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Description
Technical Field

[0001] The presentinvention 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] Onthe 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 ultra-
sonic 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.

[0004] 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.

[0005] 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 cor-
responding 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 (scanning 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 correla-
tion 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 disad-
vantage of being calculation-intensive for the spatial correlation processing, leading to difficulty in processing in real
time, unlike the conventional ultrasonic diagnosis.

[0006] Accordingly, it is an object of the present invention to provide a method for obtaining the displacement distri-
bution, strain distribution, and elastic modulus distribution, in real time.
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Disclosure of Invention

[0007] In order to solve the aforementioned problems, an ultrasonic diagnosis system according to the present in-
vention for obtaining the displacement of the tissue of the subject based upon the reflected echo signals (RF signals)
by measurement of the subject with and without application of pressure using an ultrasonic probe comprises: storage
means for storing the properties of signals such as the envelope signals thereof detected with said ultrasonic probe;
correlation computing means for calculating the correlation coefficient between said properties with and without pres-
sure applied to the subject and the phase difference between the received signals with and without application of
pressure, based upon said properties stored in said storage means with and without pressure applied to said subject;
and displacement computing means for calculating the displacement of each measurement point due to said application
of pressure based upon the correlation coefficient and the phase difference between the RF signals with and without
application of pressure thus obtained by the correlation computing means. Furthermore, the ultrasonic diagnosis sys-
tem according to the present invention may include strain computing means for calculating the strain distribution of the
tissue of the subject by making spatial differentiation of the displacement at each measurement point, and display
means for displaying the strain distribution thus obtained.

[0008] As descried above, with the ultrasonic diagnosis system according to the present invention, 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, with the ultrasonic diagnosis system according to the present invention, 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.

[0009] 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.

[0010] Accordingly, with the ultrasonic diagnosis system according to the present invention, first, the autocorrelation
functions of the envelope signals with and without application of pressure are preferably calculated. Then, the corre-
lation coefficient is obtained by varying the phase difference between the autocorrelation functions thus obtained cor-
responding 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, there-
by enabling high-speed processing Furthermore, the ultrasonic diagnosis system according to the present invention
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
coefficient between the envelope signals with and without application of pressure for the measurement points sur-
rounded 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 point which exhibits the correlation coefficient and the phase difference thus obtained by the correlation
computing means.

[0011] 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
window, and the advantage of real-time and high-precision calculation in the Doppler method. The Combined Auto-
correlation 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, with the ultrasonic diagnosis system according to the presentinvention, 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.
[0012] In order to further improve calculation speed of the displacement computation, first, the autocorrelation func-
tions 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 a range corresponding to the predetermined variation of the measurement
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points.

[0013] Furthermore, the displacement computation according to the present invention may be applied not only to
two-dimensional calculation, but also to three-dimensional calculation. With an three-dimensional arrangement em-
ploying 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
an 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 surrounded by the three-dimensional correlation in three-dimensional di-
rections 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 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 ultra-
sonic-beam scanning direction, and the slice direction orthogonal to the aforementioned two directions. Furthermore,
the correlation computing means preferably obtain the phase difference 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.
[0014] Furthermore, an method for obtaining the elastic modulus distribution according to the present invention 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-dimensional finite element model by dividing the tissue of the subject into a finite
number of rectangular parallelepiped elements on the assumption that the tissue of the subject exhibits isotropic elas-
ticity 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.

[0015] As described above, calculation according to the present invention 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, calcu-
lation according to the present invention may be made on the assumption that the tissue serves as an isotropic elastic
model. On the other hand, with the present invention, 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 with the present invention, 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, with the
present invention, calculation is preferably made with the Poisson's ratio of 0.49. The elastic modulus distribution
computation according to the present invention 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
[0016]

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-
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correlation method.

Fig. 7 is a block diagram which shows the schematic configuration of an ultrasonic diagnosis system according to
an embodiment of 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
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 auto-
correlation method, expanded combined autocorrelation method, spatial correlation method) in a case of displace-
ment of 0.0 mm in the horizontal direction.

Fig. 17 is a diagram which shows the strain distribution estimated with each estimating method (combined auto-
correlation method, expanded combined autocorrelation method, spatial correlation method) in a case of displace-
ment 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.

Best Mode for Carrying Out the Invention

[0017] 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, envelope-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 displace-
ment 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) dis-
tribution in the axial direction alone using the elastic modulus distribution reconstructing method described later.
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[0018] 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. 1is 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
afirst 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 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 (1).

t=? M

[0019] Here, crepresents 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.

[0020] 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 u,, and the angular frequency of the vibration o, as
represented by the following Expression (2).

2(/.5,2 + o2 u,” )

p(ul 202 + 0?1, )

v =

w(2)

[0021] 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 under-
stood 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-distri-
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bution estimating methods include a method using spatial correlation, and a method using the Doppler effect.

[0022] 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 i(t, x) and i(t, x), respectively, the
cross-correlation coefficient C(t, x; n, m) between the aforementioned two signals is represented by the following Ex-
pression (3).

1512 x/2 .
Z Zi|(t+v,x+w)iz(t+v+nL,,x+w+mLx)
. _ va—ty 2 Ww==xy/2
C(t,x’n’m)_ fo/2  x/2 1,12 x/2 )
Z Zi,z(t,x)- Z Ziz (t+v+nL,x+w+mL.)
v=—tg/2 w=-xy/2 v=—_p/2 w=>—xo12 _ ( 3 )

[0023] 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, I), 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.

[0024] 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-di-
mensional 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.
[0025] Fig. 4 is a diagram which shows a mechanism of the Doppler method. With the present method, the displace-
ment 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).

L= RelA(t) e~/ (@0t=9) J

L@ =Rela@ -/

[0026] Here, i4(t) represents the RF signals without application of pressure, i5(t) represents the RF signals with ap-
plication of pressure, A(t) represents the envelope signals, o, represents the center angular frequency of the ultrasonic
wave, and 1 represents the time shift. Upon performing quadrature detection for each of two RF signals, the base-band
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signals are obtained as represented by the following Expression.

5, () = A(t)e”

5,(1) = A(¢ ~7)e/Co) (5)

[0027] Also, the complex correlation function Ry,(t) between the aforementioned two signals is represented by the
following Expression.

0/2 . - joyT
Ry®)= [ s,t+V)s, (49 dv =R ()e”
19/2 w(6)

[0028] 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 op-
erator. Accordingly, the time shift T and the displacement Uy in the axial direction due to application of pressure are
obtained from the phase ¢(t) of the correlation function Ry,(t) as represented by the following Expression (7).

0=-20
®g
u =3 (7)

[0029] Note that c represents the sound speed within the tissue, and is assumed to be constant within the tissue.
[0030] 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.

[0031] In order to solve the aforementioned problems, the present inventors have proposed "Combined Autocorre-
lation 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 com-
bined 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.

[0032] 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,() = Re|4@e @ |

i,(f) = Re|d(t — )e/I=¢>-2]| ®)

[0033] Here, i4(t) represents the RF signals without application of pressure, i5(t) represents the RF signals with ap-
plication of pressure, A(t) represents the envelope signals, o, represents the center angular frequency of the ultrasonic
wave, and 1 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.
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5,() = A(®)e’®

S2 (t) = A(t b T)ej(wor+9) -“( 9 )

[0034] Then, the complex correlation function Ry5(t; n) between the aforementioned two signals is represented by
the following Expression.

(-

(n=----2,-1,0,1,2,--") ~.(10)

o T . ) T ~Ja
R,(t;n)= L:’zzs,(t+v)sz(t+n—2—+v) dv=RA(t;r—n—2—)e

[0035] Here, T represents the cycle of the ultrasonic wave, Ry(t; 1) 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
of n = 0, the combined autocorrelation function matches the autocorrelation function in the Doppler method as repre-
sented 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 order to solve the aforementioned problem, with the combined autocorrelation method, the envelope corre-
lation coefficient C(t; n) is defined as represented by the following Expression (11).

C(t:n) = [Ryo(t:n)|

= (11)
JIR 11 (EO) R (8n)]

[0036] Note that Ry4(t; 0) represents the autocorrelation function of s4(t), and R,,(t; n) represents the autocorrelation
function of sy(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 t and the displacement uy in the axial direction are calculated using ¢(t; k) as represented by the
following Expression.

u, = "7‘ (12)
[0037] Note that c represents the sound speed within the tissue, and is assumed to be constant within the tissue.
[0038] With the combined autocorrelation method, the aforementioned processing is performed for each measure-
ment 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
autocorrelation method has the advantage of enabling the user to estimate the displacement distribution containing
large displacement (i.e., displacement of a quarter or more the wavelength of the ultrasonic wave) using envelope
correlation, unlike the Doppler method.

[0039] 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 un-
pressed 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
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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 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.

[0040] 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, cal-
culates 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 com-
puting 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 Sg 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 corre-
lation 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 corre-
lation coefficient Cy(t).

[0041] 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,(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 ly4(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 Sg; and S;; based thereupon, and outputs the base-band signals Sg4
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,; from the first correlation coefficient com-
puting circuit 1351, calculates the correlation value |Rxy4| 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 Sg4 and S, from the first correlation coefficient computing circuit 1351, and
calculates the phase difference ¢(t) based thereupon. The second correlation coefficient computing circuit 1381 re-
ceives 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 C,(t).

[0042] 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 cor-
relation 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.

[0043] 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
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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.

[0044] 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
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.

[0045] 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.

[0046] 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.

[0047] 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.

[0048] 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 ultra-
sonic-beam direction (axial direction) using the perturbation method with the iterative method.

[0049] Description has been made regarding the basic mechanism and the specific problems which are to be solved.
Description will be made below regarding an embodiment according to 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 embodiment of the present invention. An ultrasonic probe 91 comprises a conventional 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.

[0050] 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
IQ signals to a complex two-dimensional correlation calculation unit 93. The complex two-dimensional correlation cal-
culation 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 calcu-
lation 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
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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 arrange-
ment may be made wherein correlation is calculated with high precision.

[0051] 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 dis-
placement 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 ¢, 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 g 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.

[0052] 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 com-
pressed to a slight degree (i.e., several percentor 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.

L (¢, x) = Rel A(t, x) e’ (mot—a)J

i2 (t’ x) = RelA(t —T,X—U, )e—j[% (‘_’)‘B]J w(13)

[0053] Here, is(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, mg represents the center angular frequency of the ultrasonic wave,
7 represents the time shift serving as a time parameter which represents the displacement in the axial direction, u,
represents 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 displacement 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 1) and the displacement u, in the horizontal direction. Note that ¢ represents the sound speed within the tissue,
and is assumed to be constant within the tissue.

[0054] 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).

s,(1,x) = A(¢, x)e’®

5,(t,x)= At —7,x—u,)e o) -(14)

[0055] Then, the two-dimensional complex correlation function Ry,(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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x0/2 1,12 T .
= s.(t+v, x+W)s, (t+n—+v,x+mL+w) dvdw
Rlz(t’x;n,m) j.‘,o/zj-t.,lz 1( ) ) 2( 9 >

-jao(r-ng )

T
= A(t’x;t = n;’ux - ML)e

(n = 'Nmin"""'z"190’132,'"’me)

(m=-Mg,+s-2,-100.2,, My " .(15)

[0056] Here, T represents the cycle of the ultrasonic wave, L represents the sampling pitch (beam-line pitch), Rx(t,
X; T, 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 represented by the following Expression (16).

C(t,x;n,m) = Rip(tx;n,m)| .
o A/|R11(t,X;O,O)HRgz(l‘,x;n,m)|

[0057] Note that Ry4(t, x; 0, 0) represents the autocorrelation function of S(t, x), and Rys(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), d(t,
x; n, m)} formed of C(t, x; n, m) and ¢(t, x; n, m) of Ry,(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 o(t, x; k, I) 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,
), the time shift |t - kT/2| between s(t, k) and s,(t + kT/2, x + 1L) is smaller than T/2. That is to say, [0(t, x; k, 1) = @]t
- kT/2| is smaller than m. That is to say, with the present method, calculation is made using o(t, x; k, 1) without aliasing,
thereby obtaining the correct time shift 1, 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).

2

)

u

cT
Y

u

. =IL w(17)

[0058] 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.

[0059] Furthermore, with the present method, spatial differentiation is made for each of the aforementioned displace-
ment distributions, whereby the strain distribution ey(x, y) in the axial direction and the strain distribution g,(x, y) in the
horizontal direction are obtained as represented by the following Expression (18).
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Bu, (x,
a,(x,y)=—"%£yx—’2

£ (x y)=au,(x,y)
= 0x ~(18)

[0060] 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 advantage of real-time observation, thereby improving practical performance.

[0061] 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 com-
bined autocorrelation 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 aforemen-
tioned problem, the above two-dimensional expanded combined correlation method is easily expanded into the three-
dimensional expanded combined autocorrelation method using a three-dimensional window applied to a three-dimen-
sional range, thereby enabling the system to be more stable.

[0062] Fig. 9 and Fig. 10 are flowcharts for describing basic algorithm of the three-dimensional combined autocor-
relation method. Note that Fig. 10 is a flowchart for making detailed description with regard to a part of the processing
shown in Fig. 9.

[0063] In Step S11, a scanning-line resistor 1 stores "1", which serves as a counter for performing the same process-
ing 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.

[0064] 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.

[0065] 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.
[0066] 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.

[0067] In Step S15, correlation coefficient C(l, t; u, v, n) of the envelope signals in the distance direction (axial direc-
tion) 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.

[0068] 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.

[0069] 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.

[0070] 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.

[0071] In Step S19, the system searches the variable combination (u, v, n) in arange ofu = (-U, ..., 0, ..., U), v = (-
V,..,0,..,V),and n=(0, 1, ..., N) for the variable combination (ug, vq, Ng) which exhibits the maximum correlation
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coefficient C(l, t; u, v, n) calculated in Step S12 through Step S18. Note that while the present embodiment employs
such a distance-direction range n = (0, 1, ..., N) under the assumption that only the positive pressure is applied to the
tissue, itis 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.

[0072] In Step S20, the phase difference o(l, t; ug, Vo, ng) of the correlation coefficient C(l, t; ug, vq, ng) obtained in
Step S19 is calculated.

[0073] InStep S21, the phase difference ngm + (1, t; ug, vq, Np) is calculated as the phase difference in the final stage.
[0074] In Step S22, the displacement v = v, + Av in the scanning direction, and u = ug + 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).

[0075] 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.

[0076] In Step S24, strain distribution is calculated by making spatial differentiation of the estimated displacement
distribution under pressure applied to the tissue.

[0077] Fig. 10 is a flowchart for making detailed description regarding the aforementioned high-speed combined
autocorrelation method in Step S15 shown in Fig. 9.

[0078] In Step S31, the RF signals x without application of pressure and the RF signals y under pressure are quad-
rature-detected, whereby | signals and Q signals are obtained as described below.

x(t) — Ix, Qx (where X(t) = Ix + jQx)

y(t) — ly, Qy (where Y(t) = ly +jQy)
[0079] In Step S32, the correlations Rxy, Rxx, and Ryy, are calculated based upon the following Expressions.

Rxy = [ X(t+ v) - Y*(t+ v) dv

Rxx = [ X(t+ v) - X*(t + v) dv

Ryy =] Y(t+v) - Y*t+v)dv

[0080] In Step S33, the correlation coefficient C is calculated based upon the correlations Rxy, Rxx, and Ryy, thus
obtained, using the following Expression.

Cy = [Rxy|/(VRxx - YRyy)

[0081] In Step S34, the variable number n is set to 1.
[0082] In Step S35, Y,(t) = Y(t - nT) el*nT is calculated.
[0083] In Step S36, Rxy, and Ry,y, are calculated based upon the following Expressions.

RXYn J X(t + v) * Ypo*(t + v) dv

[ X(t +v) * ¥Y*(t - nT + v) ¥ dv

RYn¥n = J ¥n (t + V) * Yo*(t + v) dv

= [ ¥Y(t - nT + v) * Y*(t - nT + v) dv
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[0084] In Step S37, the correlation coefficient C,, is calculated based upon the Rxy, and Ry,y,, thus obtained, using
the following Expression.

C, = |Rxy,[/(VRxx - YRy, y,)

[0085] In Step S38, the variable number n is incremented.

[0086] 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.

[0087] 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.

[0088] First, the echo signals x(t) without application of pressure are represented by the following Expression.

x(t) = u(t) cos(mt + 0)

[0089] 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+ 1) = u(t + 1) cos(m(t + ) + 0).

[0090] Then, the quadrature-detected signals of x, y, and y,,, are represented by the following Expressions.

x(t) —
Ix = 0.5 u(t) cosf
Ox = -0.5 u(t) sinb

(X(t) = Ix + jQx = 0.5 u(t) &%)

y(t) —
Iy = 0.5 u(t + t) cos(wt + 0)

-0.5 u(t + t) sin(wt + 6)

Qy

(Y(t) = ly +jQy = 0.5 u(t + 7) e @7 * ¥y

¥a(t) = y(t - nT)

u(t + T - nT) cos{(w(t + T - nT) + 6)

u(t + T - nT) cos{(wt + w(t - nT) + 0)

[0091] Here, T represents the half cycle. Then, ly,, and Qy,, are obtained as represented by the following Expressions.
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ly, =0.5u(t+ 1 -nT) cos(w(t - nT) + 6)

Qy, =-0.5 u(t + T - nT) sin((t - nT) + 6)

o(t-nT) +6)

(¥, =ly, +]Qy, = 0.5 u(t + t - nT) &™ )

[0092] Accordingly, the following relation is obtained based upon the above Expressions.

Yo(t) = Iyn + JQV¥n

0.5 u(t + t - nT) e d@tr-nD +8)

Y(t - nT) el*T

[0093] As can be understood from the above Expression, Y(t) is calculated from Y(t) = ly + jQy.
[0094] Accordingly, Rxy, and Ry,y, are calculated from X and Y as represented by the following Expressions.

RXyn = 4f X(t + v) * Ypo*(t + v) dv
= 4f X(t + v) * Y*(t - nT + v) &7 av
|Rxyn| = Ru,

= [ u(t + v) u(t + T - nT + v) dv

1}
-
—
>
L)
t
+

V) * Yo*(t + v)| av

v) * Y*(t - nT + v) e¥| dv

]
>
—
>
~
ct
+

1]
-~
—
>
~—~~
d.,
+

v) * Y*¥(t - nT + v)| av

RYaYs = J u(t + T - nT + v) u(t + T - nT + v) dv
= 4f |Ya(t + v) * Y*(t + v)| dv

= 4] Y(t - nT + v) * Y*(t - nT + v) dv

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

[0095] 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. Accord-
ingly, the present embodiment 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.

[0096] 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)
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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
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 corre-
lation 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.

[0097] 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
computing circuit 1350 receives the quadrature-detected signals Ix(t) and Qx(t) from the unpressed quadrature-detec-
tion circuit 131, and the quadrature-detected signals ly(t) and Qy(t) from the pressed quadrature-detection circuit 132,
calculates 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 com-
puting 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 com-
plex base-band signals Sg and S, from the first correlation coefficient computing circuit 1350, and calculates the phase
difference ¢y(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 C,
(t) based upon these correlation values, and outputs the correlation coefficient Cy(t).

[0098] 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 Sg4 and S, and outputs the complex base-band signals Sg, and S,; to the third correlation computing circuit
1361 and the phase-difference computing circuit 1371. The third correlation computing circuit 1361 receives the com-
plex 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
the first 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 com-
puting 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, calculates the correlation coefficient C4(t) based these
correlation values, and outputs the correlation coefficient C(t).

[0099] In the same way, with the second correlation computing circuits 1342 through 134N, the first correlation co-
efficient 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
o (1), are output.

[0100] 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
distribution, 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 meth-
od. Specifically, with the present embodiment, the tissue is represented by a model on the assumption described below.
[0101] First, the tissue is assumed to exhibit isotropic elasticity. On the other hand, the distribution of the tissue strain
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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
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.

[0102] 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.

[0103] 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, there-
within. 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 afore-
mentioned problem is solved using the finite element method (FEM: Finite Element Method) which is a kind of known
numerical analysis methods.

[0104] 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.

[0105] 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 displace-
ment, relation between stress and strain) hold under the conditions within the tissue as represented by the following
Expressions.

[0106] The equilibrium equation is represented by the following Expression (19).

3G
_6’;,+f, =0

axj !

(1,j=1,2,3) (19)

[0107] 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).

ou .
8,.1=-1- aui+———'£—
2\ ox, . ox

«.(20)

[0108] The relation between stress and strain (generalized Hooke's law) is represented by the following Expression
(21).
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E v
__E (.Y s
Ty 1+v(gij 1-2v 7 ) (21)

[0109] 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, 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 = €41 + €9y *+ £35: strain of volume)

sjj: stress tensor

&;: Kronecker delta

u;: displacement vector

f;: volume force vector

(Note that the gravity is deemed negligible, and accordingly, f; is assumed to be zero in this case)
[0110] The relation between the stress and the strain is then solved for Ejj- As a result, the relation between strain
and stress is transformed as represented by the following Expression (22).

w(22)

[0111] Here, s, =S4 + Soo + S33. Then, i = j = 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).

Oy — V(O'” + 033)

E=
En
_o,-V{o,+0.)

&y w(23)

[0112] 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
embodiment), 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 embodi-
ment, 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 reconstruct-
ing the elastic modulus distribution is performed as follows.

[0113] First, let us say that a uniform distribution is employed as the initial distribution {E"%} 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.
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0 E aui+auj + Ev yaun + i=0
ax, | 20+v)| ox, ox Q+vi—-2v) 7 ox, 24
Here,
du, duy du, du
Ty T, )

[0114] Then, the simultaneous equations are solved for the displacements using the Gaussian elimination under the
following boundary conditions, whereby the displacement distribution {u"} corresponding to the elastic modulus dis-
tribution {E"0} is obtained.

uj | y=bottom =0
i | y=top =P
Gp |x,z=side =0 (26)

[0115] 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 {¢"9} corresponding to the elastic modulus distribution {E"0} is obtained. Then,
the strain distribution {¢"0} is substituted into the stress-strain relation, whereby the stress distribution {S"} correspond-
ing to the elastic modulus distribution {E"0} is obtained.

[0116] Third, the elastic modulus distribution {E"} 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 P ~ k
A o —VO,'OZ)
1

EF' =2

&y -(27)

[0117] Note thatthe 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.

[0118] 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.
[0119] 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 sk
=S |E —-E"|<
NZ‘ l I \ (28)
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[0120] Here, 1 represents the element number, N represents the total number of the elements, and I represents the
threshold value.

[0121] 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 esti-
mated 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, there is the need to employ a two-dimensional array ultrasonic probe, or there is the need to make me-
chanical 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.

[0122] Description will be made regarding the advantage of the reconstructing method for the elastic modulus dis-
tribution 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.

[0123] 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 ap-
plied 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.

[0124] 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. Further-
more, 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 pres-
sure 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.

[0125] 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).

W, 2) = [[re—x', =3 2= 2 (', ¥ 2 dy' dz

i,(x,y,2) = I.”.h(x—x',y—y',z—-Z')tz(x',J", z")dx'dy'dz (29)

[0126] Here, i4(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, vy, z) represents the point spread function (impulse response) of the
ultrasonic system, t4(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
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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.

[0127] 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).

h(x.y,z) = h(x)h,(y)h,(2) (30)

[0128] 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 tom-
ographic 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 hy(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 distri-
bution 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.

[0129] 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.

[0130] 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 dis-
placement 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). Fur-
thermore, let us say that simple parallel displacement of the tissue in the horizontal direction is simulated, which cor-
responds to a situation wherein the ultrasonic probe has slipped as to the tissue.

[0131] 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
combined autocorrelation method and the strain distribution estimated with the spatial correlation method were pre-
pared 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.

[0132] 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 "0" represents
the error with the combined autocorrelation method, "[ 1" represents the error with the expanded combined autocorre-
lation method, and "A" represents the error with the spatial correlation method. Note that the error of the estimated
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strain e is represented by the following Expression (31).

«(31)

[0133] 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 hori-
zontal 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 dis-
placement 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.

[0134] 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 displace-
ment 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 process-
ing time of the aforementioned 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

[0135] 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.

[0136] 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).
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[0137] Then, the RF signals with and without application of pressure are simulated for the aforementioned two situ-
ations, 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.
[0138] 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 asymmetry. 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.

[0139] 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 auto-
correlation 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 esti-
mation 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 direc-
tion, the spatial correlation method has significantly poorer estimation precision as compared with the expanded au-
tocorrelation 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.

[0140] As described above, it has been confirmed that the tissue-strain distribution can be estimated with high pre-
cision 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.

[0141] 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
presentembodiment 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. Specifi-
cally, 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.

[0142] 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

25



10

15

20

25

30

35

40

45

55

EP 1 541 090 A1

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 reconstruct-
ing 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).

[0143] 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-di-
mensional 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 recon-
structing method obtained using each tissue model are listed in the following Table.

Error of elastic Standard deviation Error of contrast in
modulus in region in region core of model [%]
surrounding core of | surrounding core of
model [%] model [%]
Inclusion- Three-dimensional 3.5 15.5 11.0
containing model reconstructing
method
Two-dimensional 30.9 17.9 35.9
reconstructing
method
Layer-structure Three-dimensional 8.5 26.8 3.1
model reconstructing
method
Two-dimensional 249 22.1 43.5
reconstructing
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.
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[0144] Note that in the aforementioned Expressions, S represents the sum in the region surrounding the core, EA
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
surrounding the core of the model, E*  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.

[0145] As can 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 elas-
tic 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 recon-
structing 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 corresponding to the actual tissue is suitably employed for analyzing actual tissue.
[0146] 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 reconstruct-
ing 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 meas-
ured 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 bound-
ary condition required for reconstructing the elastic modulus reconstruction. Note that the pressure gauge 286 is po-
sitioned 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.
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[0147] Fig. 27 is a diagram which shows a specific configuration of the ultrasonic scanner 281 included in the ultra-
sonic diagnosis system. The three-dimensional ultrasonic scanner 281 does not have a two-dimensional array config-
uration wherein ultrasonic transducers are two-dimensionally arrayed, but has a three-dimensional scanning configu-
ration wherein mechanical scanning of a two-dimensional convex scanning probe is made in the slice direction in water.
[0148] 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 fre-
quency 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.
[0149] 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
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 po-
sitioning 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.

[0150] 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.

[0151] The ultrasonic diagnosis system using the strain distribution display method and the elastic modulus distri-
bution 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.

[0152] Note that while description has been made regarding an arrangement wherein the envelope signals are em-
ployed, the present invention is not restricted to the aforementioned arrangement, rather, any parameter which repre-
sents the relation between the wave properties including the amplitude, the wave height, and the number of waves,
may be employed.
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Claims

1.

An ultrasonic diagnosis system comprising:

an ultrasonic probe for performing transmission/reception of ultrasonic signals to/from a subject;

storage means for storing the properties of signals detected with said ultrasonic probe;

correlation computing means for calculating the correlation coefficient between said properties with and without
pressure applied to the subject, and the phase difference between said received signals with and without
application of pressure, based upon said properties stored in said storage means with and without pressure
applied to said subject;

computing means for calculating the displacement of each measurement point, and the strain distribution of
the tissue of said subject due to said application of pressure, based upon said correlation coefficient and said
phase difference calculated by said correlation computing means; and

display means for displaying said strain distribution.

An ultrasonic diagnosis system according to Claim 1, wherein said properties comprise a parameter which repre-
sents correlation between the wave properties such as envelope signals, the amplitude, the wave height, and the
wave number.

An ultrasonic diagnosis system according to Claim 1, wherein said correlation computing means set measurement
points on ultrasonic beam data formed of envelope signals detected with said ultrasonic probe with and without
pressure applied to said subject, said envelope signals being stored in said storage means; and wherein the position
of each measurement point which exhibits the maximum correlation coefficient between said envelope signals with
and without application of pressure is detected by varying said measurement points at least in the ultrasonic beam
direction, as well as calculating the phase difference between said received signals with and without application
of pressure;

and wherein said computing means include displacement computing means for calculating the displacement
of each measurement point due to said application of pressure based upon the position which exhibits said max-
imum correlation coefficient and said phase difference calculated by said correlation computing means.

An ultrasonic diagnosis system according to Claim 3, wherein said computing means include strain computing
means for calculating the strain distribution of the tissue of said subject by performing spatial differentiation of the
displacement of said measurement points.

An ultrasonic diagnosis system according to Claim 3, wherein said correlation computing means detect the position
which exhibits the maximum correlation coefficient by varying said measurement points in said ultrasonic beam
direction at a pitch half the wavelength of said ultrasonic signals.

An ultrasonic diagnosis system according to Claim 3, wherein said correlation computing means calculate auto-
correlation functions for said envelope signals under pressure, and correlation coefficient is calculated between
said autocorrelation functions by varying the phase between said autocorrelation functions at a pitch half the wave-
length of said ultrasonic signals corresponding to said variation of said measurement points, thereby obtaining the
position of each measurement point which exhibits the maximum correlation coefficient between said envelope
signals with and without application of pressure.

An ultrasonic diagnosis system according to Claim 6, further comprising elastic modulus computing means for
creating at least a two-dimensional finite element model by dividing said subject into a finite number of elements,
computing the elastic modulus distribution based upon the information which is used for creating said model and
said strain distribution, and displaying said elastic modulus distribution with said display means.

An ultrasonic diagnosis system according to Claim 1, wherein said correlation computing means set measurement
points on frame data of said envelope signals with and without pressure applied to said subject; said frame data
serving as slice data being stored in said storage means, and detect the position of each measurement point which
exhibits the maximum correlation coefficient between said envelope signals with and without application of pressure
by varying a two-dimensional correlation window at least in two-dimensional directions as to said frame data; said
two-dimensional correlation window surrounding said measurement points which are to be used for correlation,
as well as calculating the phase difference between said RF signals with and without application of pressure;
and wherein said computing means include displacement computing means for calculating at least the two-
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dimensional displacement of each measurement point due to said application of pressure based upon said position
of each measurement point which exhibits said maximum correlation coefficient and said phase difference calcu-
lated by said correlation computing means.

An ultrasonic diagnosis system according to Claim 8, wherein said two-dimensional directions comprise the ultra-
sonic-beam direction where said ultrasonic probe receives said ultrasonic beam, and the ultrasonic-beam scanning
direction.

An ultrasonic diagnosis system according to Claim 9, wherein said correlation computing means detect the position
of each measurement point which exhibits the maximum correlation by varying said measurement points in said
ultrasonic-beam direction at a pitch half the wavelength of said ultrasonic wave signals, and in said ultrasonic-
beam scanning direction at said ultrasonic-beam pitch.

An ultrasonic diagnosis system according to Claim 8, further comprising elastic modulus computing means for:

creating at least a two-dimensional finite element model by dividing said subject into a finite number of ele-
ments; computing the elastic modulus distribution based upon the information which is used for creating said
model; and said strain distribution; and displaying said elastic modulus distribution with said display means.

An ultrasonic diagnosis system according to Claim 8, wherein said correlation computing means detect the position
of each measurement point which exhibits the maximum correlation coefficient between said envelope signals with
and without application of pressure for said measurement points surrounded by said two-dimensional correlation
window by varying the phase of the autocorrelation function of said envelope signals under pressure corresponding
to said variation of said measurement points.

An ultrasonic diagnosis system according to Claim 5, wherein frame data stored in said storage means comprises
volume data formed of a plurality of slice frame data sets,

and wherein said correlation computing means detect the position of each measurement point which exhibits
the maximum correlation coefficient between said envelope signals with and without application of pressure for
said measurement points surrounded by a three-dimensional correlation window by varying said measurement
points surrounded by said three-dimensional correlation window as to said volume data in the three-dimensional
directions, as well as calculating the phase difference between said RF signals with and without application of
pressure.

An ultrasonic diagnosis system according to Claim 13, wherein said three-dimensional directions comprise the
ultrasonic-beam direction where said ultrasonic probe receives said ultrasonic beam, the ultrasonic-beam scanning
direction, and the slice direction orthogonal to said two directions.

An ultrasonic diagnosis system according to Claim 14, wherein said correlation computing means detect the po-
sition of each measurement point which exhibits the maximum correlation by varying said measurement points in
said ultrasonic-beam direction at a pitch half the wavelength of said ultrasonic wave signals, in said ultrasonic-
beam scanning direction at said ultrasonic-beam pitch, and in said slice direction at the slice pitch of said ultrasonic
beam.

An ultrasonic diagnosis system according to Claim 13, wherein said correlation computing means calculate the
phase difference between said RF signals with and without said application of pressure in said ultrasonic-beam
direction, in said ultrasonic-beam scanning direction, and in said slice direction orthogonal to said two directions.

An ultrasonic diagnosis system according to Claim 13, further comprising elastic modulus computing means for
creating at least a three-dimensional finite element model by dividing said subject into a finite number of elements,
computing the elastic modulus distribution based upon the information which is used for creating said model and
said strain distribution, and displaying said elastic modulus distribution with said display means.

An ultrasonic diagnosis system according to Claim 13, wherein said correlation computing means detect the po-
sition of each measurement point which exhibits the maximum correlation coefficient between said envelope sig-
nals with and without application of pressure for said measurement points surrounded by said three-dimensional
correlation window by varying the phase of the autocorrelation function of said envelope signals under pressure
corresponding to said variation of said measurement points.
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An ultrasonic diagnosis system according to Claim 17, wherein said elastic modulus computing means create a
three-dimensional finite element model by dividing the tissue of said subject into a finite number of rectangular
parallelepiped elements on the assumption that the tissue of said subject exhibits isotropic elasticity and near-
incompressibility, and compute the elastic modulus distribution based upon said strain distribution using the elastic
equation on the assumption that each element exhibits the uniform elastic modulus, the uniform stress, and the
uniform strain.

A strain distribution display method wherein the displacement of the tissue of the subject is calculated based upon
the signals obtained by measurement with an ultrasonic probe with and without pressure applied to the tissue of
said subject, the strain distribution of the tissue of said subject is calculated based upon said calculated displace-
ment, and said strain distribution is displayed with display means, said method comprising:

a first step for calculating the properties of said signals received with and without application of pressure;

a second step for calculating the correlation coefficient between said properties with and without said appli-
cation of pressure and the phase difference between said signals with and without said application of pressure
based upon said properties;

a third step for calculating the displacement of each measurement point due to said application of pressure
and the strain distribution of the tissue of said subject based upon said correlation coefficient and said phase
difference thus obtained; and

a fourth step for displaying said obtained strain distribution with said display means.

A strain distribution display method according to Claim 20, wherein said properties comprise a parameter which
represents correlation between the wave properties such as envelope signals, the amplitude, the wave height,
and the wave number.

A strain distribution display method according to Claim 20, wherein in said second step, measurement points are
set on said stored ultrasonic beam data formed of envelope signals detected with said ultrasonic probe with and
without pressure applied to said subject,

and wherein the position of each measurement point which exhibits the maximum correlation coefficient
between said envelope signals with and without application of pressure is detected by varying said measurement
points at least in the ultrasonic beam direction, as well as calculating the phase difference between said received
signals with and without application of pressure,

and wherein in said third step, the displacement of each measurement point due to said application of pres-
sure is calculated based upon the position which exhibits said maximum correlation coefficient and said phase
difference thus calculated.

A strain distribution display method according to Claim 22, wherein said third step includes strain computing means
for calculating the strain distribution of the tissue of said subject by performing spatial differentiation of the dis-
placement of said measurement points.

A strain distribution display method according to Claim 22, wherein in said second step, the position which exhibits
the maximum correlation coefficient is detected by varying said measurement points in said ultrasonic beam di-
rection at a pitch half the wavelength of said ultrasonic signals.

A strain distribution display method according to Claim 22, wherein in said second step, autocorrelation functions
for said envelope signals under pressure are calculated, and correlation coefficient is calculated between said
autocorrelation functions by varying the phase between said autocorrelation functions at a pitch half the wavelength
of said ultrasonic signals corresponding to said variation of said measurement points, thereby obtaining the position
of each measurement point which exhibits the maximum correlation coefficient between said envelope signals with
and without application of pressure.

A strain distribution display method according to Claim 20, wherein in said second step, measurement points are
set on frame data of said envelope signals with and without pressure applied to said subject; said frame data
serving as slice data, and the position of each measurement point is detected so as to exhibit the maximum cor-
relation coefficient between said envelope signals with and without application of pressure by varying a two-di-
mensional correlation window at least in two-dimensional directions as to said frame data; said two-dimensional
correlation window surrounding said measurement points which are to be used for correlation, as well as calculating
the phase difference between said RF signals with and without application of pressure,
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and wherein in said third step, the displacement of each measurement point due to said application of pres-
sure is calculated in at least two-dimensional displacement based upon said position of each measurement point
which exhibits said maximum correlation coefficient and said phase difference thus calculated.

A strain distribution display method according to Claim 26, wherein said two-dimensional directions comprise the
ultrasonic-beam direction where said ultrasonic probe receives said ultrasonic beam, and the ultrasonic-beam
scanning direction.

A strain distribution display method according to Claim 27, wherein in said second step, the position of each meas-
urement point is detected so as to exhibit the maximum correlation coefficient by varying said measurement points
in said ultrasonic-beam direction at a pitch half the wavelength of said ultrasonic wave signals, and in said ultra-
sonic-beam scanning direction at said ultrasonic-beam pitch.

A strain distribution display method according to Claim 26, wherein in said second step, the position of each meas-
urement point is detected so as to exhibit the maximum correlation coefficient between said envelope signals with
and without application of pressure for said measurement points surrounded by said two-dimensional correlation
window by varying the phase of the autocorrelation function of said envelope signals under pressure corresponding
to said variation of said measurement points.

A strain distribution display method according to Claim 20, wherein in said second step, measurement points are
set on volume data of said envelope signals with and without application of pressure; said volume data corre-
sponding to a plurality of slice data sets for said subject, and the position of each measurement point is detected
s0 as to exhibit the maximum correlation coefficient between said envelope signals with and without application
of pressure for said measurement points surrounded by a three-dimensional correlation window by varying said
measurement points surrounded by said three-dimensional correlation window in the three-dimensional directions
as to said volume data, as well as calculating the phase difference between said RF signals with and without
application of pressure;

and wherein in said third step, the displacement of each measurement point due to application of pressure
is calculated in the three-dimensional directions based upon the position of each measurement point which exhibits
said maximum correlation coefficient and said phase difference thus obtained.

A strain distribution display method according to Claim 30, wherein said three-dimensional directions comprise
the ultrasonic-beam direction where said ultrasonic probe receives said ultrasonic beam, the ultrasonic-beam scan-
ning direction, and the slice direction orthogonal to said two directions.

A strain distribution display method according to Claim 31, wherein in said second step, the position of each meas-
urement point is detected so as to exhibit the maximum correlation by varying said measurement points in said
ultrasonic-beam direction at a pitch half the wavelength of said ultrasonic wave signals, in said ultrasonic-beam
scanning direction at said ultrasonic-beam pitch, and in said slice direction at the slice pitch of said ultrasonic beam.

A strain distribution display method according to Claim 20, further comprising:

a fifth step for creating at least a two-dimensional finite element model by dividing a simulation model created
based upon signals received by measurement of said subject into a finite number of elements, and computing
the elastic modulus distribution based upon the information used for creating said model and said strain dis-
tribution thus obtained; and

a sixth step for displaying said obtained strain modulus distribution with said display means.

A strain distribution display method according to Claim 33, wherein said fifth step includes elastic modulus com-
puting means for creating a three-dimensional finite element model by dividing said subject into a finite number of
elements, and computing the elastic modulus distribution based upon the information used for creating said model
and said strain distribution;

and wherein said elastic modulus distribution is displayed with said display means.
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