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Description
Technical Field

[0001] The present invention relates to an ultrasonic diagnosis system and a strain distribution display method which
allow the user to make quantitative measurement of the rigidity of the tissue using an ultrasonic diagnosis apparatus.

Background Art

[0002] Ultrasonic diagnosis is applied not only to observation of the tissue structure but also to the field (ultrasonic
tissue characterization) where physical quantities within the tissue such as the sound speed, the damping coefficient,
and so forth, are measured and furthermore, diagnosis images are created based upon the physical quantities thus
measured. As a part of the field, the field is known wherein the rigidity of the tissue, i.e., the elastic property is measured.
The aforementioned field is being intensely studied since the elastic property of the tissue has close relation to the
pathological situation. For example, it is known that the tissue affected by: sclerosing tumors such as mammary cancer,
thyroid cancer, and so forth; liver cirrhosis; arterial sclerosis; and so forth, exhibits greater rigidity than the normal tissue.
Conventionally, the rigidity of the tissue is detected by touch. However, detection by touch has the disadvantage of
difficulty in objective analysis, requires skill of the surgeon, and has the limitations that only the affected tissue having
a certain size or more and positioned near the body surface can be detected.

[0003] On the other hand, a method is known wherein static pressure is applied to the body surface so as to compress
and deform the tissue, and the strain within the tissue corresponding to the applied pressure is measured using ultrasonic
wave in order to estimate the elastic property of the tissue (J. Ophir, I. Cespedes, H. Ponnekanati, Y. Yazdi, and X. Li,
"Elastography: A quantitative method for imaging the elasticity of biological tissue", Ultrasonic Imaging, Vol. 13, pp.
111-134, 1991). The conventional technique has been developed based upon the fact that the tissue having great rigidity
exhibits small strain thereof under pressure, and on the other hand, the tissue having small rigidity exhibits great strain
thereof under pressure. That is to say, with the aforementioned conventional method, static pressure is applied to the
tissue, and the elastic property of the tissue is estimated based upon the strain distribution within the tissue under
pressure thus applied. Specifically, normal measurement of ultrasonic echo signals (RF signals without application of
pressure) is made using an ultrasonic diagnosis apparatus with an ultrasonic probe without pressure applied to the tissue
through the ultrasonic probe. Subsequently, the surgeon applies pressure to the tissue through the ultrasonic probe to
a slight degree (around several percent), following which the ultrasonic echo signals (RF signals under pressure) passing
through the tissue to which pressure is applied are measured. Then, the displacement distribution which represents
displacement of each point of the tissue due to the pressure thus applied is estimated based upon the RF signals with
and without application of pressure of the tissue using the spatial correlation method.

[0004] The spatial correlation method has a mechanism wherein the displacement distribution within the tissue under
the applied pressure is estimated based upon the RF signals (or envelope signals of the RF signals) with and without
application of pressure applied to the tissue by template matching using a two-dimensional correlation function. That is
to say, a two-dimensional correlation window (template) having a certain size is applied to the RF signal data corre-
sponding to the tomographic data without pressure applied to the tissue so as to estimate displacement of a desired
measurement point on the two-dimensional surface by detecting the maximum correlation between the RF signal data
to which the correlation window has been applied and the RF signal data under pressure applied to the tissue using the
autocorrelation processing. The aforementioned autocorrelation processing is performed for each measurement point
set in the shape of a grid, for example, whereby the strain distribution is estimated. In general, the processing using the
spatial correlation method is performed with poorer precision of displacement detection in the horizontal direction (scan-
ning direction of the ultrasonic beam) than in the axial direction due to rougher sampling in the horizontal direction than
in the axial direction. As described above, the spatial correlation method has the advantage of enabling the user to
estimate the two-dimensional displacement vector. Furthermore, while the aforementioned spatial correlation method
has the disadvantage of precision of the estimated displacement being limited by the sampling pitch, the spatial correlation
method has the advantage of enabling the user to estimate the displacement distribution even in a case wherein the
tissue is greatly deformed (e.g., around 5%). However, the spatial correlation method has the disadvantage of being
calculation-intensive for the spatial correlation processing, leading to difficulty in processing in real time, unlike the
conventional ultrasonic diagnosis.

[0005] Accordingly, itis an object of the presentinvention to provide a system and a method for more precisely obtaining
the displacement distribution, strain distribution, and elastic modulus distribution, in real time.

[0006] In the paper "Real Time Tissue Elasticity Imaging Using the Combined Autocorrelation Method", Japanese
Journal of Medical Ultrasonics, vol. 26, No. 2, pages 57-66, Shiina et al. describe a conventional ultrasonic imaging
system set up similar to the block diagram shown in present Figure 6. An English translation of this paper has been
published in the Journal of Medical Ultrasonics, vol. 29, pages 119-128.
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[0007] A further conventional ultrasonic system is described in DE 198 24 108 A1.
Disclosure of Invention

[0008] Inorderto solve the aforementioned problems, an ultrasonic diagnosis system according to the presentinvention
for obtaining the displacement of the tissue of the subject based upon the reflected echo signals (RF signals) by meas-
urement of the subject with and without application of pressure using an ultrasonic probe comprises the features defined
in present claim 1. Claim 6 calls for the corresponding method. The dependent claims relate to preferred embodiments.
[0009] As explained in the following detailed description, the displacement of each measurement point is calculated
based upon the correlation between the properties such as the envelope signals with and without application of pressure,
thereby enabling real-time estimation of the displacement distribution. Furthermore, the position of each measurement
point may be obtained so as to exhibit the maximum correlation coefficient between the envelope signals with and without
application of pressure for the measurement points by varying said measurement points in said ultrasonic beam direction
at a pitch half the wavelength of said ultrasonic signals, thereby solving a problem of aliasing which is the disadvantage
in the Doppler method.

[0010] Note that the correlation computation wherein the position of each measurement point is calculated so as to
exhibit the maximum correlation coefficient between the envelope signals with and without application of pressure for
the measurement points by varying the phase of the envelope signals with application of pressure along the time axis
so as to obtain the autocorrelation function of the envelope signals with application of pressure for each measurement
point leads to great calculation time, often leading to a problem that real-time calculation cannot be made.

[0011] Accordingly, first, the autocorrelation functions of the envelope signals with and without application of pressure
are preferably calculated. Then, the correlation coefficient is obtained by varying the phase difference between the
autocorrelation functions thus obtained corresponding to the predetermined variation of the measurement points, e.g.,
by varying the phase difference thereof at a pitch half the wavelength of the ultrasonic signals. This reduces calculation
time for displacement computation, thereby enabling high-speed processing Furthermore, the ultrasonic diagnosis sys-
tem may further include: storage means for storing the envelope signals of the quadrature-detected RF signals; correlation
computing means for calculating the position of each measurement point which exhibits the maximum correlation coef-
ficient between the envelope signals with and without application of pressure for the measurement points surrounded
by a two-dimensional correlation window; and displacement computing means for obtaining at least two-dimensional
displacement of each measurement point due to application of pressure based upon the position of each measurement
pointwhich exhibits the correlation coefficient and the phase difference thus obtained by the correlation computing means.
[0012] Thatis to say, the method which is referred to as "Combined Autocorrelation method (CA method)" is proposed
in the present specification. As described above, the Combined Autocorrelation method has the advantages of two-
dimensional and three-dimensional displacement measurement in the spatial correlation method with a correlation win-
dow, and the advantage of real-time and high-precision calculation in the Doppler method. The Combined Autocorrelation
method allows the user to estimate the displacement distribution regardless of the displacement in the horizontal direction
to a certain degree. In this case, the two-dimensional directions may comprise the ultrasonic-beam direction where the
ultrasonic signals are received with the ultrasonic probe and the ultrasonic-beam scanning direction. Furthermore, the
position of each measurement point which exhibits the maximum correlation coefficient is preferably obtained by varying
the measurement points in the ultrasonic-beam direction at a pitch of half the wavelength of the ultrasonic signals, and
in the ultrasonic-beam scanning direction at the ultrasonic-beam pitch. Note that while the pitch at which the measurement
points are varied in the ultrasonic-beam direction according to the present invention is not restricted to half of the
wavelength of the ultrasonic signals, a pitch smaller than half of the wavelength of the ultrasonic signals is preferably
employed.

[0013] Inordertofurtherimprove calculation speed of the displacement computation, first, the autocorrelation functions
of the envelope signals with and without application of pressure are preferably calculated. Then, the position of each
measurement point which exhibits the maximum correlation coefficient is obtained by varying the phase difference
between the autocorrelation functions in arange corresponding to the predetermined variation of the measurement points.
[0014] Furthermore, the displacement computation may be applied not only to two-dimensional calculation, but also
to three-dimensional calculation. With a three-dimensional arrangement employing an ultrasonic probe having a one-
dimensional array structure, the frame data stored in the storage means comprises volume data formed of multiple frame
data sets each of which serves as slice data. On the other hand, with a three-dimensional arrangement employing an
ultrasonic probe having a two-dimensional array structure, the data contains the envelope signals obtained by scanning
in the slice direction. The correlation computing means obtain the position of each measurement point which exhibits
the maximum correlation coefficient between the envelope signals with and without application of pressure for the
measurement points surrounded by a three-dimensional correlation window by varying the measurement points sur-
rounded by the three-dimensional correlation in three-dimensional directions as to the volume data. At the same time,
the correlation computing means calculate the phase difference between the RF signals with and without application of
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pressure. In this case, the three-dimensional directions may comprise the ultrasonic-beam direction where the ultrasonic
signals are received with the ultrasonic probe, the ultrasonic-beam scanning direction, and the slice direction orthogonal
to the aforementioned two directions. Furthermore, the correlation computing means preferably obtain the phase differ-
ence between the RF signals with and without application of pressure in the ultrasonic-beam direction, in the ultrasonic-
beam scanning direction, and in the slice direction orthogonal to the aforementioned two directions. Furthermore, the
high-speed processing method described above may be applied to an three-dimensional arrangement. Furthermore,
the calculation described above may be made by varying the measurement points in the slice direction in units of the
slice pitch of the ultrasonic beam.

[0015] Furthermore, a method for obtaining the elastic modulus distribution may include elastic modulus computation
means for creating at least a two-dimensional or three-dimensional finite element model by dividing the subject into a
finite number of elements, and computing the elastic modulus distribution based upon the information used for creating
the model and the strain distribution thus obtained. Furthermore, the elastic modulus distribution thus obtained may be
displayed with the display means. In this case, the elastic modulus computing means preferably create a three-dimen-
sional finite element model by dividing the tissue of the subjectinto a finite number of rectangular parallelepiped elements
on the assumption that the tissue of the subject exhibits isotropic elasticity and near-incompressibility. Furthermore, the
elastic modulus computing means preferably compute the elastic modulus distribution based upon the information
regarding the aforementioned strain distribution using the elastic equation on the assumption that the tissue of the subject
exhibits the uniform elastic modulus, the uniform stress, and the uniform strain, for each element.

[0016] As described above, calculation is made on the assumption that the tissue exhibits isotropic elasticity. The
reason is that the relation between the stress and strain exhibits near-linearity under static external pressure applied to
the tissue. Accordingly, approximate calculation can be made on the assumption that the tissue serves as an elastic
model. In addition, the tissue exhibits isotropic properties, and accordingly, calculation may be made on the assumption
that the tissue serves as an isotropic elastic model. On the other hand, calculation is made on the assumption that the
tissue exhibits near-incompressibility. The reason is that if calculation is made on the assumption that the tissue exhibits
the complete incompressibility, i.e., calculation is made with the constant Poisson’s ratio of 0.5 within the tissue, the
elastic equation becomes a special case, leading to a problem that calculation cannot be made using the finite element
method. Note that calculation may be made with a uniform Poisson'’s ratio within the tissue. In this case, only the Young’s
modulus should be estimated for estimation of the elastic modulus distribution, thereby reducing the inverse problem.
Note that the Poisson’s ratio exhibits sufficient uniformity within the tissue, and accordingly, calculation is preferably
made with the Poisson’s ratio of 0.49. The elastic modulus distribution computation enables reconstruction of the elastic
modulus distribution based upon the strain distribution in the axial direction alone which can be computed with high
precision, thereby enabling stable computation of the elastic modulus distribution.

Brief Description of the Drawings
[0017]

Fig. 1 is a diagram for describing the mechanism of an ultrasonic diagnosis apparatus.

Fig. 2 is a diagram which shows a specific example of a tissue elasticity measurement method by application of
static pressure, and the mechanism of the tissue elasticity measurement method by application of static pressure.
Fig. 3 is a diagram which shows the mechanism of the spatial correlation method.

Fig. 4 is a diagram which shows the mechanism of the Doppler method.

Fig. 5 is a diagram which shows the mechanism of the combined autocorrelation method.

Fig. 6 is a block diagram which shows a circuit configuration for executing basic algorithm of the combined auto-
correlation method.

Fig. 7 is a block diagram which shows the schematic configuration of an ultrasonic diagnosis system according to
an example useful to understand the present invention.

Fig. 8 is a flowchart which shows basic algorithm of the three-dimensional combined autocorrelation method.

Fig. 9 is a flowchart which shows the basic algorithm of the three-dimensional combined autocorrelation method
employed in the ultrasonic diagnosis system according to the present invention, and a part of the processing shown
in Fig. 7 in detail.

Fig. 10 is a flowchart for making detailed description regarding the combined autocorrelation method with improved
calculation speed, which is performed in Step S15 shown in Fig. 9.

Fig. 11 is a block diagram which shows a circuit configuration for executing the basic algorithm of the three-dimen-
sional combined autocorrelation method employed in the ultrasonic diagnosis system according to the present
invention.

Fig. 12 is a schematic diagram which shows the procedure of simulation.

Fig. 13 is a diagram which shows an example of a point spread function for each point with the ultrasonic center
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frequency of 5.0 MHz.

Fig. 14 is a schematic diagram which shows a tissue model.

Fig. 15 is a diagram which shows the error of estimated strain with each estimating method due to displacement in
the horizontal direction.

Fig. 16 is a diagram which shows the strain distribution estimated with each estimating method (combined autocor-
relation method, expanded combined autocorrelation method, spatial correlation method) in a case of displacement
of 0.0 mm in the horizontal direction.

Fig. 17 is a diagram which shows the strain distribution estimated with each estimating method (combined autocor-
relation method, expanded combined autocorrelation method, spatial correlation method) in a case of displacement
of 0.4 mm in the horizontal direction.

Fig. 18 is a schematic diagram which shows a tissue model used for simulation of compression in a slant direction.
Fig. 19 shows estimated results of the strain distribution obtained from simulation of simple compression of the
tissue model in the axial direction.

Fig. 20 shows estimated results of the strain distribution obtained from simulation of compression of the tissue model
in a slant direction.

Fig. 21 is a diagram which shows two tissue model examples each of which have a three-dimensional structure.
Fig. 22 is a first diagram which shows estimated results with an inclusion-containing model.

Fig. 23 is a second diagram which shows estimated results with the inclusion-containing model.

Fig. 24 is a first diagram which shows estimated results with a layer-structure model.

Fig. 25 is a second diagram which shows estimated results with the layer-structure model.

Fig. 26 is a diagram which shows a basic configuration of the ultrasonic diagnosis system.

Fig. 27 is a diagram which shows a specific configuration of an ultrasonic scanner employed in the ultrasonic
diagnosis system.

[0018] Best Mode for Carrying Out the Invention Description will be made below regarding an ultrasonic diagnosis
system according to an embodiment of the present invention with reference to the accompanying drawings. An ultrasonic
diagnosis system according to the present embodiment employs a method which is referred to as "expanded combined
autocorrelation method" wherein the processing for one-dimensional detection by correlation calculation based upon
the envelope signals using the combined autocorrelation method through a one-dimensional window is expanded to
handle the displacement in the horizontal direction by two-dimensional detection through a two-dimensional correlation
window. Furthermore, with the expanded combined autocorrelation method according to the present embodiment, en-
velope-correlation calculation is performed for only the grid points set with a pitch of half the wavelength of the ultrasonic
wave in the axial direction, and with the beam-line pitch in the horizontal direction for reduction of calculation amount,
thereby enabling high-speed calculation. Note that the expanded combined autocorrelation method according to the
present embodiment employs the phase information in the same way as with the combined autocorrelation method for
improving the precision of the estimated displacement in the axial direction. However, the phase information is not
employed for estimating displacement in the horizontal direction due to lack of the signals serving as a carrier. Accordingly,
the precision of the estimated displacement in the horizontal direction is limited corresponding to the sampling pitch
(ultrasonic-wave beam-line pitch) as with the spatial correlation method. Note that the expanded combined autocorrelation
method according to the present embodiment has no particular mechanism for improving the precision of the estimated
displacement in the horizontal direction since the elastic modulus distribution can be estimated based upon the strain
(displacement) distribution in the axial direction alone using the elastic modulus distribution reconstructing method
described later.

[0019] Before description of a specific configuration of the expanded combined autocorrelation method according to
the present embodiment, description will be made regarding the combined autocorrelation method which is the basis of
the expanded combined autocorrelation method according to the present invention with reference to Fig. 1 through Fig.
6. Fig. 1 is a diagram for describing a mechanism of an ultrasonic diagnosis apparatus. As can be clearly understood
from the drawing, an ultrasonic probe 10 serving as an ultrasonic detector has functions for converting electric signals
to an ultrasonic wave and converting an ultrasonic wave into electric signals, which allows the user to cast ultrasonic
pulse signals toward the tissue 11. A part of the ultrasonic pulse signals passing through the tissue 11 is reflected at a
first boundary 12 between the regions having acoustic impedance different one from another. The reflected ultrasonic
wave which will be referred to as "reflected echo signals 12a" passes through the tissue toward the ultrasonic probe 10,
and the other ultrasonic wave passes through the first boundary 12. A part of the ultrasonic pulse signals passing through
the first boundary 12 is reflected at a second boundary 13 between the regions having acoustic impedance different one
from another. In the same way, the ultrasonic pulse signals reflected at the second boundary 13 which will be referred
to as "reflected echo signals 13a" passes through the tissue toward the ultrasonic probe 10, and on the other hand, the
other ultrasonic pulse signals passes through the second boundary 13. The reflected ultrasonic echo signals are received
by the ultrasonic probe 10 so as to be converted into reflected echo signals which are electric signals. In this case, the
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period of time t from casting of the ultrasonic pulse signals from the ultrasonic probe 10 up to reception of the echo
signals reflected from a reflecting object 14 (boundary between the regions having acoustic impedance different one
from another) positioned away from the ultrasonic probe 10 by the distance L is represented by the following Expression

).

c " (1)

[0020] Here, c represents the sound speed within the tissue, and can be determined to be a constant at around 1500
[m/second] through soft tissue. Accordingly, the distance L between the probe and the reflecting object is calculated
based upon the time t from casting of the ultrasonic wave up to reception of the reflected echo signals. Furthermore,
the reflected echo signals have information with regard to the acoustic properties of the tissue, and accordingly, images
of the tissue information such as B-mode tomographic images can be displayed on a monitor based upon the reflected
echo signals.

[0021] For example, a method is known wherein the elastic properties which represent the rigidity of the tissue are
measured using an ultrasonic diagnosis apparatus. The aforementioned method for measuring the elastic properties
has a mechanism wherein mechanical vibration is applied to the tissue, and the rigidity information is estimated based
upon the propagating speed of the transverse wave thus generated, based upon the fact that the transverse wave passes
through rigid tissue at a high propagating speed and passes through soft tissue at a low propagating speed. Strictly, the
propagating speed v of the transverse wave which propagates through the tissue is dependent upon the density of the
tissue p, the shear modulus .4, shear viscosity n,, and the angular frequency of the vibration o, as represented by the
following Expression (2).

2(/;‘12 + wzﬂzz y
p(ﬂl 2 + @21, J

vV =

w(2)

[0022] On the other hand, as shown in Fig. 2, a method has been proposed wherein static pressure is applied to the
tissue, and the elastic properties of the tissue are estimated based upon the strain distribution thereof under the applied
pressure. The aforementioned method has been developed based upon the fact that such static pressure causes small
strain within rigid tissue, and causes great strain within soft tissue. Fig. 2(A) is a diagram which shows a specific example
of a tissue-elasticity measuring method with application of static pressure. Fig. 2(B) is a diagram which shows the
mechanism of the tissue elasticity measuring method with application of static pressure. As can be clearly understood
from the drawings, with the aforementioned method, normal measurement of the ultrasonic echo signals (RF signals
without application of pressure) is made for the tissue 11 without application of pressure using a conventional ultrasonic
diagnosis apparatus with the ultrasonic probe 10. Subsequently, the tissue 11 is pressed to a slight degree (around
several percent) through the ultrasonic probe 10, and measurement of the ultrasonic echo signals (RF signals with
application of pressure) is made for the tissue 11 under the applied pressure. Then, the displacement distribution which
represents the displacement of each point within the tissue under pressure is estimated based upon the RF signals
measured with and without pressure applied to the tissue. The principal examples of the displacement-distribution
estimating methods include a method using spatial correlation, and a method using the Doppler effect.

[0023] Fig. 3 is a diagram which shows a mechanism of the spatial correlation method. With the present method, the
strain distribution within the tissue under the applied pressure is estimated based upon the RF signals (or envelope
signals of the RF signals) with and without pressure applied to the tissue by template matching using a two-dimensional
correlation function. Description will be made below regarding specific processing thereof. First, with the RF signals (or
envelope signals thereof) with and without pressure applied to the tissue as i4(t, x) and ix(t, x), respectively, the cross-
correlation coefficient C(t, x; n, m) between the aforementioned two signals is represented by the following Expression (3).
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ta/2 X /2

Z Zil(t-i;v,x+w)i2(t+v+nL,,x+w+ mL,)

vty 2 W=-Xo 12 .

C(t,x;n,m)= = —
> Yittx)- | > Dh +vnL,x+w+ml)
v=—tyl2 w=-x,/2 v=—ty /2 w=x012 (3)

[0024] Here, t represents the coordinate point in the ultrasonic-wave beam direction (axial direction), x represents the
coordinate point orthogonal thereto (in the horizontal direction), tO represents the correlation-window size in the axial
direction, x0 represents the correlation-window size in the horizontal direction, L, represents the sampling pitch in the
axial direction, and L, represents the sampling pitch in the horizontal direction. Furthermore, n and m represent integers.
In this case, with the combination (n, m) of the cross-correlation coefficient which exhibits the maximum value as (k, 1),
the displacement uy in the axial direction and the displacement u, in the horizontal direction at the measurement point
(t, x) are represented by the following Expressions, respectively.

Uy = 1L,

[0025] Note that data sampling is made at a rougher sampling pitch Lx in the horizontal direction than the sampling
pitch Lt in the axial direction, leading to poorer precision of the displacement detection in the horizontal direction than
in the axial direction. The aforementioned processing is made for each measurement point, whereby displacement
distribution is estimated. The spatial correlation method has the advantage of enabling the user to estimate two-dimen-
sional displacement vector components. Furthermore, the spatial correlation method allows the user to estimate the
displacement distribution even if great strain (around 5%) occurs in the tissue. However, the aforementioned method
leads to a great amount of calculation, leading to difficulty in calculation in real time, unlike the conventional ultrasonic
measurement systems. Furthermore, the precision of estimated displacement is limited by the sampling pitch, thereby
leading to a problem of relatively poor precision as compared with the Doppler method which will be described later.
[0026] Fig.4 isadiagram which shows amechanism of the Doppler method. With the present method, the displacement
distribution within the tissue under the applied pressure is estimated based upon the RF signals with and without pressure
applied to the tissue using the Doppler effect which is also employed in blood flow measurement. Description will be
made below regarding specific processing. First, the RF signals with and without pressure applied to the tissue are
represented by models as represented by the following Expression (4).

i, (£) = Re|d(®)e /@2 |

L@)= RelA(t —z)e 7™ ('—f)—H]J »

[0027] Here, i(t) represents the RF signals without application of pressure, i5(t) represents the RF signals with appli-
cation of pressure, A(t) represents the envelope signals, o, represents the center angular frequency of the ultrasonic
wave, and t represents the time shift. Upon performing quadrature detection for each of two RF signals, the base-band
signals are obtained as represented by the following Expression.

5,(2) = A(t)e’’

5,(1) = A(t —7)e’ (o0r+9) (5)
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[0028] Also, the complex correlation function R4,(t) between the aforementioned two signals is represented by the
following Expression.

0/2 * - jant
Ry()= [ sit+)s,(+9) dv =R, (t)e”
-1y/2 -(6)

[0029] Here, R,(t) represents the autocorrelation function of the envelope signals, and t, represents the correlation
window size in the ultrasonic-beam axial direction. Furthermore, the asterisk "*" represents a complex conjugate operator.
Accordingly, the time shift © and the displacement uy in the axial direction due to application of pressure are obtained
from the phase ¢(t) of the correlation function R,(t) as represented by example useful to understand the following
Expression (7).

0]

T=
@y
y _CT
> 2 w(7)

[0030] Note that c represents the sound speed within the tissue, and is assumed to be constant within the tissue.
[0031] With the Doppler method, the aforementioned processing is performed for each measurement point, and the
displacement distribution is estimated in the same way as with the blood flow measurement developed based upon the
Doppler effect. Thus, the Doppler method has the advantage of real-time measurement. Furthermore, the Doppler
method makes calculation using the phase information, thereby estimating the displacement with higher precision than
with the spatial correlation method. However, the Doppler method has the disadvantage that measurement of large
displacement, e.g., displacement of a quarter or more the wavelength of the ultrasonic-wave center frequency leads to
aliasing, resulting in a problem that correct displacement cannot be estimated. Furthermore, the Doppler method has
the disadvantage that displacement other than that in the axial direction cannot be estimated as can be understood from
the above Expression.

[0032] Inorderto solve the aforementioned problems, the presentinventors have proposed "Combined Autocorrelation
Method (CA method)" having the advantages of both of the aforementioned two methods. Fig. 5 is a diagram which
shows a mechanism of the combined autocorrelation method proposed by the present inventors. With the combined
autocorrelation method, calculation is made using correlation of the envelope signals of the RF signals, thereby solving
a problem of aliasing which is the disadvantage in the Doppler method. Description will be made below regarding specific
processing.

[0033] First, the RF signals with and without pressure applied to the tissue are represented by models as represented
by the following Expression in the same way as with the Doppler method.

.i,L @ = RelA(t)e"’ (20t-6) _|

i,(®) = Re|d(z — r)e/I=l—)-7]| (8)

[0034] Here, iy(t) represents the RF signals without application of pressure, i5(t) represents the RF signals with appli-
cation of pressure, A(t) represents the envelope signals, o represents the center angular frequency of the ultrasonic
wave, and t represents the time shift. Upon performing quadrature detection for each of two RF signals, the base-band
signals are obtained as represented by the following Expression.

5,(0) = A@)e’®

S2 (t) == A(t - T)ej(wor.’-a) .u( 9 )
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[0035] Then, the complex correlation function R4,(t; n) between the aforementioned two signals is represented by the
following Expression.

o T . ; T. —joo| s-n
R,(t;n)= L,,//zzs‘(t +v)s2(t+n5+v) dv =.RA(t;r—n5)e %( 2)
(n = "'s—2t_1o091’2$'") e ( 10 )

[0036] Here, T represents the cycle of the ultrasonic wave, Ry(t; t) represents the autocorrelation function of the
envelope signals, and t, represents the correlation window size. Furthermore, the asterisk "*" represents a complex
conjugate operator. Here, n represents the variable number, and each calculation is made for different n; displacement
at each measurement point being calculated around the point determined by the variation number. Note that in a case
ofn=0, the combined autocorrelation function matches the autocorrelation function in the Doppler method as represented
by the Expression (6). That is to say, the combined autocorrelation function with n of 0 leads to a problem of aliasing in
a case wherein measurement is made for displacement of a quarter or more the wavelength of the ultrasonic wave. In
orderto solve the aforementioned problem, with the combined autocorrelation method, the envelope correlation coefficient
C(t; n) is defined as represented by the following Expression (11).

lRlz (; n)l

C(t;n) =
™ = R 0| [ Rn G D)

«w(11)

[0037] Note that Rq4(t; 0) represents the autocorrelation function of s4(t), and Ry, (t; n) represents the autocorrelation
function of s,(t + nT/2). With n of the envelope correlation coefficient C(t; n) which exhibits the maximum value as k,
calculation is made using the phase ¢ of Ry,(t; k) with n = k. In this case, displacement is calculated without aliasing.
The reason is that calculation of the envelope correlation is made at a pitch of half the wavelength. Note that the calculation
pitch of half the wavelength is the maximum pitch for calculating displacement while preventing aliasing. Thus, the time
shift tand the displacementuy inthe axial direction are calculated using ¢(t; k) as represented by the following Expression.

_g@wR) T
@, 2

Y2 < (12)

[0038] Note that c represents the sound speed within the tissue, and is assumed to be constant within the tissue.
[0039] With the combined autocorrelation method, the aforementioned processing is performed for each measurement
point, whereby displacement distribution is estimated, which is an expanded method of the Doppler method. Thus, the
combined autocorrelation method has the advantage of real-time measurement. Furthermore, the combined autocorre-
lation method has the advantage of enabling the user to estimate the displacement distribution containing large dis-
placement (i.e., displacement of a quarter or more the wavelength of the ultrasonic wave) using envelope correlation,
unlike the Doppler method.

[0040] Fig. 6 is a block diagram which shows a circuit configuration for performing basic algorithm of the combined
autocorrelation method. In the drawing, echo signals x(t) obtained without application of pressure are input to a unpressed
quadrature detection circuit (QD) 131 for quadrature detection, and the quadrature-detected signals Ix(t) and Qx(t) thus
detected are input to a first correlation computing circuit 133 and first correlation coefficient computing circuits 1350
through 135N. On the other hand, echo signals y(t) obtained under the applied pressure are input to a first pressed
quadrature detection circuit (QD) 1320 for quadrature detection, and the quadrature-detected signals Y(t) = ly +jQy(ly(t),
Qy(t)) thus detected are input to a first correlation coefficient computing circuit 1340 and the second correlation computing
circuit 1350. A first delay circuit 134 delays the echo signals y(t) by the cycle period T of the ultrasonic wave, and the
delayed echo signals y1 = y(t - T) are input to a second pressed quadrature detection (QD) circuit 1321. In the same
way, a second delay circuit 135 delays the echo signals y1 = y(t - T) which have been delayed by the first delay circuit
134 by the cycle period T of the ultrasonic wave, and the delayed echo signals y2 = y(t - 2T) are input to a next second
pressed quadrature detection (QD) circuit 1322 (not shown). Note that the circuit has N delay circuits, and the echo
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signals are consecutively delayed, and the echo signals delayed by a value obtained by multiplying the cycle period T
by an integer are input to the corresponding pressed quadrature detection circuit in the same way.

[0041] The first correlation computing circuit 133 computes a correlation value Rxx based upon the signals Ix and Qx,
and outputs the correlation value Rxx to second correlation coefficient computing circuits 1380 through 138N. The second
correlation computing circuit 1340 receives the quadrature-detected signals ly(t) and Qy(t) from the pressed quadrature
detection circuit 1320, computes a correlation value Ryy based upon the signals ly and Qy, and outputs the correlation
value Ryy to the second correlation computing circuit 1380. The first correlation coefficient computing circuit 1350
receives the quadrature-detected signals Ix(t) and Qx(t) from the unpressed quadrature detection circuit 131, and the
quadrature-detected signals ly(t) and Qy(t) from the first pressed quadrature detection circuit 1320, calculates the complex
base-band signals Sg and S, based thereupon, and outputs the base-band signals Sg and S, to a third correlation
computing circuit 1360 and a phase-difference computing circuit 1370. The third correlation computing circuit 1360
receives the complex base-band signals Sg and S, from the first correlation coefficient computing circuit 1350, calculates
the correlation value |Rxy| based thereupon, and outputs the calculated correlation value |Rxy| to the second correlation
coefficient computing circuit 1380. The phase-difference computing circuit 1370 receives the complex base-band signals
Sgr and S, from the first correlation coefficient computing circuit 1350, and calculates the phase difference ¢q(t) based
thereupon. The second correlation coefficient computing circuit 1380 receives the correlation value Rxx from the first
correlation computing circuit 133, the correlation value |Rxy| from the third correlation computing circuit 1360, and the
correlation value Ryy from the second correlation computing circuit 1340, computes the correlation coefficient Cy(t)
based upon the aforementioned correlation values, and outputs the calculated correlation coefficient Cy(t).

[0042] The second pressed quadrature detection circuit (QD) 1321 receives the echo signals y; = y(t - T) delayed by
the first delay circuit 134, and outputs the quadrature-detected signals Y 4(t) = ly, + jQy (ly4(t), Qy4(t)) to a first correlation
coefficient computing circuit 1341 and a second correlation computing circuit 1351. The second correlation computing
circuit 1341 receives the quadrature-detected signals ly4(t) and Qy,(t) from the second pressed quadrature detection
circuit (QD) 1321, computes a correlation value Ry y, based upon the signals ly,(t) and Qy,(t), and outputs the correlation
value Ry,y, to a second correlation computing circuit 1381. The first correlation coefficient computing circuit 1351
receives the quadrature-detected signals Ix(t) and Qx(t) from the unpressed quadrature detection circuit 131, and the
quadrature-detected signals ly,(t) and Qy,(t) from the second pressed quadrature detection circuit (QD) 1321, calculates
the complex base-band signals Sg4 and S| based thereupon, and outputs the base-band signals Sg; and S|, to a third
correlation computing circuit 1361 and a phase-difference computing circuit 1371. The third correlation computing circuit
1361 receives the complex base-band signals Sg4 and S|4 from the first correlation coefficient computing circuit 1351,
calculates the correlation value |Rxy,| based thereupon, and outputs the calculated correlation value |Rxy,| to the second
correlation coefficient computing circuit 1381. The phase-difference computing circuit 1371 receives the complex base-
band signals Sg, and S|4 from the first correlation coefficient computing circuit 1351, and calculates the phase difference
¢4(t) based thereupon. The second correlation coefficient computing circuit 1381 receives the correlation value Rxx from
the first correlation computing circuit 133, the correlation value |[Rxy,| from the third correlation computing circuit 1361,
and the correlation value Ry,y from the second correlation computing circuit 1341, computes the correlation coefficient
C4(t) based upon the aforementioned correlation values, and outputs the calculated correlation coefficient C4(t).
[0043] In the same way, each of the second pressed quadrature-detection circuit (QD) 1322 through 132N which
receive the signals from the corresponding delay circuit downstream from the first delay circuit 135, each of the second
correlation computing circuits 1342 through 134N, each of the first correlation coefficient computing circuits 1352 through
135N, each of the third correlation circuits 1362 through 136N, each of the phase-difference computing circuits 1372
through 137N, and each of the second correlation coefficient computing circuits 1382 through 138N, perform the same
processing as with the first-stage and second-stage circuit components as described above, whereby the correlation
coefficients C,(t) through Cy(t), and the phase values ¢,(t) through ¢y(t) are output. As described above, the circuit for
performing the basic algorithm of the combined autocorrelation method shown in Fig. 6 has a configuration wherein the
echo signals y(t) under the applied pressure are delayed by a period of half the cycle period T/2 of the ultrasonic wave
(half the wavelength) for each of the delay circuits 134 through 13N, and each of the echo signals thus delayed are
quadrature-detected by the corresponding quadrature-detection circuit (QD) 1320 through 132N.

[0044] As described above, the strain distribution is obtained by spatial differentiation of the estimated displacement
distribution under the pressure applied to the tissue. The strain distribution represents the relative elastic property of the
tissue, and accordingly, diagnosis based upon the strain distribution exhibits effects similar to those of the diagnosis
based upon the elastic modulus distribution. However, in a case of liver cirrhosis which causes rigidity of the entire
affected tissue, it is difficult to make the same diagnosis of the tissue as with the elastic-property distribution which allows
the surgeon to make quantitative estimation. Accordingly, in recent years, reconstruction methods for tissue elastic
modulus distribution are being studied. Note that all of these reconstruction methods are in the research stage, and that
no standard method has been established.

[0045] On the other hand, the tissue elastic modulus distribution can be obtained based upon the strain distribution
and the stress distribution within the tissue as described above. However, it is difficult to make direct measurement of
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the stress distribution with the existing technique. Accordingly, in practicality, the elastic modulus distribution is recon-
structed based upon the strain distribution so as to satisfy the boundary conditions under the pressure applied to the
tissue, i.e., there is the need to solve the inverse problem. In general, it is difficult to solve the inverse problem, and few
elastic modulus reconstruction methods have been proposed. Description will be made regarding the conventional elastic
modulus reconstruction methods.

[0046] First, a method is known, which has been proposed on the assumption that the tissue is represented by a one-
dimensional model (one-dimensional elastic model). That is to say, a method is known wherein the elastic modulus
distribution is calculated on the assumption that the tissue is represented by a one-dimensional elastic model. On the
aforementioned assumption, the elastic modulus is determined to be the inverse number of the strain. Strictly, the
aforementioned method is not an elastic modulus reconstruction method. With the aforementioned method, only the
inverse number of strain is obtained, and accordingly, only relative elastic property of the tissue can be obtained as with
the strain distribution.

[0047] Second, a method is known wherein elasticity equation is reduced to that without the stress terms (on the
assumption that the tissue exhibits isotropic elasticity, incompressibility, and plane strain). With the aforementioned
method, the elasticity equation formed so as to represent the plane-stress state is reduced to that without the stress
terms, and the tissue elastic modulus distribution is reconstructed based upon the strain distribution (all the components
of the strain tensor including the shear strain components) using the reduced elasticity equation without the stress terms
so as to satisfy the boundary conditions (applied-pressure distribution on the body surface, or the displacement distribution
thereof). Note that the present method requires the region (reference region) where the elastic modulus has been
obtained beforehand.

[0048] Third, a method is known wherein the elasticity differential equation is integrated (on the assumption that the
tissue exhibits isotropic elasticity, incompressibility, and plane strain). With the aforementioned method, the elasticity
equation formed so as to represent the plane-stress state is reduced to that without the stress terms, and the tissue
elastic modulus distribution is reconstructed based upon the strain distribution (all the components of the strain tensor
including the shear strain components) by consecutively integrating the reduced differential equation without the stress
terms with regard to the elastic modulus with the elastic modulus near the body surface as the reference. Note that the
present method requires the region (reference region) near the body surface where the elastic modulus distribution has
been obtained beforehand. Furthermore, the aforementioned method has a problem that the error of calculation becomes
greater the farther away from the body surface, due to accumulation of the error since integration is made with the elastic
modulus near the body surface as the reference.

[0049] Fourth, a method using the perturbation method is known (on the assumption that the tissue exhibits isotropic
elasticity, near-incompressibility, and plane strain). With the aforementioned method, the tissue elastic modulus distri-
bution is reconstructed by solving the elasticity equation which has been formed so as to represent the plane-strain
state, based upon the applied-pressure distribution on the body surface and the strain distribution thereof in the ultrasonic-
beam direction (axial direction) using the perturbation method with the iterative method.

[0050] Description has been made regarding the basic mechanism and the specific problems which are to be solved.
Description will be made below regarding an example useful to understand the present invention, in order to solve the
aforementioned problems. Fig. 7 is a block diagram which shows a schematic configuration of an ultrasonic diagnosis
system according to an example useful to understand the present invention. An ultrasonic probe 91 comprises a con-
ventional sector scan probe (sector phased array probe), a linear scan probe (linear array probe), or a convex scan
probe (convex array probe), having functions for casting an ultrasonic wave toward the tissue which is to be observed,
and receiving the reflected ultrasonic wave.

[0051] The RF signals obtained with and without pressure applied to the tissue are output from the ultrasonic probe
91 to a quadrature detector 92. The quadrature detector 92 converts the RF signals with and without pressure applied
to the tissue into the complex envelope signals (IQ signals) with and without application of pressure, and outputs the 1Q
signals to a complex two-dimensional correlation calculation unit 93. The complex two-dimensional correlation calculation
unit 93 calculates two-dimensional correlation between the RF signals with and without pressure applied to the tissue,
outputs the position which exhibits the maximum correlation to a horizontal-direction displacement calculation unit 94
and an axial-direction displacement calculation unit 95, and outputs the corresponding phase of the correlation function
to an axial-direction calculation unit 95. Note that correlation is calculated in the axial direction at a pitch of a half the
ultrasonic center frequency which is the maximum pitch for obtaining the phase while preventing aliasing. Correlation
is calculated at such a pitch for enabling real-time display of the ultrasonic diagnosis system. Accordingly, the present
invention is not restricted to calculation at a pitch of a half the wavelength, rather, an arrangement may be made wherein
correlation is calculated with high precision.

[0052] The horizontal-direction displacement calculation unit 94 calculates the displacement u, in the horizontal di-
rection based upon the position corresponding to the maximum correlation in the horizontal direction received from the
complex two-dimensional correlation calculation unit 93, and outputs the displacement to a horizontal-direction strain
calculation unit 96. On the other hand, the axial-direction displacement calculation unit 95 calculates the displacement
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uy in the axial direction based upon the position corresponding to the maximum correlation in the axial direction and the
phase received from the complex two-dimensional correlation calculation unit 93, and outputs the displacement to an
axial-direction strain calculation unit 97. The horizontal-direction strain calculation unit 96 makes spatial differentiation
of the displacement u, in the horizontal direction received from the horizontal-direction calculation unit 94 so as to
calculates the strain distribution e, in the horizontal direction, and outputs the strain distribution to a quantization unit
98. On the other hand, the axial-direction strain calculation unit 97 makes spatial differentiation of the displacement Uy
in the axial direction received from the axial-direction calculation unit 95 so as to calculate the strain distribution &y in
the axial direction, and outputs the strain distribution to the quantization unit 98. The quantization unit 98 quantizes the
strain distribution ¢, in the horizontal direction and the strain distribution ¢ in the axial direction in order to make grayscale
display (or color display) thereof, and displays the information on a display unit 99. The display unit 99 displays each of
the strain distributions thus quantized.

[0053] Next, description will be made regarding the operation of the expanded combined autocorrelation method
employed in the ultrasonic diagnosis system shown in Fig. 7. First, let us consider a case wherein the tissue is compressed
to a slight degree (i.e., several percent or less). In this case, from the local perspective, the pressure is assumed to
cause parallel displacement for each point within the tissue. That is to say, the RF signals with and without pressure
applied to the tissue are represented by the model represented by the following Expression.

;(t,x)= RelA(t ,X) e’ (wgt—0) J

i,(t, %) = Reld(t— 7, x —u,)e ¢ ~(13)

[0054] Here, i4(t, X) represents the RF signals without application of pressure, i,(t, x) represents the RF signals under
pressure, A(t, x) represents the envelope signals, o, represents the center angular frequency of the ultrasonic wave, t
represents the time shift serving as a time parameter which represents the displacement in the axial direction, u, rep-
resents the displacement in the horizontal direction, and 6 represents the initial phase. Note that with the present method,
the RF signals with and without application of pressure are represented by a model giving consideration to the displace-
ment in the horizontal direction, unlike the Doppler method and the combined autocorrelation method. The parameter
which is to be obtained in the final stage is the displacement uy = ct/2 in the axial direction (i.e., the time shift t) and the
displacement u, in the horizontal direction. Note that c represents the sound speed within the tissue, and is assumed
to be constant within the tissue.

[0055] Then, the RF signals with and without pressure applied to the tissue are quadrature-detected by the quadrature
detector 92. That is to say, the sine wave and the cosine wave having the same frequency as the center frequency of
the ultrasonic wave are applied to the RF signals, following which low-pass filtering is further applied to the RF signals,
whereby the complex base-band signals s, and s, are obtained as represented by the following Expression (14).

$,(2, %) = A(t,x)e’
s,(t,x)=A@—7,x— ux)ej(%ﬁa) -(14)

[0056] Then, the two-dimensional complex correlation function Rq,(t, X; n, m) between the s4(t, x) and s,(t + nT/2, x
+ mL) is defined as represented by the following Expression (15).
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Fol2 4,2 T .
= s,(t +v,x+w)s,(t+n—+v,x+mL+w) dvdw
Ru(tax;"sm) j;“n i (t+, )8, ( 7

T
~Jag\r-nz
=R,(t,xt - ng-,u, - mL)e ¢3)

(n = '-Nm,"',-Z,—1,0,1,2,'",Nm)

(m= - m"","zs'l’o’l’z""’Mm) «(15)

[0057] Here, T represents the cycle of the ultrasonic wave, L represents the sampling pitch (beam-line pitch), R(t, x;
1, Uy) represents the autocorrelation function of the envelope signals, t0 represents the length of the correlation window
in the axial direction, x0 represents the length of the correlation window in the horizontal direction. On the other hand,
v represents a variable value in the time (t) axial direction for integration, and w represents a variable value in the beam-
line direction for integration, and the asterisk "*" represents a complex conjugate operator. Then, the two-dimensional
envelope correlation coefficient C(t, x; n, m) is defined using the two-dimensional complex correlation function as rep-
resented by the following Expression (16).

'Rlz (t,x;n, m)l

IR, (2, %:0,0)|-| R, (2, x; 12, m2)

C(t,x;n,m) =
w(16)

[0058] Note that R44(t, x; 0, 0) represents the autocorrelation function of Sy(t, x), and Ry,(t, x; n, m) represents the
autocorrelation function of s,(t + nT/2, x + mL). The envelope correlation coefficient is used for solving a problem of
aliasing in the same way as with the combined autocorrelation method. That is to say, combinations {C(t, x; n, m), ¢(t,
x; n, m)} formed of C(t, x; n, m) and ¢(t, x; n, m) of Ry5(t, x; n, m) are obtained for all the variable numbers n and m at
each measurement point (t, x). With the present method, let us say that the variable number pair (n, m) is determined
in a sufficient range, i.e., in a range sufficient for envelope correlation. In this case, the phase ¢(t, x; k, 1) corresponding
to (n, m) = (k, 1) which exhibits the maximum envelope correlation coefficient matches the phase without aliasing. The
reason is that with the variable number pair (n, m) which exhibits the maximum envelope correlation coefficient as (k,
1), the time shift |t - KT/2| between s4(t, k) and s,(t + kT/2, x + 1L) is smaller than T/2. That is to say, |¢(t, x; k, 1)| = ot
- kT/2| is smaller than =. That is to say, with the present method, calculation is made using ¢(t, x; k, 1) without aliasing,
thereby obtaining the correct time shift 7, the correct displacement Uy in the axial direction, and the correct displacement
u, in the horizontal direction, at each measurement point (t, x) as represented by the following Expression (17).

__9tx;kD) +kT

‘E’ —
@, 2
cT
“ g
u, =IL

x «(17)

[0059] Note that c represents the sound speed within the tissue (which is assumed to be constant at 1500 m/s which
is normal sound speed within soft tissue). With the present method, the calculation described above is made for all the
measurement points, thereby obtaining the displacement distribution uy(x, y) in the axial direction and u,(x, y) in the
horizontal direction.

[0060] Furthermore, with the present method, spatial differentiation is made for each of the aforementioned displace-
ment distributions, whereby the strain distribution ay(x, y) in the axial direction and the strain distribution &,(x, y) in the
horizontal direction are obtained as represented by the following Expression (18).
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Bu (x,
e
£ o y) =222

«(18)

[0061] As described above, with the present method, the displacement (strain) distribution in the axial direction and
in the horizontal direction is estimated based upon the RF signals with and without pressure applied to the tissue. Note
that as can be understood from the above Expression u, = 1L, the precision of the displacement detection in the horizontal
direction is limited by the sampling pitch (beam-line pitch) in the horizontal direction, and accordingly, the present method
has the disadvantage of relatively low precision in the horizontal direction. However, the present method has the ad-
vantage of real-time observation, thereby improving practical performance.

[0062] The expanded combined autocorrelation method described above has a function for analyzing the relative
displacement in the horizontal direction between the tissue and the ultrasonic probe under the pressure applied to the
tissue using a two-dimensional correlation window applied in a predetermined range for each calculation, thereby handling
displacement of the tissue in the horizontal direction. However, the present two-dimensional expanded combined auto-
correlation method having such a function cannot estimate strain distribution containing displacement in the direction
(direction orthogonal to the two-dimensional ultrasonic scanning plane (slice direction)) orthogonal to both the axial
direction and the horizontal direction under the pressure applied to the tissue. In order to solve the aforementioned
problem, the above two-dimensional expanded combined correlation method is easily expanded into the three-dimen-
sional expanded combined autocorrelation method using a three-dimensional window applied to a three-dimensional
range, thereby enabling the system to be more stable.

[0063] Fig.9and Fig. 10are flowcharts for describing basic algorithm ofthe three-dimensional combined autocorrelation
method. Note that Fig. 10 is a flowchart for making detailed description with regard to a part of the processing shown in
Fig. 9.

[0064] In Step S11, ascanning-line resistor 1 stores "1", which serves as a counter for performing the same processing
for the first scanning line through the L'th scanning line. The value stored in the scanning-line resistor 1 is checked in
determination processing in Step S23.

[0065] In Step S12, the variable in the thickness direction (frame direction) is incremented in a range between -U and
U for each loop processing. Note that the count is checked in the determination processing in Step S18.

[0066] In Step S13, the variable in the scanning direction (scanning line direction) is incremented in a range between
-V and V for each loop processing. Note that the count is checked in the determination processing in Step S17.
[0067] In Step S14, the variable in the distance direction (axial direction) is incremented in a range between 0 and M
for each loop processing. Note that the count is checked in the determination processing in Step S16.

[0068] In Step S15, correlation coefficient C(l, t; u, v, n) of the envelope signals in the distance direction (axial direction)
is calculated with the combined autocorrelation method. Note that the conventional combined autocorrelation method
cannot exhibit sufficient calculation speed for three-dimensional calculation, and accordingly, the correlation coefficient
C(l, t; u, v, n) is calculated with the high-speed combined autocorrelation method. Description will be made later regarding
the high-speed autocorrelation method.

[0069] In Step S16, processing is performed for the variable determined in the aforementioned Step S14. That is to
say, determination is made whether or not the variable n stored in the distance-direction register has reached the
predetermined maximum M. In the event that determination is made that the variable n has reached M, the flow proceeds
to Step S17. Otherwise, the flow returns to Step S14, and the variable n stored in the distance-direction register is
incremented.

[0070] In Step S17, processing is performed for the variable determined in the aforementioned Step S13. That is to
say, determination is made whether or not the variable v stored in the scanning-direction register has reached the
predetermined maximum V. In the event that determination is made that the variable v has reached V, the flow proceeds
to Step S18. Otherwise, the flow returns to Step S13, and the variable v stored in the scanning-direction register is
incremented.

[0071] In Step S18, processing is performed for the variable determined in the aforementioned Step S12. That is to
say, determination is made whether or not the variable u stored in the thickness-direction register has reached the
predetermined maximum U. In the event that determination is made that the variable u has reached U, the flow proceeds
to Step S19. Otherwise, the flow returns to Step S12, and the variable u stored in the thickness-direction register is
incremented.

[0072] In Step S19, the system searches the variable combination (u, v, n) inarange ofu=(-U, ..., 0, ..., U),v=(-V, ...,
0,..,V),andn=(0, 1, ..., N) for the variable combination (ug, vg, ng) which exhibits the maximum correlation coefficient
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C(l, t; u, v, n) calculated in Step S12 through Step S18. Note that while the present example employs such a distance-
directionrange n = (0, 1, ..., N) under the assumption that only the positive pressure is applied to the tissue, it is needless
to say that the distance-direction range n = (-M, ..., 0, ..., N) should be employed in an arrangement wherein both the
positive and negative pressure is applied to the tissue.

[0073] In Step S20, the phase difference ¢(1, t; ug, vy, Ng) of the correlation coefficient C(l, t; ug, vy, ) obtained in
Step S19 is calculated.

[0074] In Step S21, the phase difference ngn + ¢(1, t; ug, v, Np) is calculated as the phase difference in the final stage.
[0075] In Step S22, the displacement v = v + Av in the scanning direction, and u = ugy + Au in the thickness direction,
are calculated using the correlation coefficient C(l, t; u, v, n) at a point (u, v, n) near the point (ug, vq, Ng).

[0076] In Step S23, the variable stored in the scanning-line resistor 1 in the aforementioned Step S11 is checked.
That is to say, determination is made whether or not the variable 1 has reached L. In the event that determination is
made that 1 has reached L, the flow proceeds to Step S24. Otherwise, the flow returns to Step S11, and the variable
stored in the scanning-line resistor 1 is incremented.

[0077] In Step S24, strain distribution is calculated by making spatial differentiation of the estimated displacement
distribution under pressure applied to the tissue.

[0078] Fig. 10 is a flowchart for making detailed description regarding the aforementioned high-speed combined
autocorrelation method in Step S15 shown in Fig. 9.

[0079] InStep S31, the RF signals x without application of pressure and the RF signals y under pressure are quadrature-
detected, whereby | signals and Q signals are obtained as described below.

x(t) — Ix, Ox (where X(t)

Ix + jOx)

y(t) — Iy, Qy (where Y(t) Iy + jQy)

[0080] In Step S32, the correlations Rxy, Rxx, and Ryy, are calculated based upon the following Expressions.
Rxy = J X(t + v) * Y*(t + v) dv

Rxx

J X(t + v) « X*(t + v) adv

il

Ryy J Y(t + v) * Y*(t + v) dv

[0081] In Step S33, the correlation coefficient C is calculated based upon the correlations Rxy, Rxx, and Ryy, thus
obtained, using the following Expression.

Co = |Rxy|/(VRxx -+ VRyy)

[0082] In Step S34, the variable number n is set to 1.
[0083] In Step S35, Y (t) = Y(t - nT) el*nt is calculated.
[0084] In Step S36, Rxy, and Ry,y, are calculated based upon the following Expressions.

1l

RX¥n [ X(t + v) * Ya*(t + v) dv

J X(t + v) » ¥Y*¥(t - nT + v) &7 av

RYnY¥n = J Yo (£t + v) * Y *(t + v) dv

= f ¥Y(t - nT + v) - ¥Y*(t - nT + v) dv
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[0085] In Step S37, the correlation coefficient C, is calculated based upon the Rxy,, and Ry, y,, thus obtained, using
the following Expression.

Ch = IRxYnI /(\/RXX : ‘/RYnYn)

[0086] In Step S38, the variable number n is incremented.

[0087] In step S39, determination is made whether or not the variable number n has reached the predetermined
maximum number M. In the event that determination is made that n has reached M, the processing ends. Otherwise,
the flow returns to Step S35, and the same processing is repeated.

[0088] With the method shown in the flowchart in Fig. 10, Y/, is calculated from Y in Step S35 in order to calculate
Rxy, and Ry,y,. This enables a simple circuit configuration. Description will be made below regarding a method for
calculating Y, from Y.

[0089] First, the echo signals x(t) without application of pressure are represented by the following Expression.

x(t) = u(t) cos(wt + 6)

[0090] On the other hand, the echo signals y(t) under pressure applied in the axial direction are represented by the
following Expression.

y(t) = x(t + t) = u(t + t) cos(w(t + t) + 0).

[0091] Then, the quadrature-detected signals of x, y, and y,,, are represented by the following Expressions.

x(t) —
Ix = 0.5 u(t) cosfH
Ox = -0.5 u(t) sind

(X(t) = Ix + jOox = 0.5 u(t) e

y(t) —
Iy = 0.5 u(t + t) cos(wt + 0)
Qv = -0.5 u(t + t) sin(wt + 0)

(Y(t) = Iy + jQy = 0.5 u(t + ©) e 3wr+9,)

Yn(t) = Y(t - I'IT) ’

u(t + Tt - nT) cos{(w(t + Tt -. nT) + 0)

u(t + T - nT) cos{wt + Q(t - nT) + 6)

[0092] Here, T represents the half cycle. Then, ly,, and Qy,, are obtained as represented by the following Expressions.

Iy, = 0.5 u(t + v - nT) cos(w(t - nT) + 0)
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Qyn = -0.5 u(t + T - nT) sin(w(t - nT) + 0)
(Yo = Iyn + JO¥n = 0.5 u(t + T - nT) e 3l - + 0,

[0093] Accordingly, the following relation is obtained based upon the above Expressions.

Yn(t) = IYn + JQYn

0.5 u(t + t - nT) e-J(@(v - oT) + 0)

Y(t - nT) e3¥T

[0094] As can be understood from the above Expression, Y (t) is calculated from Y(t) = ly + jQy.
[0095] Accordingly, Rxy, and Ry,y, are calculated from X and Y as represented by the following Expressions.

RXyn = 4J X(t + v) * Yo*¥(t + v) dv
= 4f X(t + v) * Y*(t - nT + v) &7 gv
|Rxyn| = Ru,

J u(t + v) u(t + T - nT + v) dv

il

4f |X(t + v) * Yp*(t + v)| dv

4f |X(t + v) * Y*(t - nT + v) e¥7| av

4f |X(t + v) + Y*(t - nT + v)| adv

RYn¥n = J u(t + T - nT + v) u(t + t - nT + v) dv

4f |Ya(t + v) * Yo*(t + v)| av

4f Y(t - nT + v) - Y*(t - nT + v) dv

Here, the asterisk "*" represents a complex conjugate operator.

[0096] Fig. 11 is a block diagram which shows a circuit configuration for executing the basic algorithm of the three-
dimensional combined autocorrelation method. With the conventional circuit configuration for executing the combined
autocorrelation method as shown in Fig. 7, a great number of quadrature-detection circuits 1320 through 132N are
arrayed, and processing in such a number of the quadrature-detection circuits 1320 through 132N requires enormous
processing time, leading to difficulty in high-speed calculation, resulting in difficulty in real-time image display. Accordingly,
the present example employs the circuit configuration for executing the above-described basic algorithm as shown in
Fig. 11, thereby enabling a high-speed circuit for executing the combined autocorrelation method.

[0097] The unpressed quadrature-detection circuit (QD) 131 receives the echo signals x(t) without application of
pressure, quadrature-detects the received echo signals, and outputs the quadrature-detected signals Ix(t) and Qx(t) to
the first correlation computing circuit 133 and the first correlation coefficient computing circuits 1350 through 135N. The
pressed quadrature-detection circuit (QD) 132 receives the echo signals y(t) under pressure, quadrature-detects the
received echo signals, and outputs the quadrature-detected signals Y(t) = ly + jQy (ly(t), Qy(t)) to the first correlation
coefficient computing circuits 1350, the second correlation computing circuit 1340, the first delay circuit 134, and second
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delay circuit 135. The first delay circuit 134 and the second delay circuit 135 delay the quadrature-detected signals Y(t)
by the cycle T of the ultrasonic wave, and output the delayed quadrature-detected signals Y(t - T) to the first correlation
computing circuit 1351, the third delay circuit 136, and the fourth delay circuit 137. Each of the third delay circuit 136
and the fourth delay circuit 137 delay the quadrature-detected signals Y(t - T) by the cycle T of the ultrasonic wave, and
output the delayed quadrature-detected signals Y(t - 2T) to the subsequent first correlation coefficient computing circuit
and delay circuit (not shown). In the same way, the quadrature-detected signals are consecutively delayed by the cycle
T using each of the N delay circuit, and the delayed signals are output to the corresponding first correlation coefficient
computing circuit.

[0098] The first correlation computing circuit 133 computes the correlation value Rxx based upon the signals Ix and
Qx, and outputs the correlation value Rxx to the second correlation coefficient computing circuits 1380 through 138N.
The second correlation computing circuit 1340 receives the quadrature-detected signals ly(t) and Qy(t) from the pressed
quadrature-detection circuit 132, computes the correlation value Ryy based upon the signals ly and Qy, and outputs the
correlation value Ryy to the second correlation coefficient computing circuit 1380. The first correlation coefficient com-
puting circuit 1350 receives the quadrature-detected signals Ix(t) and Qx(t) from the unpressed quadrature-detection
circuit 131, and the quadrature-detected signals ly(t) and Qy(t) from the pressed quadrature-detection circuit 132, cal-
culates the complex base-band signals Sg and S, and outputs the complex base-band signals Sg and S, to the third
correlation computing circuit 1360 and the phase-difference computing circuit 1370. The third correlation computing
circuit 1360 receives the complex base-band signals Sg and S, from the first correlation coefficient computing circuit
1350, calculates the correlation value |Rxy| based thereupon, and outputs the correlation value |Rxy| to the second
correlation coefficient computing circuit 1380. The phase-difference computing circuit 1370 receives the complex base-
band signals Sg and S, from the first correlation coefficient computing circuit 1350, and calculates the phase difference
dq(t) based thereupon. The second correlation computing circuit 1380 receives the correlation value Rxx from the first
correlation computing circuit 133, the correlation value |Rxy| from the third correlation computing circuit 1360, and the
correlation value Ryy from the second correlation circuit 1340, computes the correlation coefficient Cy(t) based upon
these correlation values, and outputs the correlation coefficient Cy(t).

[0099] The second correlation computing circuit 1341 receives the delayed quadrature-detected signals ly(t - T) and
Qy(t - T) from the first delay circuit 134 and the second delay circuit 135, computes the correlation value Ry,y, based
upon the signals ly(t - T) and Qy(t - T), and outputs the correlation value Ry,y, to the second correlation coefficient
computing circuit 1381. The first correlation coefficient computing circuit 1351 receives the quadrature-detected signals
Ix(t) and Qx(t) from the unpressed quadrature-detection circuit 131, and the delayed quadrature-detected signals ly(t -
T), and Qy(t - T) from the first delay circuit 134 and the second delay circuit 135, obtains the complex base-band signals
Sr1and S, and outputs the complex base-band signals Sg4 and S4 to the third correlation computing circuit 1361 and
the phase-difference computing circuit 1371. The third correlation computing circuit 1361 receives the complex base-
band signals Sg4 and S, from the first correlation coefficient computing circuit 1351, obtains the correlation value |Rxy|
based thereupon, and outputs the correlation value |Rxy,| to the second correlation coefficient computing circuit 1381.
The phase-difference computing circuit 1371 receives the complex base-band signals Sg, and S, from thefirst correlation
coefficient computing circuit 1351, and obtains the phase difference ¢4(t) based thereupon. The second correlation
coefficient computing circuit 1381 receives the correlation value Rxx from the first correlation computing circuit 133, the
correlation value |Rxy4| from the third correlation computing circuit 1361, and the correlation value Ry, y4 from the second
correlation computing circuit 1341, calculates the correlation coefficient C(t) based these correlation values, and outputs
the correlation coefficient C4(t).

[0100] Inthe same way, with the second correlation computing circuits 1342 through 134N, the first correlation coef-
ficient computing circuits 1352 through 135N, the third correlation computing circuits 1362 through 136N, the phase-
difference computing circuits 1372 through 137N, and the second correlation coefficient computing circuits 1382 through
138N, arrayed downstream from the third delay circuit 135 and the fourth delay circuit 136, the same processing as
described above is performed for each of the consecutively delayed quadrature-detected signals ly(t - 2T), ..., ly(t- NT),
and Qy(t- 2T), ..., Qy(t - NT), whereby the correlation coefficients C,(t) through Cy(t), and the phase ¢(t) through ¢(1),
are output.

[0101] Next, description will be made regarding the elastic-modulus distribution reconstructing method using the three-
dimensional finite element method. In order to simplify the inverse problem for reconstructing the elastic modulus dis-
tribution, with the present embodiment, the tissue is represented by a model. This allows the user to perform the elastic-
modulus distribution reconstructing method proposed in the present embodiment using the finite element method. Spe-
cifically, with the present embodiment, the tissue is represented by a model on the assumption described below.
[0102] First, the tissue is assumed to exhibit isotropic elasticity. On the other hand, the distribution of the tissue strain
is estimated for the tissue under external static pressure. Note that the static pressure is applied to the tissue so as to
cause slight compression thereof, thereby allowing the user to make calculation using the relation between the RF
signals with and without pressure applied to the tissue. Accordingly, in this case, the relation between the stress and
the strain exhibits linearity. That is to say, approximate calculation can be made on the assumption that the tissue is

18



10

15

20

25

30

35

40

45

50

55

EP 2 374 413 B1

represented by an elastic model. Furthermore, in this case, the tissue is assumed to be isotropic, and accordingly, the
tissue is assumed to exhibits isotropic elasticity.

[0103] Furthermore, the tissue is assumed to exhibit near-incompressibility. In general, it is known that the tissue
exhibits compressibility near incompressibility (Poisson’s ratio v = 0.5). With the present embodiment, calculation is
made with a constant Poisson’s ratio of 0.49 within the tissue. Note that with the present embodiment, calculation is not
made on the assumption that the tissue exhibits the complete incompressibility. The reason is that if calculation is made
on the assumption that the tissue exhibits the complete incompressibility, i.e., calculation is made with a constant
Poisson’s ratio of 0.5 within the tissue, the elastic equation becomes a special case, leading to a problem that calculation
cannot be made using the finite element method proposed in the present embodiment. Furthermore, with the present
embodiment, the Poisson’s ratio is assumed to be constant within the tissue, and accordingly, only the Young’s modulus
should be estimated for the elastic-modulus distribution, thereby reducing the inverse problem. Note that in general, the
Poisson’s ratio exhibits a relatively small variation as compared with the Young’s modulus. Accordingly, with the present
embodiment, calculation is made with the constant Poisson’s ratio of 0.49 within the tissue.

[0104] Next, the tissue is represented by a three-dimensional finite element model. With the reconstructing method
for the elastic modulus distribution according to the present embodiment, calculation is made using the finite element
method, and accordingly, the tissue is divided into a finite number of rectangular parallelepiped elements. Note that each
element is assumed to exhibit the constant elastic modulus, the constant stress, and the constant strain, therewithin. In
general, in order to understand the method for solving the inverse problem, it is important to understand the forward
problem corresponding to the inverse problem. With the present embodiment, the inverse problem is that the elastic
modulus distribution is estimated based upon the strain distribution and the boundary conditions. Accordingly, the forward
problem corresponding to the aforementioned inverse problem is that the strain distribution is calculated based upon
the elastic modulus distribution and the boundary conditions. With the present embodiment, the aforementioned problem
is solved using the finite element method (FEM: Finite Element Method) which is a kind of known numerical analysis
methods.

[0105] With the finite element method, the tissue serving as a continuum which is to be estimated is represented by
a model formed of a finite number of elements, and simultaneous linear equations which represent the properties of
each element are solved using numerical analysis. Note that description will be made later regarding specific calculation
using the finite element method. In brief, with the finite element method, the strain (displacement) distribution and the
stress distribution serving as the output values are obtained based upon the elastic-modulus distribution of the tissue
and the boundary conditions serving as the input values.

[0106] With the present embodiment, approximate calculation is made on the assumption that the tissue exhibits
isotropic elasticity, and accordingly, the elastic equations (equilibrium equation, relation between strain and displacement,
relation between stress and strain) hold under the conditions within the tissue as represented by the following Expressions.
[0107] The equilibrium equation is represented by the following Expression (19).

ooy,

+f,=0
J
(i’j=172’3) ...( 19)

-

[0108] Here, the reference numeral 1, 2, and 3, serving as i and j, represent x, y, z, respectively. On the other hand,
the relation between strain and displacement is represented by the following Expression (20).

P 2\ox, . ox,

..(20)

[0109] Therelationbetween stress and strain (generalized Hooke’s law) is represented by the following Expression (21).

E v
Ty = '1’4-_‘/{8 12y 5""8"")

[0110] The aforementioned elastic equations are represented using tensors. Accordingly, there are actually three
equilibrium equations, six strain-displacement relations, and six stress-strain relations. Note that the coordinate (x1, x2,

w(21)

19



10

15

20

25

30

35

40

45

s
S

55

EP 2 374 413 B1
x3) represents (X, y, z). Other reference characters represent the properties as follows.

E: Young’s modulus (which is also referred to as "elastic modulus")
v: Poisson’s ratio

&' strain tensor

(Enn = €11 + €9p + £33 strain of volume)

sjj: stress tensor

8;j: Kronecker delta

u;: displacement vector

f;: volume force vector

[0111] (Note that the gravity is deemed negligible, and accordingly, f; is assumed to be zero in this case)
[0112] The relation between the stress and the strain is then solved for &ije As a result, the relation between strain and
stress is transformed as represented by the following Expression (22).

1+v

E; = o '
7 E U7 1+v (22)

[0113] Here, s, =S4 *+ 8,5, +833. Then, i = = 2 is substituted into the above Expression (22), and the Expression is
solved for the Young’s modulus E, thereby obtaining the following Expression (23).

E=92 "V(a'n "‘0'33)

€n

c,— V(O'x +0,)

&y w(23)

[0114] As can be understood from the above Expression (23), the Young’s modulus, i.e., the elastic modulus can be
calculated based upon the strain component in the axial direction (ultrasonic-wave beam direction, in the present em-
bodiment), and the stress components in all directions. However, it is difficult to make direct measurement of the stress
distribution used for the above Expression with the current techniques. Accordingly, with the present embodiment, the
stress distribution and the elastic-modulus distribution are alternately estimated and updated such that the estimated
elastic modulus distribution becomes close to the actual distribution. The specific procedure for reconstructing the elastic
modulus distribution is performed as follows.

[0115] First, let us say that a uniform distribution is employed as the initial distribution {E"0} for estimating the elastic
modulus distribution. Second, the stress distribution {S"0} caused due to the initial elastic modulus distribution {E"0} is
calculated using the three-dimensional finite element method. Specifically, the strain-displacement relation and the
stress-strain relation are substituted into the above equilibrium equation, whereby a new equilibrium equation is formed
as represented by the following Expression (24). The new equilibrium equation is applied to each element within the
tissue model.

o E Ou, Ou; Ev 5 ou, +£=0
-+ + 5 i
ox, | 20+ v)\ &%, ox, ) (+v)a-2v) 7 o,

-(24)

Here,
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+
ox; ox, Ox (25)

[0116] Then, the simultaneous equations are solved for the displacements using the Gaussian elimination under the
following boundary conditions, whereby the displacement distribution {u"0} corresponding to the elastic modulus distri-
bution {E"0} is obtained.

0

U, ‘y:boﬂom':
ai \y=t0p= p i

O g zmsiae=0 (26)

[0117] In the above Expressions, p; represents the external pressure vector on the body surface, and s, represents
the stress component orthogonal to the side face. The first Expression represents the boundary condition that the bottom
is fixed, the second Expression represents the boundary condition that the stress distribution on the body surface matches
the external pressure distribution, and the third Expression represents the boundary condition that each side face has
a free end. Next, the displacement distribution (u"0) is substituted into the strain-displacement relation, whereby the
strain distribution {¢"} corresponding to the elastic modulus distribution {E"0} is obtained. Then, the strain distribution
{e"0Yis substituted into the stress-strain relation, whereby the stress distribution {S"%} corresponding to the elastic modulus
distribution {E"0} is obtained.

[0118] Third, the elastic modulus distribution {E"X} is updated based upon the stress distribution calculated with the
three-dimensional finite element method and the strain distribution {e,} in the axial direction (y direction) estimated with
the expanded combined autocorrelation method, using the following Expression (27).

P (A k ~ lc)
Ek+l=ay vio, +to,

€y “(27)

[0119] Note that the above Expression is obtained by solving the aforementioned stress-strain relation for the Young’s
modulus E with i = j = 2. In the above Expression, k represents the iteration number.

[0120] Fourth, the three-dimensional finite element analysis is consecutively made based upon the elastic modulus
distribution thus updated and the aforementioned boundary conditions, whereby the stress distribution is updated.
[0121] Then, the third and fourth processing are consecutively performed, whereby the elastic modulus distribution
nears the actual elastic modulus distribution. Note that in the event that the elastic modulus distribution satisfies the
following Expression (28), determination is made that convergence of the estimated elastic modulus distribution is
achieved, and estimation processing ends.

1 ok pk
il E —E,|<T
Nzl:l I ’ \ .(28)

[0122] Here, 1 represents the element number, N represents the total number of the elements, and r represents the
threshold value.

[0123] Description has been made regarding the elastic modulus distribution reconstructing method using the three-
dimensional finite element model proposed in the present embodiment. With the present method, the elastic modulus
distribution is estimated based upon the three-dimensional equilibrium equation. Accordingly, with the present method,
calculation is made with assumptions which are closer to actual tissue than with the conventional methods, thereby
enabling more precise estimation of the elastic modulus distribution. Furthermore, with the present method, the elastic
modulus distribution is reconstructed based upon the strain distribution in the axial direction alone which can be estimated
with high precision, thereby enabling reconstruction of the elastic modulus distribution in a sure manner. Note that with
the present method, the three-dimensional distribution of the elastic modulus is estimated for the tissue, and accordingly,
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there is the need to employ a two-dimensional array ultrasonic probe, or there is the need to make mechanical scanning
of a one-dimensional array ultrasonic probe in the slice direction, for making three-dimensional scanning of the tissue
which is to be analyzed.

[0124] Description will be made regarding the advantage of the reconstructing method for the elastic modulus distri-
bution based upon the expanded combined autocorrelation method and the three-dimensional finite element model
according to the present embodiment, which has been confirmed using simulation. Fig. 12 is a schematic diagram which
shows the procedure of the simulation.

[0125] First, a tissue model having an elastic modulus distribution used for an estimation test is created. Note that the
tissue model contains scattering points which reflect ultrasonic echo signals therewithin. Second, external pressure is
applied to the tissue model so as to cause compression thereof in computer simulation. Then, the displacement of each
scattering point due to the compression is calculated using the finite element method or the like. Third, the RF signals
with and without application of pressure are simulated based upon the scattering-point displacement distribution with
and without pressure applied to the tissue model. Fourth, the expanded combined autocorrelation method is applied to
the simulated RF signals with and without application of pressure, whereby the tissue strain distribution is estimated.
Fifth, the tissue elastic modulus distribution is estimated based upon the strain distribution estimated with the expanded
combined autocorrelation method and the boundary conditions (external pressure distribution and so forth) determined
for simulating compression of the tissue model using the elastic modulus distribution reconstructing method with the
three-dimensional finite element model.

[0126] While various elastic modulus distributions were used for the tissue models in this simulation, all cases of elastic
modulus distribution used here were assumed to exhibit isotropic elasticity. Note that the elastic modulus used in this
simulation generally matches that of the mammary tissue corresponding to principal use of the tissue elastic modulus
distribution measurement system according to the present embodiment. On the other hand, each tissue model contains
scattering points therewithin for simulating the reflected RF signals with and without pressure applied to the tissue.
Specifically, each tissue model contains the scattering points with average density of 500 points/cm3. Furthermore, the
positions of the scattering points without application of pressure are determined using normal pseudorandom numbers
with an average of 1.0 and standard deviation of 0.3. Then, the positions of the scattering points under pressure are
obtained by calculating the displacement of each scattering point without application of pressure based upon the results
from the finite element analysis. Here, while the information with regard to the scattering points within the actual tissue
is unknown, each parameter of the scattering point is determined such that the B-mode image created based upon the
simulated RF signals is similar to the B-mode image of the actual tissue.

[0127] With the present embodiment, the simulated RF signals with and without pressure applied to the tissue are
calculated for each tissue model by convolution of the scattering-point function with and without application of pressure
and the point spread function of the ultrasonic system as represented by the following Expression (29).

il(xsy9z) = “.Ih(x—x',y—y',z—z')t,(x',y',z')dx'dy'dz'

(] { ) v ' ' ! 'dZ'
iz(x,y,2)= I_Uh(x—x Y=Y 2—Zz )tz(x 2¥Y 1 Z )dx d-y ".(29)‘

[0128] Here, i{{X, y, z) represents the RF signals without pressure applied to the tissue, i5(x, y, z) represents the RF
signals under pressure applied to the tissue, h(x, y, z) represents the point spread function (impulse response) of the
ultrasonic system, t;(x, y, z) represents the scattering-point function without pressure applied to the tissue, and t,(x, y,
z) represents the scattering-point function under pressure applied to the tissue. Note that the scattering-point function
represents the scattering coefficient thus predetermined at each scattering point, and represents a scattering coefficient
of zero at positions other than the scattering points. On the other hand, the scattering-point function ty(x, y, z) under
pressure applied to the tissue is calculated from the scattering-point function t,(x, y, z) without pressure applied to the
tissue based upon the displacement of each scattering point due to strain of the tissue model. Note that the displacement
of each scattering point due to compression of tissue is calculated by making linear interpolation of the displacement
vectors at the element nodes calculated with the finite element analysis.

[0129] With the simulation according to the present embodiment, let us say that a non-focused ultrasonic system
without damping of the ultrasonic wave is employed. That is to say, the point spread function h(x, y, z) is assumed to
be constant for each point. Furthermore, let us say that the point spread function can be separated into functions for
each direction as represented by the following Expression (30).
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h(x,y,z) = b (X)h,(¥)h.(2) ~(30)

[0130] Here, hy(y) represents the point spread function in the direction of the ultrasonic beam. On the other hand,
each of h,(x) and h,(z) represent the point spread function in the direction orthogonal to the ultrasonic-beam direction.
Specifically, let us say that the x direction represents the in-plane direction (horizontal direction) of an ultrasonic tomo-
graphic image, and z direction represents the direction (slice direction) perpendicular to the ultrasonic tomographic
image. Note that the point spread function in each direction is created based upon the reflected echo distribution obtained
from actual measurement of the echo signals reflected from a wire target (a wire with a diameter of 0.13 mm extending
in water) using an ultrasonic apparatus. Fig. 13 shows diagrams for describing each point spread function used for
simulation with an ultrasonic center frequency of 5.0 MHz. Fig. 13(A) shows a point spread function h,(y) in the axial
direction. The point spread function hy(y) is obtained by multiplying the Gaussian function by a sine wave, and serves
as an approximate distribution of the actual reflected echo distribution reflected from the wire target. On the other hand,
Fig. 13(B) shows the point spread function h,(x) in the horizontal direction, and Fig. 13(C) shows the point spread function
h,(z) in the slice direction. Note that each of the aforementioned point spread functions are created using the Gaussian
function so as to serve as an approximate distribution of the actual reflected echo distribution reflected from the wire
target in the same way. The parameters of each function are varied corresponding to the center frequency, which will
be described later in description of each simulation.

[0131] Next, description will be made regarding the advantage of the expanded combined autocorrelation method as
a displacement (strain) distribution estimating method according to the present embodiment, which has confirmed by
simulation. First, description will be made regarding the advantage of estimating the displacement of the tissue in the
horizontal direction, which is the advantage to the combined autocorrelation method.

[0132] Fig. 14 is a schematic diagram which shows a tissue model. The tissue model is formed with an outer size of
60 mm X 60 mm (two-dimensional size), and with a uniform elastic modulus distribution. Then, compression of the tissue
is simulated so as to cause uniform strain of 3% in the axial direction. Let us say that a simple one-dimensional elastic
model is employed as the tissue model in this simulation for evaluating only the advantage of the expanded combined
autocorrelation method. Furthermore, compression of the tissue in the axial direction is simulated with displacement of
0.0 mm to 1.4 mm in the horizontal direction for evaluating the advantage of handling displacement in the horizontal
direction (relative displacement of the tissue in the horizontal direction as to the ultrasonic probe). Furthermore, let us
say that simple parallel displacement of the tissue in the horizontal direction is simulated, which corresponds to a situation
wherein the ultrasonic probe has slipped as to the tissue.

[0133] The RF signals are then simulated for the tissue model with and without strain of the tissue. The parameters
used for simulation of the ultrasonic system include: a center frequency of 5.0 MHz, a pulse width of 0.5 mm; a ultrasonic
beam width of 1.0 mm; a scanning line pitch of 0.5 mm; and a sampling frequency of 30 MHz. Then, the strain distribution
is estimated based upon the simulated RF signals with and without application of pressure with the expanded combined
autocorrelation method proposed in the present embodiment. In addition, the strain distribution estimated with the com-
bined autocorrelation method and the strain distribution estimated with the spatial correlation method were prepared for
comparison. Note that a correlation window with the same size was applied to each method with the same search range,
thereby allowing the user to make simple comparison of precision and so forth therebetween. Specifically, the expanded
combined autocorrelation method and the spatial correlation method employ a two-dimensional window with a size of
1.6 mm (axial direction) X 2.5 mm (horizontal direction) for being applied in a two-dimensional search range of 5.6 mm
(axial direction) X 7.5 mm (horizontal direction). On the other hand, with the combined autocorrelation method for
analyzing one-dimensional displacement, a one-dimensional correlation window with the same length of 1.6 mm in the
axial direction was applied in the same range of 5.6 mm in the axial direction.

[0134] Fig. 15 through Fig. 17 show estimation results of the strain distribution with each method. Fig. 15 shows the
error of the strain in the horizontal direction estimated with each method. Here, the reference symbol " represents the
error with the combined autocorrelation method, "[0" represents the error with the expanded combined autocorrelation
method, and "A" represents the error with the spatial correlation method. Note that the error of the estimated strain e is
represented by the following Expression (31).

N

S (& -a)
e= |1
28

! «(31)
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[0135] Here, e, represents the estimated strain, ; represents the actual strain (ideal value), i represents the element
number, and N represents the total number of the elements. On the other hand, Fig. 16 shows the estimated strain
distributions of the tissue containing displacement in the horizontal direction of 0.0 mm, using each method (combined
autocorrelation method, expanded combined autocorrelation method, and spatial correlation method). Fig. 17 shows
the estimated strain distributions of the tissue containing displacement in the horizontal direction of 0.4 mm, using each
method (combined autocorrelation method, expanded combined autocorrelation method, and spatial correlation method).
Note that Fig. 16 and Fig. 17 show the average and the standard deviation of the estimated strain for each depth along
the axial direction.

[0136] As can be understood from the simulation results, with the conventional combined autocorrelation method (CA
method), relative displacement of the tissue in the horizontal direction exceeding the ultrasonic beam size (in this case,
half the beam width, i.e., 0.5 mm) leads to rapid deterioration in estimation quality for the strain. On the other hand, it
can be understood that the expanded combined autocorrelation method enables stable estimation of the strain regardless
of the magnitude of the displacement in the horizontal direction. Furthermore, it can be understood that while the spatial
correlation method enables stable estimation of the strain regardless of the magnitude of the displacement in the horizontal
direction, as well, estimation results exhibit poor precision, i.e., exhibit twice or more the error as compared with the
expanded combined autocorrelation method. Furthermore, making comparison between processing time of the afore-
mentioned methods, while the expanded combined autocorrelation method requires processing time 3.6 times as great
as with the combined autocorrelation method, the expanded combined autocorrelation method requires processing time
only 1/(7.7) times as great as with the spatial correlation method, as shown in the following Table. As can be understood
from the aforementioned results, the expanded combined autocorrelation method enables real-time calculation to a
certain degree.

Method Processing time Normalized processing time
Combined autocorrelation method 26 seconds 1/(3.6)
Expanded combined autocorrelation method 1 minute 34 seconds 1.0
Spatial correlation method 12 minutes 5 seconds 7.7

[0137] Next, description will be made regarding estimation results with application of pressure in the slant direction.
Note that with the present estimation, simulation is made using a tissue model having a three-dimensional structure as
with the actual tissue, unlike the aforementioned simulation using a simple tissue model having a two-dimensional
uniform structure. Note that pressure should be applied to the tissue with an ultrasonic probe in the ultrasonic-beam
direction (axial direction) in ideal measurement. Now, description will be made regarding the estimation results affected
by compression of the tissue in the slant direction.

[0138] Fig. 18 is a schematic diagram which shows a tissue model used for estimating the influence of compression
of the tissue in a slant direction. As shown in Fig. 18(A), the tissue model has a three-dimensional structure with an outer
size of 60 mm X 60 mm X 60 mm, and contains a cylindrical inclusion with a diameter of 15 mm and a length of 60 mm,
and with high rigidity. Let us say that the material surrounding the inclusion has an elastic modulus (Young’s modulus)
of 10 Kpa, and the inclusion has the elastic modulus three times as great as that of the aforementioned material, i.e.,
have an elastic modulus (Young’s modulus) of 30 Kpa. Note that the aforementioned elastic moduli are determined
based upon the elastic moduli of the mammary tissue and the elastic modulus of the mammary cancer, of which diagnosis
is the principal object of the present invention. Then, compression of the tissue model is simulated in the following two
situations. The one situation corresponds to compression of the tissue model by 2% in the axial direction due to uniform
external pressure of 200 Pa applied to the tissue model from the upper face along the axial direction as shown in Fig.
18(B). The other situation corresponds to compression of the tissue model in the slant direction due to uniform external
pressure (200 Pa in the axial direction and 30 Pa in the horizontal direction) applied to the tissue model from the upper
face along a slant direction as shown in Fig. 18(C).

[0139] Then,the RF signals with and without application of pressure are simulated for the aforementioned two situations,
following which the strain distribution is estimated with the expanded combined autocorrelation method. Note that the
strain distribution is estimated with the combined autocorrelation method and the spatial correlation method, as well, for
comparison. Here, the correlation window having the same size is applied to calculation in the same search range for
each method, thereby allowing simple comparison. Note that the correlation window has the same size as with the
simulation described above. Furthermore, the other parameters for simulating the RF signals are determined to be the
same values as with the above-described simulation. That is to say, the other parameters include: a center frequency
of 5.0 MHz, a pulse width of 0.5 mm; a ultrasonic beam width in the horizontal direction of 1.0 mm; a ultrasonic beam
width in the slice direction of 2.0 mm; a scanning line pitch of 0.5 mm; and a sampling frequency of 30 MHz.
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[0140] Fig. 19 and Fig. 20 show the simulation results in the aforementioned situations. Fig. 19 shows estimation
results of the strain distribution in a simple situation wherein the tissue model is compressed in the axial direction. Fig.
20 shows estimation results of the strain distribution in a situation wherein the tissue model is compressed in a slant
direction. Note that the strain distribution in the axial direction obtained by three-dimensional finite element analysis is
employed as the strain distribution estimated with ideal method for each situation, which serves as the actual strain
distribution. Note that Fig. 19 and Fig. 20 are cross-sectional views of the tissue model taken along the center line thereof,
which show estimation results. In Fig. 20, the strain distribution estimated with an ideal method exhibits left-right asym-
metry. The reason is that pressure is applied in a slant direction. Specifically, in this case, the pressure is applied in a
lower-right direction in the drawing, leading to large displacement in the horizontal direction at the upper-right part in the
drawing.

[0141] First, it has been confirmed that the expanded combined autocorrelation method exhibits generally the same
estimation results for the strain distribution containing compression in the axial direction as with the combined autocor-
relation method. On the other hand, in a situation wherein pressure is applied to the tissue in a slant direction, it has
been also confirmed that while some regions cannot be estimated with the combined autocorrelation method due to
great displacement in the horizontal direction, the expanded combined autocorrelation method enables stable estimation
of the strain distribution regardless of the magnitude of the displacement in the horizontal direction as in the above
description of the aforementioned simulation. On the other hand, it has been also confirmed that while the spatial
correlation method enables stable estimation regardless of the magnitude of the displacement in the horizontal direction,
the spatial correlation method has significantly poorer estimation precision as compared with the expanded autocorre-
lation method. In addition to the simulation results described above, it has been confirmed that the expanded combined
autocorrelation method has the advantage of estimation of strain distribution.

[0142] Asdescribed above, it has been confirmed that the tissue-strain distribution can be estimated with high precision
at high speed using the aforementioned expanded combined autocorrelation method. Now, description will be made
regarding the estimation results obtained by simulation for the elastic modulus distribution reconstructing method with
the three-dimensional finite element model proposed in the present embodiment. Note that the elastic modulus distribution
reconstructing method is a method for estimating the elastic modulus distribution based upon the strain distribution,
which serves as a method performed in the second stage in the tissue elasticity imaging system.

[0143] The elastic modulus distribution reconstructing method proposed in the present embodiment has the principal
function for estimating the elastic modulus distribution based upon the three-dimensional kinetic equilibrium equation.
Now, the advantages of the elastic modulus distribution reconstructing method proposed in the present embodiment
are confirmed by making comparison between the elastic modulus distribution reconstructing method according to the
present embodiment and the two-dimensional reconstructing method having the same processing except for calculation
using the two-dimensional kinetic equilibrium equation. Note that calculation with the two-dimensional reconstructing
method is made on the assumption that the plane strain occurs in the tissue. In the present simulation, two models each
of which have a three-dimensional structure as with the actual tissue are employed as the tissue models as shown in
Fig. 21. That is to say, Fig. 21 shows two tissue model examples each of which have a three-dimensional structure. Fig.
21(a) shows an inclusion-containing model containing an inclusion serving as a mammary tumor model. Specifically,
the inclusion-containing model has an outer size of 100 mm X 100 mm X 100 mm, and contains a rigid inclusion with
a diameter of 20 mm. Let us say that the inclusion has an elastic modulus of 30 kPa, and the material surrounding the
inclusion has an elastic modulus of 10 kPa. The aforementioned elastic moduli are determined based upon the elastic
modulus of the actual mammary tissue in the same way as with the simulation described above. On the other hand,
both the inclusion and the material surrounding the inclusion exhibit near-incompressibility, and accordingly, both are
assumed to have the same Poisson’s ratio of 0.49. Fig. 21(b) shows a layer-structure model for simulating a layer-
structure tissue such as a muscle. The layer-structure model has an outer size of 100 mm X 100 mm X 100 mm, and
contains a rigid layer with a thickness of 20 mm. Let us say that the rigid layer has an elastic modulus of 30 kPa, and
the material surrounding the rigid layer has an elastic modulus of 10 kPa. Note that the layer-structure model has a
uniform Poisson’s ratio of 0.49, as well.

[0144] Then, in a case of the inclusion-containing model shown in Fig. 21(a), compression under uniform external
pressure of 100 Pa from the upper face of the model along the axial direction is simulated on a computer. On the other
hand, in a case of the layer-structure model shown in Fig. 21(b), compression under uniform external pressure of 150
Pa from the upper face of the model along the axial direction is simulated on a computer. Note that compression under
different external pressure is simulated for the aforementioned two models such that the same strain of approximately
1% is simulated for each model. Then, the RF signals with and without application of pressure are simulated for each
tissue model, and the strain distribution in the axial direction is estimated with the expanded combined autocorrelation
method. Subsequently, the elastic modulus distribution is estimated based upon the estimated strain distribution in the
axial direction and the boundary conditions determined for the simulation of compression, using the three-dimensional
elastic modulus distribution reconstructing method. Also, the elastic modulus distribution is estimated based upon the
same strain distribution in the axial direction and the same boundary conditions using the two-dimensional reconstructing
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method for comparison. Here, the parameters used for simulating the RF signals include: a center frequency of 3.75
MHz, a pulse width of 0.75 mm; a ultrasonic beam width in the horizontal direction of 2.0 mm; a ultrasonic beam width
in the slice direction of 2.0 mm; and a scanning line pitch of 2.0 mm. On the other hand, the parameters used for
calculation with the expanded combined autocorrelation method include the size of the correlation window of 3.2 mm
(in the axial direction) X 4.0 mm (in the horizontal direction), and the search range of 11.2 mm (in the axial direction) X
14.0 mm (in the horizontal direction). On the other hand, with the elastic modulus distribution reconstructing method
using the three-dimensional finite element model, each tissue model is formed of 50,000 rectangular-parallelepiped
elements each of which have a size of 2 mm (in the axial direction) X 2 mm (in the horizontal direction) X 5 mm (in the
slice direction).

[0145] Fig. 22 through Fig. 25 show the simulation results. Fig. 22 and Fig. 23 show the estimation results for the
inclusion-containing model. On the other hand, Fig. 24 and Fig. 25 show the estimation results for the layer-structure
model. Note that while the three-dimensional distribution of the elastic modulus can be estimated with the three-dimen-
sional reconstructing method, each of Fig. 24 and Fig. 25 show a cross-sectional view thereof taken along the center
line of the model. The reason is that only the two-dimensional elastic modulus distribution can be estimated with the
two-dimensional reconstructing method. Accordingly, Fig. 24 and Fig. 25 show a cross-sectional view of the estimation
results taken along the center line of the model, thereby allowing the user to make comparison therebetween. On the
other hand, estimation values for the three-dimensional reconstructing method and the two-dimensional reconstructing
method obtained using each tissue model are listed in the following Table.

Error of elastic modulus Standard deviation in Error Of.
. . . . . contrast in
in region surrounding region surrounding
core of model
core of model [%] core of model [%] [%]
o
Three-dimensional
reconstructing 3.5 15.5 11.0
Inclusion-containing method
model Two-dimensional
reconstructing 30.9 17.9 35.9
method
Three-dimensional
reconstructing 8.5 26.8 3.1
Layer-structure method
model Two-dimensional
reconstructing 24.9 221 43.5
method

The estimation parameters used here include: the error of elastic modulus eg in the region surrounding the core of the
model; the standard deviation SDg in the region surrounding the core of the model; and the error of the contrast e¢ in
the core region of the model, which are defined by the following Expressions.

A %)e =)
e, = E':,
1.5 -EF
SD==\/:V’ ’E,i
} =KE'¢—E—,)—(EC—E,X
: E.—FE, -(32)

[0146] Note that in the aforementioned Expressions, S represents the sum in the region surrounding the core, E*
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represents the estimated elastic modulus, E represents the actual elastic modulus, Ng represents the total number of
the elements in the region surrounding the core, E"g represents the average of the elastic modulus in the region sur-
rounding the core of the model, E"C represents the estimated elastic modulus in the core region of the model, E¢
represents the actual elastic modulus in the core region of the model, and Eg represents the actual elastic modulus in
the region surrounding the core of the model.

[0147] Ascan be understood from the aforementioned simulation results, it has been confirmed that the elastic modulus
distribution reconstructing method with the three-dimensional finite element model proposed in the present embodiment
has the advantage of estimating the elastic modulus distribution with higher precision than with the two-dimensional
reconstructing method formed on the assumption that plane stress occurs within the tissue. While three-dimensional
reconstructing method enables precise estimation of the elastic modulus distribution, the elastic modulus distribution
estimated with the two-dimensional reconstructing method exhibits smaller values than those of the actual elastic modulus
distribution. It is needless to say that the reason is that with the two-dimensional reconstructing method, calculation in
the direction orthogonal to the two-dimensional calculation plane is limited. In the present evaluation, it has been clearly
confirmed that the elastic modulus distribution reconstructing method with the three-dimensional calculation correspond-
ing to the actual tissue is suitably employed for analyzing actual tissue.

[0148] Next, description will be made regarding a specific configuration of an ultrasonic diagnosis system employing
the aforementioned expanded combined autocorrelation method and the aforementioned elastic modulus reconstructing
method with the three-dimensional finite element model. Fig. 26 is a diagram which shows a basic configuration of the
ultrasonic diagnosis system. The ultrasonic diagnosis system comprises a three-dimensional ultrasonic scanner 281,
an ultrasonic diagnosis apparatus 282, a personal computer 283, a pulse motor controller 284, a pulse motor 285, a
pressure gauge 286, and the like. The three-dimensional ultrasonic scanner 281 has functions for casting ultrasonic
pulse signals toward the tissue, and for receiving ultrasonic echo signals reflected from the tissue. Note that the system
employs the elastic modulus reconstructing method with the three-dimensional finite element model, and accordingly,
the system requires three-dimensional data within the tissue. Accordingly, the ultrasonic diagnosis system has a con-
figuration for making three-dimensional scanning with the three-dimensional ultrasonic scanner 281. The ultrasonic
diagnosis apparatus 282 has functions for controlling the three-dimensional ultrasonic scanner 281, and for displaying
real-time ultrasonic B-mode images, thereby allowing the user to determine the position of the region which is to be
measured. Note that a conventional ultrasonic diagnosis apparatus may be employed as the ultrasonic diagnosis ap-
paratus 282 without modification. The ultrasonic diagnosis apparatus includes a full-digital device having frame memory
for temporarily storing the measured RF signals. The personal computer 283 receives the RF signals measured by the
ultrasonic diagnosis apparatus 282, performs processing (processing proposed in the present embodiment described
above) for estimating the tissue elastic properties, and displays the estimation results. The pulse motor 285 has a function
for controlling the pressure applied to the tissue. The pulse motor 285 is fixed at the tip of a stationary arm, and the
three-dimensional ultrasonic scanner 281 is mounted on the moving portion of the pulse motor 285. The system has a
configuration wherein the pulse motor controller 284 controls the pulse motor 285 for adjusting the position of the
ultrasonic scanner 281 in the vertical direction, thereby allowing the user to adjusting the pressure applied to the tissue
which causes small compression thereof by several percent with high precision. The pressure gauge 286 has a function
for measuring the pressure on the body surface; the pressure serving as the boundary condition required for reconstructing
the elastic modulus reconstruction. Note that the pressure gauge 286 is positioned between the ultrasonic scanner 281
and the body surface. Here, the pressure measured with the pressure gauge 286 is used as the pressure on the body
surface on the assumption that compression of the tissue through the ultrasonic scanner 281 causes the uniform pressure
distribution on the body surface.

[0149] Fig. 27 is a diagram which shows a specific configuration of the ultrasonic scanner 281 included in the ultrasonic
diagnosis system. The three-dimensional ultrasonic scanner 281 does not have a two-dimensional array configuration
wherein ultrasonic transducers are two-dimensionally arrayed, but has a three-dimensional scanning configuration where-
in mechanical scanning of a two-dimensional convex scanning probe is made in the slice direction in water.

[0150] The ultrasonic diagnosis system shown in Fig. 26 is designed principally for diagnosis of mammary cancer,
and accordingly, the property parameters of the ultrasonic scanner are determined for diagnosis of mammary cancer.
Specifically, the principal property parameters of the ultrasonic scanner used here include: the ultrasonic center frequency
of 7.5 MHz, the sampling frequency of 30 MHz, the number of scanning lines of 71, the number of frames of 44, the
transducer scanning angle of 30°, and the period of time for a three-dimensional scanning cycle of 0.5 seconds. Note
that scanning of the convex probe is made in the slice direction by the aforementioned scanning angle of the transducer.
Also, the aforementioned number of frames means the number of the scanning images (frames) acquired for a single
cycle of scanning of the convex probe. On the other hand, the properties of the ultrasonic pulse obtained by actual
measurement using a wire target in water include: the pulse width of approximately 0.5 mm; the beam width in the
horizontal direction of approximately 1.5 mm; and the beam width in the slice direction of approximately 2.6 mm.
[0151] Next, description will be made regarding the operation of the ultrasonic diagnosis system shown in Fig. 26,
which makes measurement of the elastic properties. First, the user moves the three-dimensional scanner 281 mounted
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on the arm so as to make positioning of the ultrasonic scanner 281 at a desired portion which is to be measured while
monitoring the real-time B-mode images obtained by the ultrasonic diagnosis apparatus 282. Note that at the time of
positioning of the ultrasonic scanner 281, three-dimensional scanning of the ultrasonic scanner 281 is not made (i.e.,
mechanical scanning of the convex probe is not made), and only the B-mode image corresponding to the center plane
of the scanner is displayed on the ultrasonic diagnosis apparatus 282. The reason is that with the ultrasonic diagnosis
apparatus 282 used here, the real-time B-mode images cannot be displayed at the time of three-dimensional scanning.
It is needless to say that an ultrasonic diagnosis apparatus may be employed, which has a function wherein the real-
time B-mode images can be displayed at the time of three-dimensional scanning, thereby allowing the user to make
positioning of the three-dimensional ultrasonic scanner 281 while making three-dimensional scanning. Following posi-
tioning of the ultrasonic scanner 281 at a desired portion which is to be measured, the user fixes the moving portion of
the arm in order to fix the ultrasonic scanner 281. Then, the system makes measurement of the three-dimensional RF
signals without pressure applied to the tissue. Note that upon the user pressing the button for three-dimensional scanning,
three-dimensional scanning is automatically made. Here, the period of time for a single cycle of the three-dimensional
scanning is only 0.5 seconds. The measured RF data without application of pressure is stored in the frame memory
within the ultrasonic apparatus. Subsequently, upon the user pressing the button one time for operating the pulse motor
controller 284 for controlling compression of the tissue, the pulse motor 285 fixed to the arm moves the ultrasonic scanner
281 by a predetermined distance, thereby compressing the tissue through the ultrasonic scanner 281. Subsequently,
the motor 285 stops while maintaining compression of the tissue. In this state, the user presses the button again for
three-dimensional scanning, whereby the RF data under pressure applied to the tissue is measured. Note that the RF
data under pressure applied to the tissue is stored in the frame memory included in the ultrasonic apparatus 282 in the
same way as with the RF data without application of pressure. Also, the pressure applied to the tissue is measured with
the pressure gauge mounted at the end of the ultrasonic scanner 281. Then, measurement ends, and the pressure
applied to the tissue is released, following which the subject is freed.

[0152] Following freeing of the subject, the system accesses the frame memory included in the ultrasonic diagnosis
apparatus 282 through the personal computer 283, and the RF data with and without pressure applied to the tissue is
stored on a hard disk included in the personal computer 283. Such processing is performed since the frame memory
included in the ultrasonic apparatus has a function for temporarily storing the data, i.e., has only a capacity for storing
the data for a single measurement cycle. The personal computer 283 executes a program for calculation using the
expanded combined autocorrelation method and the elastic modulus distribution reconstructing method with the three-
dimensional finite element model in order to estimate the strain distribution and the elastic modulus distribution based
upon the RF data with and without pressure applied to the tissue. Then, the personal computer 283 displays the B-mode
image, the strain image, and the elastic modulus image, on a monitor, by executing a display program.

[0153] The ultrasonic diagnosis system using the strain distribution display method and the elastic modulus distribution
display method according to the present invention has the advantage of enabling reconstruction of the elastic modulus
distribution based upon the strain distribution in the ultrasonic beam direction (axial direction) alone, as well as the
advantage of enabling estimation of the displacement distribution regardless of displacement in the horizontal direction.

Claims
1. An ultrasonic diagnosis system comprising:

an ultrasonic probe (91) for performing transmission/reception of ultrasonic echo signals to/from a subject tissue
(11);

quadrature detection means (92) for performing quadrature detection regarding each of the ultrasonic echo
signals received by the ultrasonic probe (91) with and without pressure applied to the subject tissue (11) by the
ultrasonic probe (91), and creating envelope signals;

correlation computing means (93) for setting a plurality of measurement points each separated by a predeter-
mined pitch of ultrasonic beam within the subject tissue (11), calculating the correlation coefficient between the
envelope signals at each measurement point with and without the pressure application, by using a three-
dimensional correlation window, and obtaining a maximum correlation position where the correlation coefficient
is greatest, and a phase difference between the envelope signals with and without application of pressure at
the maximum correlation position;

displacement computing means (94, 95) for obtaining displacement information for each measurement point,
within the subject tissue (11) due to the application of pressure, based upon the maximum coefficient position
and the phase difference obtained by the correlation computing means (93);

strain computing means (96, 97) for obtaining strain distribution information by performing spatial differentiation
of the displacement information of each point within the subject tissue (11); and

28



10

15

20

25

30

35

40

45

50

55

EP 2 374 413 B1
display means (99) for displaying the strain distribution information.
An ultrasonic diagnosis system according to Claim 1, further comprising:

elastic modulus computing means for creating at least a finite element model by dividing the subject tissue into
a finite number of elements, and computing elastic modulus distribution information using the model information
and the strain distribution information;

wherein the display means (99) is adapted to display at least one of the strain distribution information and the
elastic modulus distribution information.

An ultrasonic diagnosis system according to either Claim 1 or 2, wherein the ultrasonic probe (91) is a two-dimensional
array ultrasonic probe, and the correlation computing means (93) are configured to set the predetermined pitch so
as to be at intervals of half-wavelength in an axial direction.

An ultrasonic diagnosis system according to either Claim 1 or 2, wherein the ultrasonic probe (91) is a one-dimensional
array ultrasonic probe which is configured to be moved so as to scan in the slice direction, and wherein the correlation
computing means (93) are configured to set the predetermined pitch so as to be at intervals of half-wavelength in
an axial direction.

An ultrasonic diagnosis system according to either Claim 3 or 4, wherein the correlation computing means (93) is
adapted to create quadrature detection envelope signals shifted in the axial direction by an integer multiple of half
of the wavelength, using the envelope signals obtained by quadrature detection by the quadrature detection means
(92), and calculate correlation coefficients between the envelope signals with and without the pressure application
for each measurement point.

An elasticity information distribution display method comprising:

a first step for inputting ultrasonic echo signals acquired with an ultrasonic probe (91) to a subject tissue (11);
a second step for performing by a quadrature detection means (92) quadrature detection regarding each of the
ultrasonic echo signals input from the ultrasonic probe with and without pressure applied to the subject tissue
(11) by the ultrasonic probe (91), and creating envelope signals;

a third step for setting a plurality of measurement points each separated by a predetermined pitch of the ultrasonic
beam within the subject tissue (11), calculating the correlation coefficient between the envelope signals at each
measurement point with and without the pressure application, by using a three-dimensional correlation window,
and obtaining amaximum correlation position where the correlation coefficientis greatest, and a phase difference
between the envelope signals with and without the pressure application at the maximum correlation position;
a fourth step for obtaining displacement information for each measurement point within the subject tissue (11)
due to the application of pressure, based upon the maximum coefficient position and the phase difference
obtained in the third step;

a fifth step for obtaining strain distribution information by performing spatial differentiation of the displacement
information of each point within the subject tissue (11); and

a sixth step for displaying the strain distribution information.

7. An elasticity information distribution display method according to Claim 6, further comprising:

a seventh step for creating at least a finite element model by dividing the subject tissue (11) into a finite number
of elements, and computing elastic modulus distribution information using the model information and the strain
distribution information;

wherein at least one of the strain distribution information and the elastic modulus distribution information is
displayed in the sixth step.

8. An elasticity information distribution display method according to either Claim 6 or 7, wherein the ultrasonic probe

(91) is a two-dimensional array ultrasonic probe, and the predetermined pitch is set in the third step so as to be at
intervals of half-wavelength in an axial direction.

An elasticity information distribution display method according to either Claim 6 or 7, wherein the ultrasonic probe

(91) is a one-dimensional array ultrasonic probe which is is moved so as to scan in the slice direction, and wherein
the predetermined pitch is set in the third step so as to be at intervals of half-wavelength in an axial direction.
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An elasticity information distribution display method according to either Claim 8 or 9, wherein in the third step,
quadrature detection envelope signals shifted in the axial direction by an integer multiple of half of the wavelength
are created, using the envelope signals obtained by quadrature detection by the quadrature detection means (92),
and correlation coefficients between the envelope signals with and without the pressure application for each meas-
urement point are calculated.

An ultrasonic diagnosis system according to either Claim 1 or 2, further comprising:

storage means for accumulating volume data made up of frame data of ultrasonic signals detected by the
ultrasonic probe (91) with and without the pressure application;

wherein the ultrasound probe is a one-dimensional array ultrasonic probe, and the correlation calculation means
(93) are configured to set a plurality of the measurement points with respect to the volume data with and without
the pressure application, stored in the storage means.

Patentanspriiche

1.

Ultraschalldiagnosesystem mit

einer Ultraschallsonde (91) zum Senden/Empfangen von Ultraschallechosignalen an/von einem Subjektgewebe
(1),

einer Quadraturerfassungseinrichtung (92) zum Durchfuhren einer Quadraturerfassung bezuglich jedem der durch
die Ultraschallsonde (91) empfangenen Ultraschallechosignale mit und ohne durch die Ultraschallsonde (91) auf
das Subjektgewebe (11) ausgelibtem Druck, und zum Erzeugen von Einhiillsignalen,

einer Korrelationsberechnungseinrichtung (93) zum Einstellen mehrerer Messpunkte, die jeweils um einen vorbe-
stimmten Rasterabstand des Ultraschallstrahls innerhalb des Subjektgewebes (11) voneinander getrennt sind, zum
Berechnen des Korrelationskoeffizienten zwischen den Einhiillsignalen an jedem Messpunkt mit und ohne die Druck-
auslibung durch Verwendung eines dreidimensionalen Korrelationsfensters, und zum Erhalten einer maximalen
Korrelationsposition, an der der Korrelationskoeffizient am gréfiten ist, sowie einer Phasendifferenz zwischen den
Einhillsignalen mit und ohne Druckausiibung an der maximalen Korrelationsposition,

einer Verschiebungsberechnungseinrichtung (94, 95) zum Erhalten von Verschiebungsinformation fir jeden Mes-
spunkt innerhalb des Subjektgewebes (11) auf Grund der Druckauslbung basierend auf der Maximalkoeffizienten-
position und der Phasendifferenz, die durch die Korrelationsberechnungseinrichtung (93) erhalten wurden,

einer Spannungsberechnungseinrichtung (96, 97) zum Erhalten von Spannungsverteilungsinformation, indem eine
raumliche Ableitung der Verschiebungsinformation jedes Punkts innerhalb des Subjektgewebes (11) durchgefiihrt
wird, und

einer Anzeigeeinrichtung (99) zum Anzeigen der Spannungsverteilungsinformation.

Ultraschalldiagnosesystem nach Anspruch 1, ferner mit

einer Elastizitdtsmodul-Berechnungseinrichtung zum Erzeugen wenigstens eines Finite-Elemente-Modells, indem
das Subjektgewebe in eine endliche Anzahl von Elementen unterteilt wird, und zum Berechnen einer Elastizitats-
modul-Verteilungsinformation unter Verwendung der Modellinformation und der Spannungsverteilungsinformation,
wobei die Anzeigeeinrichtung (99) dazu ausgelegt ist, die Spannungsverteilungsinformation und/oder die Elastizi-
tatsmodul-Verteilungsinformation anzuzeigen.

Ultraschalldiagnosesystem nach Anspruch 1 oder 2, wobei

die Ultraschallsonde (91) eine Ultraschallsonde mit zweidimensionalem Array ist und die Korrelationsberechnungs-
einrichtung (93) dazu konfiguriert ist, den vorbestimmten Rasterabstand so einzustellen, dass er Intervalle von
halber Wellenldnge in einer axialen Richtung hat.

Ultraschalldiagnosesystem nach Anspruch 1 oder 2, wobei die Ultraschallsonde (91) eine Ultraschallsonde mit
eindimensionalem Array ist, die dazu konfiguriert ist, so bewegt zu werden, dass sie in der Schichtenebene durch-
tastet, und wobei die Korrelationsberechnungseinrichtung (93) dazu konfiguriert ist, den vorbestimmten Rasterab-
stand so einzustellen, dass er Intervalle von halber Wellenlange in einer axialen Richtung hat.

Ultraschalldiagnosesystem nach Anspruch 3 oder 4, wobei die Korrelationsberechnungseinrichtung (93) dazu aus-
gelegt ist, Quadraturerfassungs-Einhiillsignale zu erzeugen, die in der axialen Richtung um ein ganzzahliges Viel-
faches einer halben Wellenlange verschoben sind, indem die durch die Quadraturerfassung von der Quadraturer-
fassungseinrichtung (92) erhaltenen Einhiillsignale verwendet werden, und dazu, Korrelationskoeffizenten zwischen
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den Einhiillsignalen mit und ohne die Druckauslibung fiir jeden Messpunkt zu berechnen.

Elastizitatsinformationsverteilungs-Anzeigeverfahren, in dem

in einem ersten Schritt mit einer Ultraschallsonde (91) erstellte Ultraschallechosignale auf ein Subjektgewebe (11)
eingegeben werden,

in einem zweiten Schritt durch eine Quadraturerfassungseinrichtung (92) eine Quadraturerfassung bezuglich jedes
der Ultraschallechosignale durchgeflihrt wird, die von der Ultraschallsonde mit und ohne durch die Ultraschallsonde
(91) auf das Subjektgewebe (11) ausgelibten Druck eingegeben wurden, und Einhlllsignale erzeugt werden,

in einem dritten Schritt mehrere Messpunkte eingestellt werden, die jeweils um einen vorbestimmten Rasterabstand
des Ultraschallstrahls innerhalb des Subjektgewebes (11) getrennt sind, der Korrelationskoeffizent zwischen den
Einhillsignalen an jedem Messpunkt mit und ohne Druckausiibung berechnet wird, indem ein dreidimensionales
Korrelationsfenster verwendet wird, und eine maximale Korrelationsposition, an der der Korrelationskoeffizient am
groéBten ist, und eine Phasendifferenz zwischen den Einhiillsignalen mit und ohne die Druckausiibung an der ma-
ximalen Korrelationsposition erhalten werden,

in einem vierten Schritt Verschiebungsinformation fir jeden Messpunkt innerhalb des Subjektgewebes (11) auf
Grund der Druckaustibung basierend auf der in dem dritten Schritt erhaltenen Maximalkoeffizientenposition und
Phasendifferenz erhalten wird,

in einem flinften Schritt Spannungsverteilungsinformation erhalten wird, indem eine raumliche Ableitung der Ver-
schiebungsinformation jedes Punkts innerhalb des Subjektgewebes (11) durchgefiihrt wird, und

in einem sechsten Schritt die Spannungsverteilungsinformation angezeigt wird.

Elastizitatsinformationsverteilungs-Anzeigeverfahren nach Anspruch 6, in dem ferner

in einem siebten Schritt wenigstens ein Finite-Elemente-Modell erzeugt wird, indem das Subjektgewebe (11) in eine
endliche Anzahl von Elementen unterteilt wird, und Elastizitdtsmodulverteilungsinformation unter Verwendung der
Modellinformation und der Spannungsverteilungsinformation berechnet wird,

wobei die Spannungsverteilungsinformation und/oder die Elastizitdtsmodulverteilungsinformation in dem sechsten
Schritt angezeigt wird.

Elastizitatsinformationsverteilungs-Anzeigeverfahren nach Anspruch 6 oder 7, wobei die Ultraschallsonde (91) eine
Ultraschallsonde mit zweidimensionalem Array ist und der vorbestimmte Rasterabstand in dem dritten Schritt so
eingestellt wird, dass er Intervalle von halber Wellenlénge in einer axialen Richtung hat.

Elastizitatsinformationsverteilungs-Anzeigeverfahren nach Anspruch 6 oder 7, wobei die Ultraschallsonde (91) eine
Ultraschallsonde mit eindimensionalem Array ist, die bewegt wird, um in der Schichtenrichtung durchzutasten, und
wobei der vorbestimmte Rasterabstand in dem dritten Schritt so eingestellt wird, dass er Intervalle von halber
Wellenlénge in einer axialen Richtung hat.

Elastizitatsinformationsverteilungs-Anzeigeverfahren nach Anspruch 8 oder 9, wobei in dem dritten Schritt Quadra-
turerfassungs-Einhillsignale erzeugt werden, die in der axialen Richtung um ein ganzzahliges Vielfaches einer
halben Wellenldnge verschoben sind, indem die durch die Quadraturerfassung von der Quadraturerfassungsein-
richtung (92) erhaltenen Einhullsignale verwendet werden, und Korrelationskoeffizienten zwischen den Einhiillsig-
nalen mit und ohne die Druckaustibung fiir jeden Messpunkt berechnet werden.

Ultraschalldiagnosesystem nach Anspruch 1 oder 2, ferner mit

einer Speichereinrichtung zum Sammeln von Volumendaten, die aus Bilddaten von Ultraschallsignalen aufgebaut
sind, die durch die Ultraschallsonde (91) mit und ohne die Druckausiibung erfasst wurden,

wobei die Ultraschallsonde eine Ultraschallsonde mit eindimensionalem Array ist, und die Korrelationsberechnungs-
einrichtung (93) dazu konfiguriert ist, mehrere der Messpunkte bezlglich den Volumendaten mit und ohne die
Druckausiibung einzustellen, die in der Speichereinrichtung gespeichert ist.

Revendications

1.

Systeme de diagnostic ultrasonore, comprenant :
une sonde ultrasonore (91) pour effectuer I'émission de signaux ultrasonores vers des tissus (11) d’un sujet et

la réception de signaux d’écho ultrasonores en provenance des tissus (11) du sujet ;
des moyens de détection en quadrature (92) pour effectuer une détection en quadrature concernant chacun
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des signaux d’écho ultrasonores regus par la sonde ultrasonore (91) avec et sans application de pression aux
tissus (11) du sujet par la sonde ultrasonore (91), et créer des signaux d’enveloppe ;

des moyens de calcul de corrélation (93) pour régler une pluralité de points de mesure séparés deux a deux
par un pas prédéterminé du faisceau ultrasonore a I'intérieur des tissus (11) du sujet, calculer le coefficient de
corrélation entre les signaux d’enveloppe a chaque point de mesure avec et sans application de pression, par
utilisation d’'une fenétre de corrélation tridimensionnelle, et obtenir une position de corrélation maximale a
laquelle le coefficient de corrélation est le plus grand, et une différence de phase entre les signaux d’enveloppe
avec et sans application de pression a la position de corrélation maximale ;

des moyens de calcul de déplacement (94, 95) pour obtenir, pour chaque point de mesure a l'intérieur des
tissus (11) du sujet, des informations de déplacement di a I'application de pression, sur la base de la position
de coefficient maximal et de la différence de phase obtenues par les moyens de calcul de corrélation (93) ;
des moyens de calcul de contrainte (96, 97) pour obtenir des informations de distribution de contrainte par
réalisation d’une différentiation spatiale des informations de déplacement de chaque point a I'intérieur des tissus
(11) du sujet ; et

des moyens d’affichage (99) pour afficher les informations de distribution de contrainte.

2. Systéme de diagnostic ultrasonore selon la revendication 1, comprenant en outre :

des moyens de calcul de module d’élasticité pour créer au moins un modele par éléments finis par division des
tissus du sujet en un nombre fini d’éléments, et calculer des informations de distribution de module d’élasticité
a l'aide des informations de modéle et des informations de distribution de contrainte ;

dans lequel les moyens d’affichage (99) sont congus pour afficher les informations de distribution de contrainte
et/ou les informations de distribution de module d’élasticité.

Systeme de diagnostic ultrasonore selon la revendication 1 ou 2, dans lequel la sonde ultrasonore (91) est une
sonde ultrasonore a matrice bidimensionnelle, et les moyens de calcul de corrélation (93) sont configurés pour
régler le pas prédéterminé de maniére a étre a intervalles d’'une demi-longueur d’onde dans une direction axiale.

Systeme de diagnostic ultrasonore selon la revendication 1 ou 2, dans lequel la sonde ultrasonore (91) est une
sonde ultrasonore a matrice unidimensionnelle qui est configurée pour étre déplacée de maniere a effectuer un
balayage dans une direction de coupe, et dans lequel les moyens de calcul de corrélation (93) sont configurés pour
régler le pas prédéterminé de maniére a étre a intervalles d’'une demi-longueur d’onde dans une direction axiale.

Systeme de diagnostic ultrasonore selon la revendication 3 ou 4, dans lequel les moyens de calcul de corrélation
sont congus pour créer des signaux d’enveloppe de détection en quadrature décalés dans la direction axiale par
un multiple entier de la demi-longueur d’onde, a I'aide des signaux d’enveloppe obtenus par détection en quadrature
par les moyens de détection en quadrature (92), et calculer des coefficients de corrélation entre les signaux d’en-
veloppe avec et sans application de pression pour chaque point de mesure.

Procédé d’affichage de distribution d’informations d’élasticité, comprenant :

une premiére étape consistant a introduire des signaux d’écho ultrasonores acquis avec une sonde ultrasonore
(91) en provenance de tissus (11) d’'un sujet ;

une deuxiéme étape consistant a effectuer, par des moyens de détection en quadrature (92), une détection en
quadrature concernant chacun des signaux d’écho ultrasonores introduits en provenance de la sonde ultraso-
nore avec et sans application de pression aux tissus (11) du sujet par la sonde ultrasonore (91), et créer des
signaux d’enveloppe ;

une troisieme étape consistant a régler une pluralité de points de mesure séparés deux a deux par un pas
prédéterminé du faisceau ultrasonore a I'intérieur des tissus (11) du sujet, a calculer le coefficient de corrélation
entre les signaux d’enveloppe a chaque point de mesure avec et sans application de pression, par utilisation
d’'une fenétre de corrélation tridimensionnelle, et a obtenir une position de corrélation maximale a laquelle le
coefficient de corrélation est le plus grand, et une différence de phase entre les signaux d’enveloppe avec et
sans application de pression a la position de corrélation maximale ;

une quatrieme étape consistant a obtenir, pour chaque point de mesure a l'intérieur des tissus (11) du sujet,
des informations de déplacement d(i a I'application de pression, sur la base de la position de coefficient maximal
et de la différence de phase obtenues a la troisieme étape ;

une cinquiéme étape consistant a obtenir des informations de distribution de contrainte par réalisation d’'une
différentiation spatiale des informations de déplacement de chaque point a I'intérieur des tissus (11) du sujet ; et
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une sixieme étape consistant a afficher les informations de distribution de contrainte.
Procédé d’affichage de distribution d’informations d’élasticité selon la revendication 6, comprenant en outre :

une septiéme étape consistant a créer au moins un modele par éléments finis par division des tissus (11) du
sujet en un nombre fini d’éléments, et a calculer des informations de distribution de module d’élasticité a I'aide
des informations de modéle et des informations de distribution de contrainte ;

dans lequel les informations de distribution de contrainte et/ou les informations de distribution de module d’élas-
ticité sont affichées a la sixieme étape.

Procédé d’affichage de distribution d’informations d’élasticité selon la revendication 6 ou 7, dans lequel la sonde
ultrasonore (91) est une sonde ultrasonore a matrice bidimensionnelle, et le pas prédéterminé estréglé a la troisieme
étape de maniéere a étre a intervalles d’'une demi-longueur d’onde dans une direction axiale.

Procédé d’affichage de distribution d’informations d’élasticité selon la revendication 6 ou 7, dans lequel la sonde
ultrasonore (91) est une sonde ultrasonore a matrice unidimensionnelle qui est déplacée de maniére a effectuer un
balayage dans une direction de coupe, et dans lequel le pas prédéterminé est réglé a la troisieme étape de maniére
a étre a intervalles d’'une demi-longueur d’onde dans une direction axiale.

Procédé d’affichage de distribution d’informations d’élasticité selon la revendication 8 ou 9, dans lequel a la troisieme
étape, des signaux d’enveloppe de détection en quadrature décalés dans la direction axiale par un multiple entier
de la demi-longueur d’onde sont créés, a I'aide des signaux d’enveloppe obtenus par détection en quadrature par
les moyens de détection en quadrature (92), et des coefficients de corrélation entre les signaux d’enveloppe avec
et sans application de pression pour chaque point de mesure sont calculés.

Systeme de diagnostic ultrasonore selon la revendication 1 ou 2, comprenant en outre :

des moyens de stockage pour accumuler des données de volume constituées de données d’'image de signaux
ultrasonore détectés par la sonde ultrasonore (91) avec et sans application de pression ;
dans lequel la sonde ultrasonore est une sonde ultrasonore a matrice unidimensionnelle, et les moyens de
calcul de corrélation (93) sont configurés pour régler une pluralité de points de mesure relativement aux données
de volume avec et sans application de pression, stockées dans les moyens de stockage.
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FIG. 19(a) FIG. 19(b)
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FIG. 20(a) FIG. 20(b)
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FIG. 21(a)
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FIG. 22(a) FIG. 22(b)
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FIG. 23(a)
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FIG. 24(a) FIG. 24(b)
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FIG. 25(a)
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FIG. 26
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FIG. 27

SLICE DIRECTION
AXIAL DIRECTION
CONVEX PROBE
MECHANICAL /

SCANNING

58



EP 2 374 413 B1
REFERENCES CITED IN THE DESCRIPTION
This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

* DE 19824108 A1 [0007]

Non-patent literature cited in the description

e J.OPHIR; |l. CESPEDES ; H. PONNEKANATI ;Y. * Real Time Tissue Elasticity Imaging Using the Com-

YAZDI ; X. LI. Elastography: A quantitative method bined Autocorrelation Method. Japanese Journal of

for imaging the elasticity of biological tissue. Ulfra- Medical Ultrasonics, vol. 26 (2), 57-66 [0006]

sonic Imaging, 1991, vol. 13, 111-134 [0003] e Journal of Medical Ultrasonics, vol. 29, 119-128
[0006]

59



patsnap

ERATROF) HBEZMRGMNES HERAE
DF(RE)F EP2374413B1 DF(E)A 2017-06-21
RiES EP2011005454 RiEHR 2003-07-31

FRIBEB(ERDAGR) HRALEAIEZH
HETSUYOSHI

B (E R AGR) HIBETEMRDERAR
#%& , TSUYOSHI

LFIEAF(ZER)AGE) HITACHI, LTD.
#%& , TSUYOSHI

[FRIRBAA SHIINA TSUYOSHI
YAMAKAWA MAKOTO
NITTA NAOTAKA

REAA SHIINA, TSUYOSHI
YAMAKAWA, MAKOTO
NITTA, NAOTAKA

IPCHES A61B8/00 A61B8/08 G01S7/52 G01S15/10 G01S15/88 G01S15/89 A61B5/00

CPC@o = A61B5/0048 A61B8/08 A61B8/0825 A61B8/485 A61B8/488 G01S7/52042 G01S15/10 G01S15/88
G01S15/8906

{15 2002222868 2002-07-31 JP
2002222869 2002-07-31 JP

H 2N FF 3Rk EP2374413A3
EP2374413A2

SNERaE Espacenet

BEGR)

NERBEEEMBEL , ZMBESEBESEZREER NG
EXMMNBRERELHEORFESMRENIEES. WESEXNT
MBBEBEEERRLE (F—%5A@) , E-EAARE=LHFE LB

3, MERBERZINZENERESHAREETHXEOMNL

B, BENEREBEREA, Bt , REAEERNNERINLE  HE -
REEHB BN EHRFES ZRNEME , NTBEELIREHEMLE —
NEFEENEFNNEIMLE., At , IUERZABERGNER
THIHIBS® , BAOTENE , H AN KFEAEVE,

¢ ,


https://share-analytics.zhihuiya.com/view/49bcf39f-584c-47f1-98c8-3181fec79d0f
https://worldwide.espacenet.com/patent/search/family/031190341/publication/EP2374413B1?q=EP2374413B1

