, are approximated
as Rpo=A and R ,=(A-B)/2 with an assumption that velocity
V5 of the compressional component is approximately twice
that of velocity Vg of the shear component in the animal
tissue.

[0097] In one embodiment, the computer-executable
instruction is further configured so as to invert reflectivity
values Ry, and Ry, so as to obtain estimated values of
impedance Z, and Zg respectively corresponding to com-
pressional and shear components of the animal tissue. In one
embodiment, the computer-executable instruction is further
configured so as to estimate one or more elastic properties of
the animal tissue based on the estimated impedance values
Z, and Zg. In one embodiment, the one or more elastic
properties include a rigidity parameter 1 that corresponds to
resistance to shear deformation, and estimated by a relation-
ship u=Z¢*/p, whete p represents an estimate of the density
of the animal tissue. In one embodiment, the one or more
elastic properties further include an elastic parameter A that
is sensitive to fluid content of the animal tissue, with the
elastic parameter A being estimated by a relationship
©A=(Zp>-27.¢*)/p. In one embodiment, the one or more elastic
properties further include a parameter k that corresponds to
incompressibility or bulk modulus of the animal tissue, with
the parameter K being estimated by a relationship k=A+

.

[0098] In one embodiment where the tissue attribute
includes the signal trace characteristic, the signal trace
characteristic includes a complex function F(t)=f(t)+ig(t),
where f{t) includes a real part of F(t) and represents the
electrical signal corresponding to a given region in the
animal tissue, and g(t) includes an imaginary part of F(t) and
represents a Hilbert transform of f(t).

[0099] In one embodiment, the signal trace characteristic
further includes a modulus E(t) of the complex function F(t)
expressed as E()=(f(1)+g*(1))"". In one embodiment, the
E(t) represents an envelope of the electrical signal. In one
embodiment, square of the E(t) represents a value corre-
sponding to a substantially instantaneous energy associated
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with the received acoustic energy. In one embodiment, the
signal trace characteristic further includes a rate of change of
the E(t) with respect to time, expressed as d(E(t))/dt. In one
embodiment, the d(E(t))/dt provides information about
absorption effects in the animal tissue. In one embodiment,
the signal trace characteristic further includes a rate of
change of the d(E(t))/dt, expressed as d*(E(t))/dt>. In one
embodiment, the d*(E(t))/dt® provides information about
reflecting interfaces in the animal tissue.

[0100] In one embodiment, the signal trace characteristic
further includes a substantially instantaneous phase of the
received acoustic energy associated with the given region in
the animal tissue, with the phase being expressed as ®(t)=
arctan(g(t)/f(t)). In one embodiment, the phase ®(t) is sub-
stantially independent from an amplitude of F(t) and pro-
vides information about propagation phase of the acoustic
energy from the given region in the animal tissue. In one
embodiment, the signal trace characteristic further includes
a substantially instantaneous frequency of the received
acoustic energy associated with the given region in the
animal tissue, with the frequency being expressed as w(t)=
d(w(t))/dt. In one embodiment, the signal trace characteristic
further includes a substantially instantaneous acceleration of
the received acoustic energy associated with the given
region in the animal tissue, with the acceleration being
expressed as a(t)=dw(t)/dt.

[0101] In one embodiment, the signal trace characteristic
further includes a mean frequency m,,.,,(t) of the received
acoustic energy associated with the given region in the
animal tissue, with the mean frequency being obtained by a
method that includes determining a Fourier transform F(w)
of the function F(1); determining an autocorrelation function
P(w) by a relationship P(w)=F(w)F*(®), where F*(w)
includes a complex conjugate of F(w); determining a nor-
malized autocorrelation function A(t) by a relationship

A(D) = foo P(w)exp(ria)t)dw/fOO Plw)dw;
” w=0

=0

and determining the mean frequency w____ by a relationship

mean

Omean(D) =d AlD) [d 1= —Iifm wP(w)exp(iwt)da)/ " Plw)d w.

=0 w=0

[0102] In one embodiment, the signal trace characteristic
further includes a thin-layer indicator parameter determined
by a relationship w(t)-w,,...(t). In one embodiment, the
signal trace characteristic further includes an acceleration of
the received acoustic energy associated with the given
region in the animal tissue, the acceleration determined by
a relationship [d*A(t)/dt*. In one embodiment, the signal
trace characteristic further includes a centroid frequency w,
of a power spectrum by a relationship

W = f“ wP(a))dw/ " P(w)d w.
i 0

=0 =
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In one embodiment, the signal trace characteristic further
includes a variance w, to the centroid frequency w, by a
relationship

w, = foo (w —a)c)zP(a))da)/\fOO P(w)d w.
w=0 w=0

In one embodiment, the signal trace characteristic further
includes a root-mean-square frequency wgy,g by a relation-
ship

WrMS = sqr[[jw a)zP(w)dw/fOO P(w)dw].
w=0 w=0

[0103] In one embodiment where the tissue attribute
includes the spatial characteristic, the spatial characteristic
includes information about propagation number k associated
with the received acoustic energy. In one embodiment, the
spatial characteristic further includes a longitudinal compo-
nent k =(w/v)cos 0 and a transverse component k=(w/v)sin
6 of the propagation number k, where 0 represents the arrival
angle associated with the received acoustic energy.

[0104] In one embodiment, the spatial characteristic fur-
ther includes a time gradient dt/dx along a selected trans-
verse direction X. In one embodiment, the time gradient
dt/dx is proportional to sin 6/v. In one embodiment, the time
gradient dt/dx is proportional to k,/m, where o represents
the frequency associated with the received acoustic energy.
In one embodiment, the frequency w is estimated by a
centroid frequency o, associated with the received acoustic
energy. In one embodiment, the frequency  is estimated by
an autocorrelation function A(t) associated with the received
acoustic energy, evaluated at one time lag, so that
w=arg/A(1).

[0105] In one embodiment, the spatial characteristic fur-
ther includes a time gradient dt/dy along a selected trans-
verse direction y that is substantially perpendicular to the
direction x. In one embodiment, the spatial characteristic
further includes an azimuthal time gradient expressed as
Ad=arctan(dt/dy, dt/dx). In one embodiment, the spatial
characteristic further includes a transverse time gradient
expressed as AT=sqri[(dt/dx)*+(dt/dy)*]. In one embodi-
ment, the spatial characteristic further includes a lateral
continuity estimated as AZT=sqrt[(d*t/dx?)*+(d*t/dy?)*].
[0106] In one embodiment, the computer-executable
instruction is further configured so as to perform the pro-
cessing of the electrical signal at one or more ranges of
frequency associated the electrical signal. In one embodi-
ment, processing at the plurality of ranges of frequency
includes a spectral decomposition analysis.

[0107] In one embodiment, the computer-executable
instruction is further configured so as to classify the attribute
based on its value. In one embodiment, the computer-
executable instruction is further configured so as to generate
a result value based on the classifying of the attribute. In one
embodiment, the classifying of the attribute and the gener-
ating of the result are performed substantially automatically.

[0108] The foregoing features with respect to the animal
tissue can also be applied to materials, where another
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embodiment of the present teachings relates to a computer-
readable medium having a computer-executable instruction
that is configured to process a signal so as to generate values
of at least two attributes of a material, with the at least two
attributes being selected from the group consisting of an
amplitude-variations-with-offset characteristic, a signal
trace characteristic, a spatial characteristic, and a spectral
decomposition characteristic. The signal is based on an
acoustic energy that has been reflected from the material.

BRIEF DESCRIPTION OF THE DRAWINGS

[0109] FIG. 1 shows one embodiment of an ultrasound
system that transmits acoustic energy and detects scattered
energy so as to determine a plurality of attributes associated
with an object that scattered the acoustic energy;

[0110] FIG. 2 shows one embodiment of a process that can
be performed by the ultrasound system of FIG. 1;

[0111] FIG. 3A shows that in one embodiment, the ultra-
sound system of FIG. 1 can be used in non-seismic appli-
cations such as tissue characterization;

[0112] FIG. 3B shows that in one embodiment, the ultra-
sound system of FIG. 1 can be used in non-seismic appli-
cations such as non-destructive material characterization;

[0113] FIG. 4 shows a functional block diagram of one
embodiment of the ultrasound system;,

[0114] FIG. 5 shows example types of attributes that can
be determined by the ultrasound system;

[0115] FIG. 6 shows that in one embodiment, the ultra-
sound system can be configured so as to allow determination
of one of the types of attributes of FIG. 5—one or more
attributes having angular dependencies;

[0116] FIG. 7 shows an example of how the angle-depen-
dent attributes can facilitate characterization of a layer of
material in a medium;

[0117] FIG. 8 shows one embodiment of the ultrasound
system that can perform determination of the angle-depen-
dent attributes of FIG. 7,

[0118] FIG. 9 shows an example of how reflection angles
can be estimated with respect to a given location in a
medium;

[0119] FIG. 10 shows one embodiment of a process that
can achieve the angular dependency determination of FIG.
8,

[0120] FIG. 11 shows that in one embodiment, scattered
signal from an object can be received by a plurality of
receivers and combined so as to generate an output having
improved resolution and/or signal-to-noise ratio;

[0121] FIG. 12 shows one embodiment of a process that
can achieve the functionality of the embodiment of FIG. 11;

[0122] FIG. 13 shows that in one embodiment, the ultra-
sound system can be configured so as to allow determination
of another one of the types of attributes of FIG. 5—one or
more attributes based on trace analysis;

[0123] FIG. 14 shows that in one embodiment, the ultra-
sound system can be configured so as to allow determination
of another one of the types of attributes of FIG. 5—one or
more spatial attributes;
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[0124] FIG. 15 shows that in one embodiment, the ultra-
sound system can be configured so as to allow determination
of yet another one of the types of attributes of FIG. 5—one
or more attributes based on spectral analysis;

[0125] FIGS.16Aand 16B show example embodiments of
the ultrasound system configured so as to perform the
spectral analysis of FIG. 15;

[0126] FIG. 17 shows that in one embodiment, the ultra-
sound system can include a component that presents one or
more attributes or correlates different attributes so as to
facilitate determination of additional information therefrom;

[0127] FIG. 18 shows that the determination of additional
information from the presented or correlated attributes can
be facilitated by a user via a user interface;

[0128] FIGS. 19A and 19B show examples of presented
and correlated attributes, and portions of interest that can be
identified therefrom;

[0129] FIG. 20 shows one embodiment of a process that
obtains additional information from a first set of one or more
attributes and analyzes a second set of one or more attributes
based on the additional information from the first set;

[0130] FIG. 21A shows one embodiment of a one-dimen-
sional example of the process of FIG. 20, where information
obtained from a first attribute is used so as to analyze a
second attribute;

[0131] FIG. 21B shows one embodiment of a two-dimen-
sional example of the process of FIG. 20, where information
obtained from a first two-dimensional correlation is used so
as to analyze a second two-dimensional correlation;

[0132] FIG. 22 shows one embodiment of a classifier that
determines one or more result outputs based on input of one
or more attributes;

[0133] FIGS. 23A to 23C show some example embodi-
ments of the classifier of FIG. 22;

[0134] FIG. 24 shows an example of how some of the
classifiers can be programmed, calibrated, and/or refined for
either automated or supervised modes of operation;

[0135] FIG. 25 shows one embodiment of a computer-
readable medium having a computer-executable instruction
that can be configured to process a signal and generate one
or more attributes; and

[0136] FIG. 26 shows one embodiment of the computer-
executable instruction of FIG. 25.

[0137] These and other aspects, advantages, and novel
features of the present teachings will become apparent upon
reading the following detailed description and upon refer-
ence to the accompanying drawings. In the drawings, similar
elements have similar reference numerals.

DETAILED DESCRIPTION OF SOME
EMBODIMENTS

[0138] The present teachings generally relate to systems
and methods for using ultrasound to determine a plurality of
attributes associated with an object in a medium. Such
techniques have been used in seismic application to char-
acterize underground features such as oil and mineral depos-
its. However, ultrasound techniques for determining
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attributes have not been used in non-seismic applications
such as medical applications and materials testing applica-
tions. The present teachings address various techniques for
attribute determination that could be used for medical or
non-medical purpose. Materials application is an example of
a non-medical use of the present teachings. Determining
attributes of an animal tissue using acoustic energy can be
either medical or non-medical use. Non-medical uses can
include, by way of examples, veterinary applications, post-
mortem applications, and animal biopsy applications.

[0139] In conventional use, an ultrasound system is used
to obtain an image or some form of a visual representation
of an object in a medium. An image is typically formed by
characterizing reflected signals from the medium by a plu-
rality of picture elements (commonly referred to as “pix-
els”). Thus, a given pixel typically represents a given region
of the medium. In the context of the present teachings, an
image can be one of the attributes of the object. Other
attributes may or may not have characteristics that can be
represented in a “picture-like” manner. Thus, for the purpose
of describing a volume of a medium, the term “voxel” or
“voxels” (volume element(s)) is used herein.

[0140] FIG. 1 shows an overview of one embodiment of
an ultrasound system 100 that includes an acoustic device
102 that can be configured to transmit acoustic energy 108
into a medium 106 and detect scattered energy 110 there-
from. The scattered energy 110 can result from interaction of
the acoustic energy 108 with an object 104 in the medium
106.

[0141] In one embodiment as shown in FIG. 1, the acous-
tic device 102 can be further configured to determine, or
facilitate determination of, a plurality of attributes (indicated
asal, a2, ...)associated with the object 104. Determination
of such attributes can be based on the analysis of the
scattered energy 110 in various manners described herein.

[0142] FIG. 2 shows one embodiment of a process 120
that can be performed by the ultrasound system 100 of FIG.
1. The process 120 begins at a start state 122, and in a
process block 124, acoustic energy is transmitted to a
selected location or region in a medium. In a process block
126, scattered acoustic energy is received from the medium.
In a process block 128, a plurality of attributes associated
with the selected location or region are determined based on
the received energy. For the purpose of description, deter-
mining the plurality of attributes can include a mode of
operation where the attributes are determined in some
sequence, but not necessarily in parallel.

[0143] FIG. 3A shows that in one example application
130, an ultrasound system 132 configured as described in
FIGS. 1 and 2, can be used for attribute characterization of
an object or region 138, such as tissue, that is part of a
non-seismic medium 140. For the purpose of description,
“seismic” means physical ground that forms the crust of the
earth, but does not include bodies of water such as oceans,
rivers, and lakes. Thus, the medium 140 can be part of a
human being, anything that simulates a human being (e.g.,
cadaver, test medium, phantoms, and the like), and any
living thing and simulation thereof. The medium 140 can
also be a non-seismic structure such as a human-made
structure.

[0144] In one embodiment as further shown in FIG. 3A,
the ultrasound system 132 can be configured to transmit
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acoustic energy 134 into the non-seismic medium 140 and
detect scattered energy 136. The system 132 can then
analyze the scattered energy to determine a plurality of
attributes as described herein.

[0145] FIG. 3B shows that in one example application
700, an ultrasound system 702 configured as described in
FIGS. 1 and 2, can be used for attribute characterization of
an object or region 708 in a material 710 as part of
non-destructive material testing.

[0146] In one embodiment as further shown in FIG. 3B,
the ultrasound system 702 can be configured to transmit
acoustic energy 704 into the material 710 and detect scat-
tered energy 706 that results from the interaction of the
acoustic energy 704 with features 708 such as cracks or
voids. The system 702 can then analyze the scattered energy
to determine a plurality of attributes as described herein.

[0147] The foregoing non-destructive testing method can
be used to detect and/or characterize discontinuities, such as
cracks and voids, within a given material. The non-destruc-
tive testing method can also be used to characterize various
physical and mechanical properties, such as acoustic reflec-
tivity and elastic modulus. As described herein, the non-
destructive testing method can include characterization of
various attributes based on the detection of acoustic signal.

[0148] Tt will be understood that non-destructive testing
can include testing configurations where the material being
tested is not deformed. In some material testing applications,
a test material can be deformed but not destroyed. Such
deformation can vield information about mechanical prop-
erties. With the various embodiments of the present teach-
ings, a test material does not need to be deformed to yield
various attributes, including at least some mechanical prop-

erty.

[0149] FIG. 4 shows a block diagram of one embodiment
of an ultrasound system 140 that detects scattered energy
142 and generates a plurality of attributes (al, a2, . . . ). For
the purpose of description of FIG. 4, it will be assumed that
the scattered energy 142 is from interaction of a transmitted
acoustic energy (not shown) with an object (not shown). The
scattered energy 142 is shown to be detected by a receiver
component 144 having one or more receivers. The receiver
component 144 is shown to provide a signal to a processing
component 146 that processes the signal to generate the
plurality of attributes.

[0150] For the purpose of description herein, “processing
component” may also be referred to simply as a “processor.”
It will be understood that “processing component” or “pro-
cessor” can be a single component, but does not necessarily
need to be a single component.

[0151] In general, it will be understood that the processors
can include, by way of example, computers, program logic,
or other substrate configurations representing data and
instructions, which operate as described herein. In other
embodiments, the processors can include controller cir-
cuitry, processor circuitry, processors, general purpose
single-chip or multi-chip microprocessors, digital signal
processors, embedded microprocessors, microcontrollers
and the like.

[0152] Furthermore, it will be appreciated that in one
embodiment, the program logic may advantageously be
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implemented as one or more components. The components
may advantageously be configured to execute on one or
more processors. The components include, but are not
limited to, software or hardware components, modules such
as software modules, object-oriented software components,
class compornents and task components, processes methods,
functions, attributes, procedures, subroutines, segments of
program code, drivers, firmware, microcode, circuitry, data,
databases, data structures, tables, arrays, and variables.

[0153] FIG. 5 shows one embodiment of an ultrasound
system 150 that can be configured to determine different
types of attributes based on detection and analysis of scat-
tered energy 152 (again, transmitted energy and object not
shown). The scattered energy 152 is shown to be detected by
a receiver component 154, and the receiver component 154
is shown to provide a signal to a processor 156.

[0154] In one embodiment as shown in FIG. 5, the pro-
cessor 156 can be configured to generate or facilitate gen-
eration of different types of attributes, including but not
limited to attributes based on angular dependence analysis
(160), attributes based on signal trace analysis (162), spatial
attributes (164), attributes based on spectral analysis (166),
and/or attributes based on cross-plot analysis (168). It
should be understood that the foregoing example categori-
zation is for the purpose of description, and is not intended
to infer that a given attribute has to belong to one of
categories. Some attributes may be a result of two or more
analyses. It should also be understood that the foregoing
example attributes can be used with or without image-based
attributes that are obtained either by the same system or
separately.

[0155] FIGS. 6-12 show various example embodiments of
a system and method for obtaining attributes based on
angular dependence of the reflection of the acoustic energy.
In some application, the angular-dependence analysis is
often referred to as an amplitude-variations-with-offset
(AVO) analysis. For the purpose of description, “AVO”
analysis and angular-dependence analysis may be used
interchangeably. It will be understood, however, that the use
of the term AVO is not intended to preclude angular depen-
dence of quantities other than amplitudes.

[0156] In an example application 170 shown in FIG. 6,
one embodiment of an ultrasound system 178 can be con-
figured to transmit acoustic energy 172 to an object 174 in
amedium, and to detect scattered energy 176 from the object
174. In one embodiment, the transmitted acoustic energy
172 is not focused, and the arrow 172 is depicted as pointing
to the object 174 simply to indicate that at least some of the
acoustic energy 172 reaches the object 174. Similarly, the
scattered energy 176 does not need to be preferentially
directed to any portion of the ultrasound system 178.

[0157] In one embodiment, the ultrasound system 178 can
be configured to allow introduction of at least some angular
variations in the directions of propagation of the acoustic
energy 172 and the scattered energy 176, including the
“directions” of the example “non-directional” acoustic ener-
gies described above. In one embodiment, such variations in
the “directionality” can be achieved by varying the relative
locations of the transmission of the acoustic energy 172 and
the reception of the scattered energy 176 with respect to the
object 174.

[0158] FIG. 7 shows an example application 190, where
one embodiment of an ultrasound system 192 is shown to
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transmit acoustic energy 194 (depicted as an arrow for the
purpose of describing reflection) from a selected location of
the system 192 towards an example object 202. The example
object 202 can define one or more interfaces that reflect at
least a portion of the acoustic energy 194. For example, the
object 202 can include first and second interfaces 198, 200
that define the object 202 in the medium such as a tissue.
Such interfaces can result in at least a portion of the acoustic
energy 194 being reflected at the interfaces 198, 200. For
example, a portion of the acoustic energy 194 can be
reflected at the first interface 198 so as to yield a first
reflected energy 196. A portion of the acoustic energy 194
can be transmitted through the object 202 (as acoustic
energy 206) and impinge on the second interface 200. A
portion of the impinging energy 206 can be reflected at the
second surface 200 so as yield a reflected energy 208 that
can eventually result in a second reflected energy 204.

[0159] In the particular example application 190 shown in
FIG. 7, the detector surface is depicted as being generally
parallel to the reflecting interfaces, and the reflections there-
from are depicted as being specular. That is, the angle of
incidence 0, is substantially equal to the angle of reflection
0,. For the purpose of description, 0, and 0, are measured
relative to a line that is normal to the reflecting interface.
Because of the specular nature of reflection, 0, and 0, may be
simply referred to as reflection angle 6.

[0160] As described herein, the reflection angle can be
used as a variable in determining one or more attributes of
the object where the reflection of the acoustic energy is
occurring. Variation(s) in such attribute(s) with respect to the
reflection angle can also yield additional attributes. Thus, the
example reflection of the acoustic energy 194 at the first
reflection interface 198 can provide information about the
property of the object 202 with respect to the incident
medium. Also, the example reflection of the transmitted
energy 206 at the second reflection interface 200 can provide
information about the property of the object 202 with respect
to the medium beyond the interface 200.

[0161] FIG. 8 shows one embodiment of a detector assem-
bly 210 that can be configured to provide the reflection angle
dependence analysis capability of an ultrasound system. As
shown, the detector assembly 210 can include an array of
transmitters (T) and receivers (R) that are positioned relative
to each other in some known manner. Such an array can be
used to analyze the reflective property of an interface 214 in
or about a selected volume element (voxel) 212.

[0162] Thus, with respect to the example voxel 212, a
normal line 216 can provide a reference for determining the
reflection angle 6. That is, the positions of transmitters and
receivers with respect to such a reference can provide
information about the reflection angle 8. For example, an
example acoustic energy 218 transmitted from the transmit-
ter T(7) is shown to reflect from the example voxel 212, such
that a reflected energy 220 is detected by the receiver R(-i).
The receiver R(-1) is shown to generate an electrical signal
222 that can be processed to provide information about the
reflection in a manner described below in greater detail.

[0163] As shown in FIG. 8, different data sets at different
reflection angles can be obtained. For example, a larger
angle data set can be obtained for the example voxel 212 by
transmitting from transmitter T(i+1) and receiving by
receiver R(-i-1).
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[0164] It will be understood that, in FIG. 8, the numbering
scheme for the transmitters and receivers (being generally
symmetrical with respect to the example voxel 212) is for
the purpose of description. The transmitters and receivers
can be indexed in any manner; and thus the indexing
example in FIG. 8 is not a requirement.

[0165] Similar to the example application described above
in reference to FIG. 7, the particular example of FIG. 8
depicts the detector surface as being generally parallel to the
reflecting interface. For the purpose of analyzing the reflec-
tion angle dependence of attribute(s), however, such
assumption is not necessary.

[0166] FIG. 9 shows an example application 720 where
reflection angles can be estimated based on some symmetry
of a detector assembly 722 with respect to one or more
selected voxels 726, 736. The detector assembly 722 is
depicted as having an array of transmitters and receivers
numbered symmetrically about a mid-line 724. Of course,
such numbering (symmetric or not) is not necessary, and is
only used for the purpose of description.

[0167] The two example voxels 726 and 736 are shown to
be along the mid-line 724. For a given voxel, transmission
and reception from generally symmetric pair of transmitter
and receiver can be used to estimate the reflection geometry,
and therefore estimate the reflection angle for a feature
located at or about the given voxel.

[0168] For example, two reflection geometries are shown
for the example voxel 726. A first transmitted acoustic
energy from transmitter T(+1) is depicted as an arrow 728a,
and a reflection of that energy from the voxel 726 is depicted
as an arrow 728b. The reflection 7285 is depicted as being
received by receiver R(-1) so as to yield a signal 750. For
the signal 750, the reflection angle can be estimated as being
half of an opening angle 732 defined by the arrows 728a and
728b about the voxel 726. The opening angle 732 or the
corresponding reflection angle can be estimated based on the
reflection geometry. For example, knowledge of the dis-
tances of T(+1) and R(-1) with respect to the mid-line 724
and the distance between the detector array 722 and the
voxel 726 can be used to calculate the reflection angle. If the
propagation distances (lengths of arrows 728a and 728b) are
needed, they can be estimated by multiplying the propaga-
tion time and an estimate of propagation velocity. Each of
the transmission distance (728a) and the reflection distance
(728b) can then be estimated as being approximately half of
that distance.

[0169] As further shown in FIG. 9, other reflection angle
data can be obtained for the example voxel 726. For
example, transmission 730a from transmitter T(+2) and
reflection 7305 to receiver R(=2) can yield another reflection
geometry and a signal 752 with respect to the voxel 726.

[0170] As further shown in FIG. 9, similar reflection angle
data can be obtained for other voxels along the example
mid-line 724. For example, transmission 738a from trans-
mitter T(+3) and reflection 7385 to receiver R(-3) can yield
a reflection geometry and a corresponding signal 754 with
respect to the voxel 736. Similarly, transmission 740a from
transmitter T(+6) and reflection 7404 to receiver R(—6) can
vyield another reflection geometry and a corresponding signal
756 with respect to the voxel 736.

[0171] FIG. 10 shows one embodiment of a process 230
that can be implemented with the various embodiments of
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the ultrasound system described above in reference to FIGS.
6-8. The process 230 begins at a start state 232, and in a
process block 234, acoustic energy is transmitted from at
least two transmitters having different angular orientation
with respect to an object in a medium. In one embodiment,
such transmissions are performed in sequence. In a process
block 236, reflected signals are received from the object by
receivers that are positioned at known orientations relative
the at least two transmitters, to receive reflections from the
object. The relative orientation of the transmitters and
receivers with respect to the object allows determination of
reflection angles in a manner, for example, described above
in reference to FIG. 9.

[0172] As further shown in FIG. 10, the process 230 in a
process block 238 determines one or more properties of the
received signals. In one embodiment, amplitudes of the
received signals are determined. In a process block 240,
angular dependence of the amplitudes is determined. In a
process block 242, one or more attributes of the object are
determined, based at least in part on the angular dependence
of the amplitudes. The process 230 ends at a stop state 244.

[0173] An example angular-dependence analysis is now
described. As described in greater detail, such analysis can
yield attributes that can be used as estimates of certain
mechanical properties of an object in the medium.

[0174] Inoneembodiment, the angular-dependence analy-
sis includes an amplitude-variation-with-offset (AVO)
analysis. In one embodiment of the AVO method, a reflec-
tion amplitude R is sometimes expressed as an equation
known as the Shuey three-term approximation to the Zoep-
pritz equation

R(6)=A+B sin?0+C sin’0 tan’0 (1

where 0 represents the reflection angle, and coeflicients A,
B, and C are constants. Additional details about Equation 1
can be found in various literatures (for example, in an article
by Shuey, R. T., “A simplification of the Zoeppritz equa-
tions,” Geophysics, 50, 609-614, 1985). By obtaining a plu-
rality of reflection amplitudes of signals from the receivers
at different angles, example Equation 1 can be fit by, for
example, one of known numerical techniques to obtain
estimates for the coefficients A, B, and C. The coefficient A
is commonly referred to as an AVO intercept; B is com-
monly referred to as an AVO gradient; and C is commonly
referred to as an AVO curvature.

[0175] In one embodiment, the quantities R, A, B, and C
can be considered to be attributes associated with the object
where the reflections occurred. As described below, esti-
mates of mechanical properties can be obtained from the
combination of some of these quantities.

[0176] In certain applications, the third term of Equation
1 can be dropped (for example, when the reflection angles
are relatively small, less than about 30 degrees), and the
reflection amplitude can be estimated as

R(6)=4+R sin’6. 3

With such an estimate, a linearized relationship between R
and sin®d can be fit with a linear line to obtain an intercept
A and a slope B. Such a simplified equation can provide a
relatively easier determination of the coefficients A and B.

[0177] Incertain applications, an assumption can be made,
where for example V,/Vg=2 (that is, the compressional
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velocity is approximately twice that of the shear velocity).
Then, it can be shown that estimates of zero-offset reflec-
tivity parameters Ry, and Ry, can be obtained and expressed
as R ;=A; Ry=(A-B)/2.

[0178] In certain applications such as animal tissue char-
acterization, an assumption can be made, where V.,¢=3.
Then, it can be shown that estimates of zero-offset reflec-
tivity parameters Ry, and Ry, can be obtained and expressed
as Rpo=A; Rg=(4A-9B+5C)/8. The parameters A, B, and C
can be estimated using Equation 1 (for example, by curve-
fitting), provided sufficiently long offsets are available.
Otherwise, A and B can be estimated from Equation 2, while
C can be estimated from a velocity model where C can be
given as approximately half of the ratio of the velocity
contrast to the average velocity across the reflecting inter-
face.

[0179] These zero-offset reflectivity parameters can fur-
ther be inverted using a known technique (such as a paper by
Russell, B., and Hampson, D., 1991, “A comparison of
post-stack seismic inversion techniques™: 61st Ann. Intemat.
Mtg., Soc. Expl. Geophys., Expanded Abstracts, 876-878) to
obtain estimated values of compressional impedance Z, and
shear impedance 7. The impedance parameters 7 and 7,
defined as Z,=V; and Z=V(p being the density), can be
used to obtain other attributes as described below.

[0180] In certain applications, values of one or more
elastic properties (example attributes) of the object can be
estimated based on the compressional and shear impedance
values 7, and Z. As an example, a rigidity parameter p, that
corresponds to resistance to shear deformation, can be
estimated by a relationship u=Z.*/p, where p represents an
estimate of the density of the reflecting object. In another
example, an elastic parameter A, that is sensitive to fluid
content of the reflecting object, can be estimated by a
relationship A=(Z,>-2Z.%)/p. In yet another example, a
parameter K, that corresponds to incompressibility or bulk
modulus of the reflecting object, can be estimated by a
relationship k=A+(%5)u.

[0181] FIG. 11 shows one embodiment of an ultrasound
system 270 that is analyzing a reflecting feature 276 in or
about a given voxel 274. An acoustic energy 280 is shown
to be transmitted from a transmitter 272, and incident on the
reflecting feature 276. In some situations, the reflecting
feature 276 may not provide an ideal reflecting surface; and
the resulting scattered energy 286 may reach a plurality of
receivers 288. An angle of incidence 282 is shown to be
generally the same as an average reflection angle 284, with
the average being determined by the orientations of the
plurality of receivers 288 that receive the scattered energy
286.

[0182] As further shown in FIG. 11, signals received by
the plurality of receivers 288 can be combined to yield a
combined signal. Such combination can be achieved, for
example, by a technique disclosed in a co-pending patent
application (U.S. patent application Ser. No. 10/945,459,
filed Sep. 20, 2004, and entitled “SYSTEMS AND METH-
ODS FOR IMPROVED IMAGING”).

[0183] FIG. 12 shows one embodiment of a process 290
that can be implemented to achieve the combining of the
reflected signals as described above in reference to F1G. 11.
In a process block 292, acoustic energy is transmitted from
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a selected transmitter. In a process block 294, scattered
energy is received by a plurality of receivers, whose average
angular orientation corresponds to a substantially specular
reflection with respect to the selected transmitter. In a
process block 296, the received signals can be combined to
obtain a reflection amplitude at the average angular orien-
tation.

[0184] FIG. 13 now shows a block diagram of one
embodiment of an ultrasound system 500 having a receiver
component 504 that receives scattered energy 502. The
receiver component 504 can have one or more receivers.

[0185] As further shown in FIG. 13, the ultrasound system
500 also includes a component 506 that can be configured to
perform signal trace analysis on one or more electrical
signals obtained from the receiver component 504.

[0186] Inoneembodiment, the signal trace analysis can be
based on performing some form of a transformation of a
measured electrical signal, and combining the result with the
un-transformed signal to characterize the signal. As an
example, if the electrical signal from the receiver (as a result
of detecting reflected energy from the reflecting object) can
be expressed as a time-varying function f{t), a Hilbert
transform can be performed on f{t) to yield g(t). The signal
can then be characterized as a complex function F(t)=f{t)+
ig(t), where f(t) represents the real part, and g(t) represents
the imaginary part.

[0187] A number of operations can be performed on such
an example signal-characterizing function. Such known
operations can be found in various references, including for
example, a paper by M. Turhan Taner, entitled “Attributes
Revisited,” 1992 (Revised 2000), and available from the
website http://www.rocksolidimages.com/pdf/attrib_revisit-
ed.htm. Some notable operations are summarized as follows.

[0188] In oneexample, an attribute can be a modulus E(t)
of the complex function F(t), expressed as B(t)=(f*(t)+
g2(1))”2. In some applications, the function E(t) represents
an envelope of the electrical signal generated by the receiver.
In some applications, the function E(t) represents a value
corresponding to a substantially instantaneous amplitude or
reflection strength associated with the received acoustic
energy.

[0189] In oneexample, an attribute can be a rate of change
of the attribute E(t) with respect to time, expressed as
d(E(t))/dt. In some applications, the attribute d(E(t))/dt can
provide information about absorption effects in the reflecting
object.

[0190] In oneexample, an attribute can be a rate of change
of the attribute d(E(t))/dt, expressed as d*(E(t))/dt>. In some
applications, the attribute d*(E(t))/dt* can provide informa-
tion about reflecting interfaces in or about the reflecting
object.

[0191] Inoneexample, atotal instantaneous energy can be
expressed as E*(t)—that is, the square of the envelope E(t).
An attribute can be a rate of change of the total energy with
respect to time, expressed as d(E*(t))/dt=2E(t1)d(E(t))/dt, that
can also provide information about absorption effects in the
reflecting object. An attribute can be a second time deriva-
tive of the total energy, expressed as d*(E>™42=2[d(E(t))/
dtP+2[E()d*(B(1))/dt?], that can provide information about
reflecting interfaces in or about the reflecting object.
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[0192] In one example, an attribute can be a substantially
instantaneous phase of the received acoustic energy from the
reflecting object, expressed as @(t)=arctan(g(t)/f(t)). In some
applications, the phase attribute ®(t) can provide informa-
tion about propagation phase of the acoustic energy from the
reflecting object.

[0193] In one example, an attribute can be a substantially
instantaneous frequency of the received acoustic energy
from the reflecting object, expressed as w(t)=d(P(t))/dt.

[0194] In one example, an attribute can be a substantially
instantaneous acceleration of the received acoustic energy
from the reflecting object, expressed as a(t)=dw(t)/dt.

[0195] In one example, an attribute can be a mean fre-
quency o, ., (t) of the received acoustic energy from the
reflecting object. The mean frequency .., (t) can be
obtained by: (1) determining a Fourier transform F(w) of the
function F(t); (2) determining an autocorrelation function
P(w) by a relationship P(w)=F(0)F*(w), where F*(w)) rep-
resents a complex conjugate of F(w); (3) determining a
normalized autocorrelation function A(t) by a relationship

Al = foo P(w)exp(riwt)da)/r P(w)dw;
w=0 =0

and (4) determining the mean frequency o,
tionship

by a rela-

mean

o0

Omean(t) = dA@) [d (D) = —lif wP(w)exp(liwt)dw/f P(w)dw.
0 w=0

=

can also

mean

[0196] Inoneexample,the mean frequency w
be determined by a relationship

Wmean() = f wP(w)LPF(t, (u)dw/ f P(w)dw,
=0 w=0

s

represents a low pass filter that can be time-variant if
desired.

[0197] In one example, an attribute can be a thin-layer
indicator parameter that can be determined by a relationship

D) =0 peen(t)-

[0198] In one example, an attribute can be an acceleration
of the received acoustic energy from the reflecting object,
expressed as |[d*A(t)/de?].

[0199] In one example, an attribute can be a centroid
frequency w_ of a power spectrum, expressed as

We = fm wP(w)dw/ B Pw)dw.
w i 0

=0 =
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[0200] In one example, an attribute can be a variance m,
to the centroid frequency w., expressed as

Wy = fm (w —w,:)zP(w)dw/foo Pw)dw.
w=0 w=0

[0201] In one example, an attribute can be a root-mean-
square frequency wgyg, expressed as

(WRMS = sqr[[jw w2P((u)dw/foo P(w)dw].
w=0 w=0

[0202] Again, it should be understood that the foregoing
example attributes are just that—examples. Thus, these
examples should not be construed as limiting the scope of
the present teachings.

[0203] FIG. 14 now shows a block diagram of one
embodiment of an ultrasound system 770 having a receiver
component 774 that receives scattered energy 772. The
receiver component 774 can have one or more receivers.

[0204] As further shown in FIG. 14, the ultrasound system
770 also includes a component 776 that can be configured to
perform analysis of spatial attributes associated with one or
more electrical signals obtained from the receiver compo-
nent 774.

[0205] A number of operations can be performed to obtain
spatial attributes. Such known operations can be found in
various references, including for example, a paper by M.
Turhan Taner, entitled “Attributes Revisited,” 1992 (Revised
2000), and available from the website http://www.rocksoli-
dimages.com/pdf/attrib_revisited.htm. Some notable opera-
tions are summarized as follows.

[0206] The example signal trace analysis described above
in reference to FIG. 13 can provide, among others, temporal
information about the various attributes. In one embodiment,
spatial attributes include attributes having spatial informa-
tion that extend from the temporal information. For
example, propagation number k of the received signal can be
obtained based on the frequency w (which can be deter-
mined as described above in reference to FIG. 13) as k=w/v,
where v is the propagation velocity of the reflected signal. If
one defines z-direction as being along a line passing through
the reflecting location and normal to the receiving detector,
the longitudinal and transverse components of the propaga-
tion number k can be expressed as k,=(w/v)cos 6, and
k.=(w/v)sin 6, where 0 represents an arrival angle that can be
defined as the angle between the arrival path and the line
normal to the receiveing detector, and the subscript “t”
indicates transverse direction which can be x, y, or some
combination thereof. An example of an arrival angle is
depicted in FIG. 9). In such example embodiments, the
arrival angle is substantially equal to the reflection angle.
However, for the purpose of spatial attribute analysis, such
an assumption (the arrival angle being substantially equal to
the reflection angle) is not a requirement.

[0207] One example spatial attribute is a time gradient
dt/dx along the x-direction, that can be expressed as sin 0/v.
Thus, dt/dx can also be expressed as dt/dx=k /w. In one
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embodiment, the instantaneous frequency w can be approxi-
mated by the centroid frequency w, (described above in
reference to FIG. 13). Alternatively, the instantaneous fre-
quency o can be estimated by evaluating the autocorrelation
function A(t) at one time lag. That is, w=arg|A(1)].

[0208] Inoneembodiment, the propagation number k can
be estimated by evaluating the autocorrelation function A(t)
at one time lag and calculated along the x-direction. That is,

ke =arg|A(1).

[0209] Inasimilar manner, a time gradient d/dy along the
y-direction can be expressed as dt/dy=k /o, with
w=arg|A(1)| and k =arg|A (1)|. Also, a transverse time gra-
dient can then be expressed at AT=sqrt[(dt/dx)*+(dt/dy)?],
and an azimuthal time gradient can be expressed as
A®=arctan(dt/dy, dt/dx). The attributes AT and AP are
sometimes referred to as instantaneous phase dip and instan-
taneous azimuthal dip.

[0210] Another example spatial attribute is lateral conti-
nuity of reflecting interfaces. In one embodiment, the lateral
continuity can be estimated by obtaining another derivative
of the phase dip AT, such that A*T=sqrt[(d*t/dx>)>+(d*/
dy*)*]

[0211] The foregoing example spatial attributes can be
used to obtain a plurality of other attributes. For example,
lateral semblance attribute, and attributes related to such
lateral semblance can be estimated.

[0212] FIG. 15 now shows a block diagram of one
embodiment of an ultrasound system 520 having a receiver
component 524 that receives scattered energy 522. The
receiver component 524 can have one or more receivers.

[0213] As further shown in FIG. 15, the ultrasound system
520 also include a component 526 that can be configured to
perform spectral analysis on one or more electrical signals
obtained from the receiver component 524. In one embodi-
ment, the spectral analysis includes analysis of the one or
more electrical signals at different frequency ranges. For
example, at least some of the AVO-type analyses and/or
signal trace-type analyses described above can be performed
for different frequency ranges of the electrical signals
obtained from the receiver component 524. Performing such
a spectral analysis can reveal frequency dependence of some
of the attributes thus obtained.

[0214] Electrical signals can be analyzed at different fre-
quency ranges in various known techniques. FIGS. 16A and
16B show examples of how such analysis can be performed.
In one embodiment as shown in FIG. 16A, an ultrasound
system 530 can include a receiver component 534 that
receives scattered energy 532 and outputs one or more raw
electrical signals to a storage component 536. The system
530 can further include a filter component 538 that can be
configured to retrieve and select a desired frequency band of
the stored raw signal. Such filtered signal having the desired
frequency band can then be analyzed by an analyzer com-
ponent 540. In one embodiment, the analyzer component
540 can include any of the functionalities described herein
(e.g., AVO analysis and/or signal trace analysis).

[0215] In one embodiment as shown in FIG. 16B, an
ultrasound 550 can include a receiver component 554 that
receives scattered energy 552 and outputs one or more raw
electrical signals to a component 556 that can be configured
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to separate and generate one or more frequency bands of the
raw electrical signals. Such frequency-separated signals can
then be analyzed by an analyzer component 558. In one
embodiment, the analyzer component 558 can include any
of the functionalities described herein (e.g., AVO analysis
and/or signal trace analysis).

[0216] FIG. 17 now shows a block diagram of one
embodiment of an ultrasound system 570 having a receiver
component 574 that receives scattered energy 572. The
receiver component 574 can have one or more receivers. The
receiver component 574 can provide one or more electrical
signals to an analyzer component 576. In one embodiment,
the analyzer component 576 can include any of the func-
tionalities described herein (e.g., AVO analysis and/or signal
trace analysis). The analyzer component 576 can also
include the spectral analysis functionality described above in
reference to FIGS. 14-15.

[0217] As further shown in FIG. 17, the ultrasound system
570 can also include a component 578 that can be configured
to allow correlation and/or selectivity of one or more
attributes determined by the analyzer component 576.
Examples of how correlations and/or selections can be
performed are described below in greater detail.

[0218] FIG. 18 shows one embodiment of an ultrasound
system 580 having a database component 582 that can be
configured to receive analyzed data having information
about one or more attributes. The database component 582
is shown to be functionally linked to a user interface
component 584 that interfaces a user 586 with the attribute
data. In one embodiment, the interface component 584 can
include a visual display such as a computer screen. In one
embodiment, the interface component 584 can also include
a user input device that allows the user 586 to select a
portion of displayed data for subsequent analysis.

[0219] FIGS. 19A and 19B show examples of how
attribute data can be presented to a user so that the user can
select some portion of the data for further analysis. Such
presentation of the attribute data and the selection can be
facilitated by the user interface component described above
in reference to FIG. 18.

[0220] FIG. 19A shows an example of a one-dimensional
representation 590 of a given attribute. The given attribute
can be one of the attributes obtained by the analyzer com-
ponent (576 in FIG. 17), or a result of some operation on one
or more attributes. The one dimensional representation 590
can be, for example, a one-dimensional histogram of values
associated with the given attribute.

[0221] As further shown in FIG. 19A, the user can review
the example histogram 590 and select a portion 592 for
further analysis. For example, the peak structure of the
selected portion 592 may indicate some anomaly in the
attribute of the object being analyzed. By selecting such data
and limiting the subsequent analysis to attribute(s) corre-
sponding to those selected data, an anomalous condition
may “stand out” more clearly than if presented along with
the rest of the “uninteresting” data.

[0222] In one embodiment, each value of the given
attribute has associated with it some form of an index. For
example, the index may indicate which voxel the attribute
value applies to. Thus in one embodiment, the example
selection 592 of the example histogram can be thought of as
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selecting particular voxels within a region of interest. The
selected voxels can then be analyzed further with other
attributes, including imaging.

[0223] FIG. 19B shows an example of a two-dimensional
representation 600 of two selected attributes. Each of the
two selected attributes can be one of the attributes obtained
by the analyzer component (576 in FIG. 17), or a result of
some operation on one or more attributes. The two-dimen-
sional representation 600 can be, for example, a two-
dimensional display such as a scatter plot, contour plot, and
the like.

[0224] The example cross-plot 600 is shown to include a
plurality of data points 602, where each data point can have
associated with it some form of an index. For example, the
index may indicate which voxel the attribute data point
applies to.

[0225] As further shown in FIG. 19B, the user can review
the example cross plot 600 and select example portions such
as 604 and 606. Such selections can be delineated by
example “cut” lines 604 and 606. For the purpose of
description, suppose that the portion 604 represents a known
property of the region of interest. Then, data points within
that known portion 604 can be omitted from further analysis,
if so desired. Also suppose that the portion 606 represents an
interesting but yet unknown property of the region of
interest. The example cluster 606 may indicate some
anomaly in the attribute of the object being analyzed. By
selecting such data and limiting the subsequent analysis to
attribute(s) corresponding to those selected data, an anoma-
lous condition may “stand out” more clearly than if pre-
sented along with the rest of the “uninteresting” data.

[0226] FIG. 20 shows one embodiment of a process 610
that can perform various forms of cross-plotting analysis as
described above in reference to FIGS. 16-18. The process
610 begins in a start state 612, and in a process block 614,
a plurality of attributes are obtained, where the attributes are
associated with some indices associated with a region of
interest. In on embodiment, the indices represent the voxels
within the region of interest, and each voxel can be char-
acterized by a plurality of attributes. In a process block 616,
a representation of one or more indexed attributes is
obtained. In one embodiment, the representation can be a
one-dimensional histogram of a selected attribute corre-
sponding to different indices. In another embodiment, the
representation can be a two-dimensional plot of selected two
attributes corresponding to different indices. In a process
block 618, one or more indices (i.e., data points) are selected
based on the representation of the attributes. In one embodi-
ment, such selection can be a cut made on a portion of the
one-dimensional histogram. In another embodiment, such
selection can be a cut made on a portion of the two-
dimensional plot. In a process block 620, a representation of
one or more attributes corresponding to the selected indices
is obtained, so as to allow more detailed analysis of the
selected indices of interest. The process 610 ends at a stop
state 622.

[0227] FIGS. 21A and 21B now show example processes
630, 650 that specifically relate to one- and two-dimensional
plots where an index corresponds to a voxel. In one embodi-
ment as shown in FIG. 21A, the process 630 begins at a start
state 632. In a process block 634, a plurality of voxels are
defined for a region of interest. In a process block 636, one
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or more attributes associated with each voxel are obtained.
In a process block 638, a one-dimensional histogram is
obtained for values corresponding to a first attribute. In a
process block 640, a range of values is selected from the first
attribute histogram. In a process block 642, information
about voxels corresponding to the selected values are
obtained. In a process block 644, a representation of one or
more attributes is made for the voxels corresponding to the
selected values. The representation may be another one-
dimensional histogram, or a two-dimensional cross plot. In
one embodiment, the new one-dimensional histogram is for
a second attribute that is different than the first attribute. In
one embodiment, the two attributes in the new two-dimen-
sional cross plot includes at least one attribute that is
different than the first attribute. The process 630 ends at a
stop state 646.

[0228] In one embodiment as shown in FIG. 21B, the
process 650 begins at a start state 652. In a process block
654, a plurality of voxels are defined for a region of interest.
In a process block 656, a plurality of attributes associated
with each voxel are obtained. In a process block 658, a
two-dimensional cross plot is obtained for values corre-
sponding to first and attributes. In a process block 660, a
region of data points corresponding to the first and second
attributes is selected from the cross plot. In a process block
662, information about voxels corresponding to the selected
data points are obtained. In a process block 664, a repre-
sentation of one or more attributes is made for the voxels
corresponding to the selected data points. The representation
may be a one-dimensional histogram, or another two-dimen-
sional cross plot. In one embodiment, the new one-dimen-
sional histogram can be for any attribute, including either of
the first and second attributes. In one embodiment, the two
attributes in the new two-dimensional cross plot includes at
least one attribute that is different than the first or second
attribute. The process 650 ends at a stop state 666.

[0229] FIG. 22 shows one example way of using the
various attributes obtained as described herein. In one
embodiment, a classifier 800 can be configured to receive
one or more attributes (depicted as an arrow 802) and
determine one or more results based on the input attribute(s).
Such results can then be output, as depicted by an arrow §04.
Such result-determination based on attribute-input(s) can be
used in a number of ways. For example, one or more
attributes corresponding to a volume of a tissue can be
obtained. Such attributes can be fed into the classifier that
determines whether the tissue in question can be classified
as, for example, normal or abnormal. In another example,
attributes corresponding to a material being inspected can be
fed into the classifier. The classifier can then determine
whether the material passes the inspection or not based on
the input attributes.

[0230] FIGS. 23A to 23C show by examples some pos-
sible embodiments of the classifier 800 described above in
reference to FIG. 22. FIG. 23A shows one embodiment of a
classifier component 810 that receives one or more attributes
812 and outputs an expert interpretation 814. Such interpre-
tation can be facilitated by an interface component 816 that
is configured to interface the input attributes to an expert
818. In one example, the interface component 816 can
include a display device that is configured to display visual
representation (e.g., one or more cross-plots of attributes) of
the attributes corresponding to a volume of the medium in
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question. Based on the visual representation, the expert can
determine whether the volume in question is within or
outside of some norm.

[0231] FIG. 23B shows another embodiment of a classifier
component that includes a statistical analysis component
820. The statistical analysis component 820 can be config-
ured to perform statistical analysis one input of one or more
attributes 822 and output a result such as a probability value
814. Such probability value can indicate, for example, a
likelihood of the input attributes being classified in a given
class. For example, suppose that a “cross-plot”826 (for the
purpose of statistical analysis, such cross-plot does not
necessarily need to be presented visually) of two attributes
defines an example normal range 828 and an abnormal range
830. If the input attributes maps to the abnormal range 830,
statistical analysis can be performed to estimate what the
likelihood of abnormal condition may be.

[0232] FIG. 23C shows another embodiment of a classifier
component 840 that can be configured to operated substan-
tially automatically, so that given one or more attributes as
inputs 842, the automated classifier 840 can determine and
output one or more results 844. Such automation of classi-
fying can be achieved in a number of ways, including, for
example, by neural network type processes configured for
functionalities such as pattern recognition.

[0233] In one embodiment, a classifier component can
include some or all of the example functionalities described
above in reference to FIGS. 23A to 23C. For example, a
classifier can be configured to generally operate automati-
cally once “trained” and calibrated. The automated func-
tionality can include, for example, determination of normal/
abnormal and/or the probabilistic estimate thereof.

[0234] FIG. 24 now shows an example application 670
that can be used to train and calibrate the various embodi-
ments of the classifier described above in reference to FIGS.
22 and 23. The example application 670 can also be used as
an expert-based supervised classifier.

[0235] Inoneembodiment, the attribute determination and
cross plotting techniques as described herein can be utilized
to obtain a better understanding of various characteristics of
a region of interest. Information gained therefrom can then
be used to either train the classifier what to look for and
where to look. Such information can also be used to suc-
cessively “fine-tune” the existing base of knowledge, so that
subsequent classifying operations (automated or supervised)
can be made more accurate.

[0236] As describe above by examples, some attributes do
not necessarily correspond directly to physical or mechani-
cal properties. Also, some attributes may be estimated by use
of assumptions that may or may not be completely accurate
(e.g., reflectivity values Ry, and Rg being estimated by using
an assumption that compressional velocity is approximately
twice that of the shear velocity).

[0237] In some embodiments of the present teachings,
however, the obtained attributes do not necessarily need to
be substantially same as some standard values. For example,
values obtained for mechanical parameters such as rigidity
parameter 1 and bulk modulus k do not necessarily need to
conform to some standard values for known materials (such
as animal tissues). In various applications, it is the relative
values of the attributes that can be useful. So in the foregoing

Mar. 15, 2007

example of the mechanical properties, even if the values for
p and K are generally different from the standard values,
self-consistent differences of the values within the region of
interest can provide useful information. For example,
anomalous values of mechanical attributes in a portion of the
region of interest may indicate some anomaly for that
portion. Being able to determine such anomaly using dif-
ferent attributes can improve the manner in which tissue can
be characterized.

[0238] The foregoing tissue characterization can be fur-
ther enhanced by introduction of an expert that can empiri-
cally observe the anomaly guided by the attributes. The
empirical observation can be used to update and improve the
meaning of the obtained attributes. Such increase in the body
of useful knowledge can then be beneficial for classifier
training/calibration purpose, and also for subsequent char-
acterization of regions of interest, such as animal tissues.

[0239] Thus as shown in FIG. 24, the example application
670 is shown to include an example cross plot 672 display-
ing a first set of attributes. In one embodiment, such
attributes are obtained from a database 680. Within the cross
plot 672, an example known pattern is indicated as a region
674, and a pattern representing an anomaly is indicated as a
region 676. The anomalous region 676 is shown to be
analyzed further, as indicated by a curved arrow 684, via a
second cross plot 686 where a second set of attributes are
displayed based on the voxel indices of the selected anoma-
lous region 676. The second set of attributes may or may not
be the same as the first set.

[0240] As further shown in FIG. 24, an expert 696 is
shown to be analyzing the second cross plot 686 (where the
anomaly based on the first plot 672 is displayed as data
points 688) and an examination of the region of interest
(which can be direct or otherwise). The expert 696 is shown
to “update” the “definition” of the anomalous region in the
second plot 686, based on information obtained from the
examination 694.

[0241] As further shown in FIG. 24, the updated charac-
terization of the anomaly in the foregoing manner is shown
to update the database 680. Such updated database can be
used to characterize other anomalies more accurately in
subsequent analyses. Such updated database can also be
used to refine various operating parameters used by various
embodiments of classifiers. For example, the boundaries that
define normal and abnormal tissue characteristics can be
refined so that subsequent normal/abnormal determination
can be made more accurately.

[0242] FIG. 25 shows one embodiment of a computer-
readable medium 900 having a conputer-executable instruc-
tion 902 that can be configured to process a signal and
generate one or more attributes. In one embodiment, the
signal is based on an acoustic energy that has been reflected
from a medium. In one embodiment, the one or more
attributes are attributes associated with an animal tissue. As
described herein, attributes of the animal tissue could be
used for medical or non-medical purpose. In one embodi-
ment, the one or more attributes are associated with medi-
ums associated with non-seismic materials.

[0243] FIG. 26 shows one example of a process 910 that
can implement the computer-executable instruction 902 of
FIG. 25. The process 910 begins at a start state 912. In a
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process block 914, the process 910 obtains a signal based on
an acoustic energy that has been reflected from a medium.
The medium can be an animal tissue or other non-seismic
materials. In a process block 916, the process 910 generates
one or more values of one or more attributes associated with
the medium. In one embodiment, the process 910 generates
values associated with at least two attributes.

[0244] Although the above-disclosed embodiments have
shown, described, and pointed out the fundamental novel
features of the invention as applied to the above-disclosed
embodiments, it should be understood that various omis-
sions, substitutions, and changes in the form of the detail of
the devices, systems, and/or methods shown may be made
by those skilled in the art without departing from the scope
of the invention. Consequently, the scope of the invention
should not be limited to the foregoing description, but
should be defined by the appended claims.

What is claimed is:
1. A device, for determining at least two attributes of an
animal tissue using acoustic energy, comprising:

an acoustic receiver module that receives acoustic energy
that has been reflected from the animal tissue, and
outputs an electrical signal based on the received
acoustic energy;

a processor that is configured to process the signal so as
to generate values of the at least two attributes of said
animal tissue, said attributes being selected from the
group consisting of an amplitude-variations-with-offset
characteristic, a signal trace characteristic, a spatial
characteristic, and a spectral decomposition character-
istic; and

a computer storage configured so as to store the values of

at the least two attributes of the animal tissue.

2. The device of claim 1, wherein the at least two
attributes comprise at least two attributes obtained from said
amplitude-variations-with-offset characteristic.

3. The device of claim 1, wherein the at least two
attributes comprise at least two attributes obtained from said
signal trace characteristic.

4. The device of claim 1, wherein the at least two
attributes comprise at least two attributes obtained from said
spectral decomposition characteristic.

5. The device of claim 1, wherein the at least two
attributes comprise at least one attribute from said ampli-
tude-variations-with-offset characteristic, and at least one
attribute from said signal trace characteristic.

6. The device of claim 1, wherein the at least two
attributes comprise at least one attribute from said ampli-
tude-variations-with-offset characteristic, and at least one
attribute from said spectral decomposition characteristic.

7. The device of claim 1, wherein the at least two
attributes comprise at least one attribute from said signal
trace characteristic, and at least one attribute from said
spectral decomposition characteristic.

8. The device of claim 1, wherein the at least two
attributes further comprise at least one attribute from a
spatial characteristic.

9. The device of claim 8, wherein the at least two
attributes comprise at least one attribute from said ampli-
tude-variations-with-offset characteristic, and at least one
attribute from said spatial characteristic.
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10. The device of claim 8, wherein the at least two
attributes comprise at least one attribute from said signal
trace characteristic, and at least one attribute from said
spatial characteristic.

11. The device of claim 8, wherein the at least two
attributes comprise at least one attribute from said spatial
characteristic, and at least one attribute from said spectral
decomposition characteristic.

12. The device of claim 1, wherein the values of said at
least two of the attributes includes information about an
index for each attribute, said index having information about
a plurality of voxels in a region of interest in said animal
tissue.

13. The device of claim 12, further comprising a display
component that is configured so as to plot values corre-
sponding to a first set of two of said at least two attributes
based on the stored values.

14. The device of claim 13, wherein the display compo-
nent is further configured so as to allow selection of a
portion of the displayed plot so as to select one or more
values corresponding to the first set of two attributes, said
selected one or more values having corresponding indices.

15. The device of claim 14, wherein the display compo-
nent is further configured so as to display a plot of values
corresponding to a second set of two of said at least two
attributes, said values of the second set corresponding to said
indices of the selected one or more values from the first set
of two attributes.

16. The device of claim 1, wherein the tissue attribute
comprises the amplitude-variations-with-offset characteris-
tic.

17. The device of claim 1, wherein the tissue attribute
comprises the signal trace characteristic.

18. The device of claim 1, wherein the tissue attribute
comprises the spatial characteristic.

19. The device of claim 1, wherein the tissue attribute
comprises the spectral decomposition characteristic.

20. The device of claim 16, wherein the amplitude-
variations-with-offset characteristic comprises a plot of a
plurality of values corresponding to reflection amplitudes R
of said received acoustic energy versus values correspond-
ing to reflection angles 8 of said reflection amplitudes, said
reflection angles 0 being with respect to a layer in the animal
tissue.

21. The device of claim 20, wherein the amplitude-
variations-with-offset characteristic comprises a functional
relationship R estimated from an R versus 8 plot.

22. The device of claim 21, wherein the functional rela-
tionship R comprises a relationship R(6)=A+B sin®0+C
sin®0 tan0 where parameters A, B, and C are constants that
can be estimated from said R versus 0 plot.

23. The device of claim 22, wherein said processor is
further configured so as to estimate values Ry, and Ry,
respectively corresponding to zero-offset reflectivity of a
compressional component of said received acoustic energy
and zero-offset reflectivity of a shear component of said
received acoustic energy.

24. The device of claim 23, wherein R,y and Ry, are
approximated as Rpy=A and Rg,=(4A-9B+5C)/8 with an
assumption that velocity Vy of the compressional compo-
nent is approximately three times that of velocity V of the
shear component in said animal tissue.
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25. The device of claim 20, wherein the amplitude-
variations-with-offset characteristic comprises a functional
relationship estimated from an R versus sin:6 plot.

26. The device of claim 25, wherein the functional rela-
tionship R comprises a relationship R(0)=A+B sin>0, where
parameters A and B estimated from said R versus sin®6 plot,
said A being representative of an intercept, and B being
representative of a slope of a linear relationship estimated
between R and sin®0.

27. The device of claim 26, wherein the processor is
further configured so as to estimate values Rp, and Rg,
respectively corresponding to zero-offset reflectivity of a
compressional component of said received acoustic energy
and zero-offset reflectivity of a shear component of said
received acoustic energy.

28. The device of claim 27, wherein Ry, and Ry, are
approximated as Rp,=A and Ry =(A-B)/2 with an assump-
tion that velocity V; of the compressional component is
approximately twice that of velocity Vg of the shear com-
ponent in said animal tissue.

29. The device of claim 27, wherein the processor is
further configured so as to invert reflectivity values Ry, and
R, s0 as to obtain estimated values of impedance 7, and 7
respectively corresponding to compressional and shear com-
ponents of said animal tissue.

30. The device of claim 29, wherein the processor is
further configured so as to estimate one or more elastic
properties of said animal tissue based on said estimated
impedance values Z, and Zg.

31. The device of claim 30, wherein said one or more
elastic properties comprise a rigidity parameter  that cor-
responds to resistance to shear deformation, and estimated
by a relationship p=7,*/p, where p represents an estimate of
the density of said animal tissue.

32. The device of claim 31, wherein said one or more
elastic properties further comprise an elastic parameter A
that is sensitive to fluid content of said animal tissue, said
elastic parameter A estimated by a relationship A=(Z,>-
2Z3)p.

33. The device of claim 32, wherein said one or more
elastic properties further comprise a parameter x that cor-
responds to incompressibility or bulk modulus of said ani-
mal tissue, said parameter K estimated by a relationship
K=h+(73)L.

34. The device of claim 17, wherein the signal trace
characteristic comprises a complex function F(t)=f{t)+ig(t),
where f(t) comprises a real part of F(t) and represents said
electrical signal corresponding to a given region in said
animal tissue, and g(t) comprises an imaginary part of F(t)
and represents a Hilbert transform of f(t).

35. The device of claim 34, wherein the signal trace
characteristic further comprises a modulus E(t) of said
complex function F(t) expressed as E(H)=(f*()+g(1)">.

36. The device of claim 35, wherein said E(t) represents
an envelope of said electrical signal.

37. The device of claim 35, wherein square of said E(t)
represents a value corresponding to a substantially instan-
taneous energy associated with said received acoustic
energy.

38. The device of claim 37, wherein the signal trace
characteristic further comprises a rate of change of said E(t)
with respect to time, expressed as d(E(t))/dt.
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39. The device of claim 38, wherein said d(E(t))/dt
provides information about absorption effects in said animal
tissue.

40. The device of claim 38, the signal trace characteristic
further comprises a rate of change of said d(E(t))/dt,
expressed as d*(E(t))/dt.

41. The device of claim 40, wherein said d*(E(t)ydt*
provides information about reflecting interfaces in said
animal tissue.

42. The device of claim 34, wherein the signal trace
characteristic further comprises a substantially instanta-
neous phase of said received acoustic energy associated with
said given region in said animal tissue, said phase being
expressed as @(t)=arctan(g(t)/{(1)).

43. The device of claim 42, wherein said phase D(t) is
substantially independent from an amplitude of F(t) and
provides information about propagation phase of said acous-
tic energy from said given region in said animal tissue.

44. The device of claim 42, wherein the signal trace
characteristic further comprises a substantially instanta-
neous frequency of said received acoustic energy associated
with said given region in said animal tissue, said frequency
being expressed as o(t)=d(D(1))/dt.

45. The device of claim 44, wherein the signal trace
characteristic further comprises a substantially instanta-
neous acceleration of said received acoustic energy associ-
ated with said given region in said animal tissue, said
acceleration being expressed as a(t)=dw(t)/dt.

46. The device of claim 44, wherein the signal trace
characteristic further comprises a mean frequency w_,...(t)
of said received acoustic energy associated with said given
region in said animal tissue, said mean frequency being
obtained by a method comprising:

determining a Fourier transform F(w) of said function
F(0);

determining an autocorrelation function P(w) by a rela-
tionship P(w)=F(w))F*(w), where F*(w) comprises a
complex conjugate of F(w);

determining a normalized autocorrelation function A(t) by
a relationship

A([):fOO P(w)exp(fiwt)dw/ﬁ Plw)dw;
w=0 =0

and

determining said mean frequency o by a relationship

mean

Omean(t) = dA@) [ di = —ifm LuP(w)exp(.'iwt)aiw/foo P(w)dw.
w=0

w=0

47. The device of claim 46, wherein the signal trace
characteristic further comprises a thin-layer indicator
parameter determined by a relationship w(t)-m,,.,.(t).

48. The device of claim 46, wherein the signal trace
characteristic further comprises an acceleration of said
received acoustic energy associated with said given region
in said animal tissue, said acceleration determined by a
relationship |d*A(t)/dt?.
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49. The device of claim 46, wherein the signal trace
characteristic further comprises a centroid frequency w, ofa
power spectrum by a relationship

W, = fm wP(w)dw /foo P(w)dw.
W I Jw=0

=0

50. The device of claim 46, wherein the signal trace
characteristic further comprises a variance w, to said cen-
troid frequency o, by a relationship

Wy = fm (w —wc)2P(w)da)/r P(w)dw.
w=0 w=0

51. The device of claim 46, wherein the signal trace
characteristic further comprises a root-mean-square fre-
quency gy by a relationship

WRMS = sqrz[f:wzf’(w)dw/ ﬁOP(a))dw].

52. The device of claim 18, wherein the spatial charac-
teristic comprises information about propagation number k
associated with the received acoustic energy.

53. The device of claim 52, wherein the spatial charac-
teristic further comprises a longitudinal component k =(w/
v)cos 0 and a transverse component k=(w/v)sin 0 of the
propagation number k, where 0 represents the arrival angle
associated with the received acoustic energy.

54. The device of claim 53, wherein the spatial charac-
teristic further comprises a time gradient dt/dx along a
selected transverse direction x.

55. The device of claim 54, wherein the time gradient
dt/dx is proportional to sin 6 /v.

56. The device of claim 54, wherein the time gradient
dt/dx is proportional to k,/m, where w represents the fre-
quency associated with the received acoustic energy.

57. The device of claim 56, wherein the frequency w is
estimated by a centroid frequency w, associated with the
received acoustic energy.

58. The device of claim 56, wherein the frequency w is
estimated by an autocorrelation function A(t) associated
with the received acoustic energy, evaluated at one time lag,
so that m=arg|A(1)|.

59. The device of claim 54, wherein the spatial charac-
teristic further comprises a time gradient dt/dy along a
selected transverse direction y that is substantially perpen-
dicular to the direction x.
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60. The device of claim 59, wherein the spatial charac-
teristic further comprises an azimuthal time gradient
expressed as Ad=arctan(dt/dy, dt/dx).

61. The device of claim 59, wherein the spatial charac-
teristic further comprises a transverse time gradient
expressed as AT=sqrt[(dt/dx)*+(dt/dy)?].

62. The device of claim 61, wherein the spatial charac-
teristic further comprises a lateral continuity estimated as
A*T=sqri[ (d*t/dx?)*+(d*t/dy>)*].

63. The device of claim 19, wherein said spectral decom-
position analysis comprises performing said processing of
the electrical signal at one or more ranges of frequency
associated said electrical signal.

64. The device of claim 1, further comprising an display
component that is configured so as to display simultaneously
the values of said at least two attributes for a plurality of
voxels contained in a region of interest of the animal.

65. The device of claim 1, wherein said processor is
further configured so as to classify said attribute based on its
value.

66. The device of claim 65, wherein said processor is
further configured so as to generate a result value based on
the classifving of the attribute.

67. The device of claim 66, wherein the classifying of the
attribute and the generating of the result are performed
substantially automatically.

68. A computer-readable medium having a computer-
executable instruction that is configured to process a signal
so as to generate values of at least two attributes of an animal
tissue, said at least two attributes being selected from the
group consisting of an amplitude-variations-with-offset
characteristic, a signal trace characteristic, a spatial charac-
teristic, and a spectral decomposition characteristic, wherein
the signal is based on an acoustic energy that has been
reflected from the animal tissue.

69. A method, for determining attributes of an animal
tissue using acoustic energy, comprising:

receiving acoustic energy that has been reflected from the
animal tissue;

generating an electrical signal from the received acoustic
energy;

processing the electrical signal so as to generate values of
at least two attributes of said animal tissue, said
attributes being selected from the group consisting of
an amplitude-variations-with-offset characteristic, a
signal trace characteristic, and a spectral decomposition
characteristic; and

registering the values of the at least two attributes in a
computer storage.
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