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(57) ABSTRACT

An ultrasonic diagnostic apparatus according to the present
invention includes: a transmitting section that generates a
drive signal to drive a probe in order to transmit an ultrasonic
wave toward a subject to be deformed periodically under
stress: a receiving section for receiving an echo, produced
when the ultrasonic wave is reflected from the subject, at the
probe to generate a received echo signal; a computing section
for figuring out a thickness change waveform, representing a
variation in distance between two arbitrary measuring points
on the subject, based on the received echo signal; and a
reference waveform generating section for outputting a ref-
erence waveform. The apparatus obtains subject’s internal

May 30,2005  (JP) coorerrerrerrerrrecrerienns 2005-157957  information by comparing the thickness change waveform
May 30,2005 (JP) wooooooooeeeeeeeees 2005-157958  and the reference waveform to each other.
y 30, (IP) d the ref; i h oth
0 201
CONTROL %
0 TRANSM:TOT?ING SECTION
SECTION 104 105 106
PROBE 103 TOMOGRAPHIC TVAGE SYNTHE| _ [TVAGE DISPIAY
—" RSEECCETN(')%G ! > G%%Ecr%ﬁfwe S1ZING SECTIONT*{ _ SECTION
i 15 T 13:]6 !/ 118 120
i [DISPLACEMENT THIG | CRNESS
A g, o B L e
i | SECTI Chediol® | SECTION CALEHLAING

GENERATING
SECTION

ON
REFERENCE
WAVEFORM

17A

BLOOD
PRESSURE

MANOMETER

19




US 2009/0318806 A1

Dec. 24,2009 Sheet 1 of 26

Patent Application Publication

61}

H3LIWONVIN

JHNSS3Yd
aoold

ONILYTINOTVO
ALIDILSY13
40 SNINAOW

NOLLOIS

A

y

NOILOdS
AV1dSId 3OVII

NOILD3S ONIZIS

-IHLNAS JOVIAI

ocl

901

S0l

10C

I

V.iLL N
NOILD3S
ONILVIENTD
MO JTAYM
ERNEREEER
oS | NOIDIS
ONIIVANILST [*— i | ONILYINOIVO wz__/_mﬁmwmzo "
FONVHD -+ je— WEOIIATM 1 “WaoJaAvm - 1+
SSINNDIH.L Pl SBINMOIHL INFWIOV1dSIa) !
8Ll " Gl :
P T 4 .. A
NOILO3S
DIHAYHOONOL g0l 3904d
0l NOILDIS . ~
ONILLINSNYYL Lok
NOILDOIS 7
_A_IO8INGD
001
[ O



Patent Application Publication  Dec. 24,2009 Sheet 2 of 26 US 2009/0318806 A1

FIG.2

} _______ Wm

L__ ax
| \f/ > TIME
e Ui Wmin

FIG.3

y(®)

Z
M TIME

Wmax Hz~x<

Wmin -




US 2009/0318806 A1

Dec. 24,2009 Sheet 3 of 26

Patent Application Publication

6Ll
\

3 LINONYIN
RNSSIUd
aoond

NOILJIS
ONILYINOTVYD
ALIDILSYS

30 SNINAOW

A

0¢1

NOILO33 ONIZIS

-JHLINAS 3

F Y

N
OVIAI

GOl

=

¢0¢

Iyl
NOILD3S
ONI15313a
aoni3d
vl VLl
NOILD3S NOTLOTS
ONILSNrAY | |SNLREND
aor3ad ERINENEE e
NOILOJS T T
«— NOILISS NOILO3JS “
oo L ONUYIND RO e ONILYIND VO e
SSINMOIHL m JONYHD WHO43AVM m
gl i [ SSINMOIHL INGWIOVIdSIa | |
i su ;
NOILO3S
ONILYYINTO |« NOILOJS |«
OV ONIAIFOTY
QHIYHOOWOL £0l 3904d
v0l NOILO3S >
ONILLINSNVYL 1ol
NOILD3S
__TOYINOD 201
001 .
GOIH



Patent Application Publication  Dec. 24,2009 Sheet 4 of 26 US 2009/0318806 A1

FIG.6
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FIG.18
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ULTRASONOGRAPH

TECHNICAL FIELD

[0001] The present invention relates to an ultrasonic diag-
nostic apparatus and more particularly relates to an ultrasonic
diagnostic apparatus for estimating the attribute property val-
ues of a subject’s tissue.

BACKGROUND ART

[0002] An ultrasonic diagnostic apparatus is used to make a
noninvasive checkup on a subject by irradiating him or her
with an ultrasonic wave and analyzing the information con-
tained in its echo signal. For example, a conventional ultra-
sonic diagnostic apparatus that has been used extensively
converts the intensity of an echo signal into its associated
pixel luminance, thereby presenting the subject’s structure as
a tomographic image. In this manner, the internal structure of
the subject can be known. Meanwhile, an ultrasonic diagnos-
tic apparatus for presenting subject’s motion information
such as blood flow information as an image by detecting
Doppler shift in an echo signal has also been used.

[0003] Meanwhile, some people are attempting recently to
track the motion of a subject’s tissue more precisely and
evaluate the strain and the modulus of elasticity, coefficient of
viscosity or any other physical (attribute) property of the
tissue mainly by analyzing the phase of the echo signal.
[0004] Patent Document No. 1 discloses a method for
tracking a subject’s tissue highly precisely and sensing very
small vibrations ofa cardiac tissue beating by determining the
instantaneous location of the subject based on the amplitude
and phase of the detected output signal of an echo signal.
According to this method, a number of ultrasonic pulses are
transmitted in the same direction toward a subject at regular
intervals AT and the ultrasonic waves reflected from the sub-
ject are received. As shown in FIG. 32, the received echo
signals are identified by y(t), y(t+AT) and y(t+2AT), respec-
tively. Supposing the pulse transmission time t is 0, the receiv-
ing time t1 of an echo signal produced at a certain depth x1 is
given by t1=x1/(C/2), where C is the sonic velocity. In this
case, if the phase shift between y(t1) and y(t1+AT) is A0 and
the center frequency of the ultrasonic wave around t1 is £, the
magnitude of displacement Ax of x1 during this period AT is
calculated by the following Equation (1).

Ax=-C-AB/4nf )

[0005] The location x1' of x1 in AT seconds can be figured
out by adding the magnitude of displacement Ax to x1 as in
the following Equation (2).

x1'=x1+Ax 2)

By repeatedly performing this calculation, the same location
x1 of the subject can be tracked. This method is called a
“phased tracking method”.

[0006] Patent Document No. 2 further develops the method
of Patent Document No. 1 into a method of calculating the
modulus of elasticity of a subject’s tissue (e.g., an arterial
wall, in particular). According to this method, first, an ultra-
sonic wave is transmitted from a probe 101 toward a blood
vessel wall 16 as shown in FIG. 33. And the echo signals,
reflected from measuring points A and B on the blood vessel
wall 16, are analyzed by the method of Patent Document No.
1, thereby tracking the motions of the measuring points A and
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B. FIG. 34 shows the tracking waveforms TA and TB of the
measuring points A and B along with an electrocardiographic
complex ECG.

[0007] As shown in FIG. 34, the tracking waveforms TA
and TB have the same periodicity as the electrocardiographic
complex ECG, which shows that the artery dilates and shrinks
in sync with the cardiac cycle of the heart. More specifically,
when the electrocardiographic complex ECG has outstanding
peaks called “R waves”, the heart starts to shrink, thus pour-
ing blood flow into the artery and raising the blood pressure.
As a result, the blood vessel wall is dilated rapidly. That is
why soon after the R wave has appeared on the electrocardio-
graphic complex ECG, the artery dilates rapidly and the
tracking waveforms TA and 1B rise steeply, too. After that,
however, as the heart dilates slowly, the artery shrinks gently
and the tracking waveforms TA and TB gradually fall to their
original levels. The artery repeats such a motion cyclically.

[0008] The difference between the tracking waveforms TA
and TB is represented as a waveform W showing a variation
in thickness between the measuring points A and B. The
thickness change waveform W may also be regarded as a
waveform representing strain between A and B. The greatest
thickness change AW can be calculated as a difference
between the maximum and minimum values Wmax and
Wmin of the thickness change waveform W:

AW=Wmax-Wmin (3)

[0009] Supposing the reference thickness between the mea-
suring points A and B during initialization is Ws, the magni-
tude of maximum strain € between the measuring points A
and B is calculated by the following Equation (4).

e=AW/Ws (4)

[0010] Also, in this case, the highest and lowest blood
pressures Pmax and Pmin of the subject are measured with a
blood pressure manometer, for example. The blood pressure
difference AP is given by the following Equation (5).

AP=Pmax-Pmin (5)

[0011] The magnitude of maximum strain e should be
caused by theblood pressure difference AP. As the modulus of
elasticity Fr is defined as a value obtained by dividing the
stress by the strain, the modulus of elasticity Er between the
measuring points A and B is given by the following Equation

(6).

Er=AP/e= AP Ws/AW 6)

= AP Ws/{Wmax — Wmin)

[0012] Non-Patent Document No. 1 discloses a method for
calculating the modulus of elasticity of each portion based on
the magnitude of maximum strain € and the blood pressure
difference AP in a situation where the blood vessel has non-
uniform thicknesses.

[0013] Therefore, by making these calculations on multiple
spots on a tomographic image, an image representing the
distribution of elasticities Er can be obtained. If an atheroma
11 has been created in the blood vessel wall 16 as shown in
FIG. 18, the atheroma and its surrounding blood vessel wall
tissue have different elasticities. That is why if an image
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representing the distribution of elasticities is obtained, it can
be determined how and where the atheroma has been pro-
duced.
[0014] Patent Document No. 1: Japanese Patent Appli-
cation Laid-Open Publication No. 10-5226
[0015] Patent Document No. 2: Japanese Patent Appli-
cation Laid-Open Publication No. 2000-229078
[0016] Non-Patent Document No. 1: Hasegawa et al.,
Evaluation of Regional Elastic Modulus of Cylindrical
Shell with Non-Uniform Wall Thickness, ] Med Ultra-
sonics, Vol. 28, No. 1 (2001)

DISCLOSURE OF INVENTION
Problems to be Solved by the Invention

[0017] According to the conventional method of measuring
a modulus of elasticity, however, the modulus of elasticity is
calculated based on the maximum and minimum values
Wmax and Wmin of the thickness change waveform W, and
therefore, the noise resistance is low. For example, if the
thickness change waveform W shown in FIG. 35 is obtained,
the modulus of elasticity is calculated using values at times t1
and t2 as the maximum and minimum values Wmax and
Wmin, respectively. However, as shown in FIG. 35, the value
of the thickness change waveform W at the time 12 includes
noise, and is not a proper value.

[0018] In addition, even if an erroneous modulus of elas-
ticity is obtained due to the influence of noise as described
above, it is difficult to determine, based on other pieces of
information, whether that value is improper or not. For
example, even if an atheroma 11 has been produced in the
vessel wall 16 as shown in FIG. 33, the atheroma 11 could not
be detected on a tomographic image that has been generated
with an ultrasonic wave. That is why if the modulus of elas-
ticity of a normal portion of the vessel wall 16 were calculated
approximately equal to that of the atheroma 11 due to the
influence of noise, that normal portion could be diagnosed as
an atheroma by mistake.

[0019] Besides, in making a diagnosis, it is important
whether or not a region with a unique modulus of elasticity is
located within the organ being inspected. A B-mode tomo-
graphic image, however, cannot show the subject such that
every organ within the region of interest is recognizable. That
is why the location and range of the target organ cannot be
determined in some cases on a tomographic image. Further-
more, there is not always one-to-one correspondence between
amodulus of elasticity and a tissue, and therefore, the location
and range of the target organ may not be determined in some
cases even with a tomographic image representing moduli of
elasticity. Consequently, even if the modulus of elasticity has
been calculated accurately, it could still be difficult to deter-
mine the status of the subject specifically.

[0020] Inorder to overcome at least one of the problems of
the prior art described above, the present invention has an
object of providing an ultrasonic diagnostic apparatus that
can reduce the influence of noise, can estimate an attribute
property highly accurately or can obtain a result of analysis on
a subject based on its attribute property.

Means for Solving the Problems

[0021] An ultrasonic diagnostic apparatus according to the
present invention includes: a transmitting section that gener-
ates a drive signal to drive a probe in order to transmit an
ultrasonic wave toward a subject to be deformed periodically
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under stress; a receiving section for receiving an echo, pro-
duced when the ultrasonic wave is reflected from the subject,
at the probe to generate a received echo signal; a computing
section for figuring out a thickness change waveform, repre-
senting a variation in distance between two arbitrary measur-
ing points on the subject, based on the received echo signal;
and a reference waveform generating section for outputting a
reference waveform. The apparatus obtains subject’s internal
information by comparing the thickness change waveform
and the reference waveform to each other.

[0022] 1In one preferred embodiment, the ultrasonic diag-
nostic apparatus further includes a thickness change estimat-
ing section for calculating the greatest variation in the thick-
ness change waveform by comparing the thickness change
waveform and the reference waveform to each other.

[0023] In this particular preferred embodiment, the thick-
ness change estimating section calculates a coefficient to be
multiplied by either the thickness change waveform or the
reference waveform so as to minimize a matching error
between the thickness change waveform and the reference
waveform and calculates the greatest thickness change in the
thickness change waveform based on the coefficient and the
amplitude of the reference waveform.

[0024] In another preferred embodiment, the reference
waveform generating section includes a storage section that
stores data about the reference waveform.

[0025] In this particular preferred embodiment, the refer-
ence waveform is generated by calculating the average of
thickness change waveforms that have been collected in
advance from a plurality of subjects.

[0026] In a specific preferred embodiment, the ultrasonic
diagnostic apparatus further includes a period adjusting sec-
tion for adjusting the period of the reference waveform to one
deformation period of the subject. The thickness change esti-
mating section calculates the greatest variation in the thick-
ness change waveform based on the reference waveform, of
which the period has been adjusted, and the thickness change
waveform.

[0027] In another preferred embodiment, the ultrasonic
diagnostic apparatus further includes a period adjusting sec-
tion for adjusting the period of the thickness change wave-
form to one deformation period of the subject. The thickness
change estimating section calculates the greatest thickness
change in the thickness change waveform based on the thick-
ness change waveform, of which the period has been
adjusted, and the reference waveform.

[0028] Instillanother preferred embodiment, the ultrasonic
diagnostic apparatus further includes an averaging section for
averaging the thickness change waveform, of which the
period has been adjusted, over multiple periods. The greatest
variation in the thickness change waveform is calculated
based on the averaged thickness change waveform and the
reference waveform.

[0029] Inyet another preferred embodiment, the ultrasonic
diagnostic apparatus further includes a period adjusting sec-
tion. If the thickness change waveform has inconstant peri-
ods, the period adjusting section makes those periods of the
thickness change waveform constant by extracting data about
the respective periods at an interval that corresponds to the
shortest one of the periods of the thickness change waveform.
[0030] In yet another preferred embodiment, the comput-
ing section includes a displacement waveform calculating
section for figuring out a displacement waveform represent-
ing displacements of a plurality of measuring points on the



US 2009/0318806 A1

subject based on the received echo signal, and a calculating
section for figuring out the thickness change waveform
between the two measuring points based on the displacement
waveform.

[0031] In this particular preferred embodiment, the refer-
ence waveform generating section generates the reference
waveform based on the displacement waveform.

[0032] In another preferred embodiment, the ultrasonic
diagnostic apparatus further includes a vascular diameter cal-
culating section for figuring out a waveform representing a
variation in the vascular caliber of the subject based on the
displacement waveform. The reference waveform generating
section generates the reference waveform based on the vas-
cular caliber variation waveform.

[0033] In still another preferred embodiment, the reference
waveform generating section generates the reference wave-
form based on a waveform representing a variation in the
blood pressure of the subject.

[0034] Inyet another preferred embodiment, the ultrasonic
diagnostic apparatus further includes a modulus of elasticity
calculating section for getting information about a difference
in the stress that has been caused during a deformation period
of the subjectand for calculating a modulus of elasticity based
on the greatest variation.

[0035] Inyet another preferred embodiment, the ultrasonic
diagnostic apparatus further includes a thickness change esti-
mating section for calculating the greatest thickness change
and an index indicating a degree of matching between the
thickness change waveform and the reference waveform by
comparing the reference waveform and the thickness change
waveform to each other, and a reliability determining section
for determining the reliability of the greatest thickness
change based on the index.

[0036] In this particular preferred embodiment, the thick-
ness change estimating section calculates the coefficient and
a difference to be caused by the use of the coefficient so as to
minimize the difference between one of the thickness change
and reference waveforms and a waveform obtained by mul-
tiplying the other waveform by the coefficient. The thickness
change estimating section also calculates the greatest thick-
ness change in the thickness change waveform based on the
coefficient and the amplitude of the reference waveform,
thereby outputting the difference as the index.

[0037] In another preferred embodiment, the reference
waveform generating section includes a storage section that
stores data about the reference waveform.

[0038] In this particular preferred embodiment, the refer-
ence waveform is generated by calculating the average of
thickness change waveforms that have been collected in
advance from a plurality of subjects.

[0039] In a specific preferred embodiment, the ultrasonic
diagnostic apparatus further includes a period adjusting sec-
tion for adjusting the period of the thickness change wave-
form to one deformation period of the subject. The thickness
change estimating section calculates the greatest thickness
change in the thickness change waveform based on the thick-
ness change waveform, of which the period has been
adjusted, and the reference waveform.

[0040] In this particular preferred embodiment, the ultra-
sonic diagnostic apparatus further includes an averaging sec-
tion for averaging the thickness change waveform, of which
the period has been adjusted, over multiple periods. The
thickness change estimating section calculates the coeffi-
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cient, the difference and the greatest thickness change based
on the averaged thickness change waveform.

[0041] In a specific preferred embodiment, the averaging
section calculates the variance of the thickness change wave-
form based on the average, and the reliability determining
section rates the reliability of the greatest thickness change
based on the variance and the difference.

[0042] In a more specific preferred embodiment, the reli-
ability determining section rates the reliability of the greatest
thickness change based on the variance, the coefficient and
the difference.

[0043] In one preferred embodiment, the ultrasonic diag-
nostic apparatus further includes: a period adjusting section
for adjusting the period of the thickness change waveform to
one deformation period of the subject; an averaging section
for calculating the average and the variance of the thickness
change waveform, of which the period has been adjusted,
over multiple periods; a reference waveform generating sec-
tion for outputting a reference waveform; a thickness change
estimating section for calculating the greatest thickness
change by comparing the reference waveform and the aver-
aged thickness change waveform to each other; and a reliabil-
ity determining section for determining the reliability of the
greatest thickness change based on the variance.

[0044] In this particular preferred embodiment, the thick-
ness change estimating section calculates the coefficient so as
to minimize a difference between one of the averaged thick-
ness change and reference waveforms and a waveform
obtained by multiplying the other waveform by the coeffi-
cient. The thickness change estimating section also calculates
the greatest thickness change in the thickness change wave-
form based on the coefficient and the amplitude of the refer-
ence waveform.

[0045] 1In a specific preferred embodiment, the reliability
determining section rates the reliability of the greatest thick-
ness change based on the variance and the coefficient.
[0046] In another preferred embodiment, the ultrasonic
diagnostic apparatus further includes: a modulus of elasticity
calculating section for getting information about a difference
in the stress that has been caused during a deformation period
ofthe subject and for calculating a modulus of elasticity based
on the greatest thickness change; and a display section for
displaying the modulus of elasticity according to the degree
of reliability that has been determined by the reliability deter-
mining section.

[0047] Instill another preferred embodiment, the reference
waveform generating section outputs multiple reference
waveforms. The ultrasonic diagnostic apparatus further
includes a thickness change estimating section for calculating
an index indicating the degree of matching between the thick-
ness change waveform and each said reference waveform by
comparing the reference waveform and the thickness change
waveform to each other, and a tissue identifying section for
determining, based on the indices, to which of the multiple
tissues the tissue that has been located between the two mea-
suring points and produced the thickness change waveform
corresponds.

[0048] In this particular preferred embodiment, the thick-
ness change estimating section calculates the coefficient and
a difference to be caused by the use of the coefficient so as to
minimize the difference between one of the thickness change
and reference waveforms and a waveform obtained by mul-
tiplying the other waveform by the coefficient. The thickness
change estimating section also calculates the greatest thick-
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ness change in the thickness change waveform for use of each
said reference waveform based on the coefficient and the
amplitude of the reference waveform, thereby outputting the
greatest thickness changes to the tissue identifying section.
[0049] In a specific preferred embodiment, the thickness
change estimating section outputs each said difference as the
index to the tissue identifying section. The tissue identifying
section identifies a tissue associated with one of the reference
waveforms that has caused the smallest difference as the
tissue that has produced the thickness change waveform
between the two measuring points and outputs the greatest
thickness change that has been calculated based on the refer-
ence waveform.

[0050] In a more specific preferred embodiment, the ultra-
sonic diagnostic apparatus further includes a modulus of elas-
ticity calculating section for calculating a modulus of elastic-
ity based on information about a difference in the stress that
has been caused during a deformation period of the subject
and on the greatest thickness change that has been output by
the tissue identifying section.

[0051] In another preferred embodiment, the reference
waveform generating section includes a storage section that
stores data about the reference waveforms.

[0052] In this particular preferred embodiment, the refer-
ence waveform is generated by calculating the average of
thickness change waveforms that have been collected in
advance from multiple tissues of a plurality of subjects.
[0053] In another preferred embodiment, the ultrasonic
diagnostic apparatus further includes an image processing
section for generating image data representing the modulus of
elasticity based on a result obtained by the tissue identifying
section.

[0054] In still another preferred embodiment, if each said
difference is greater than a predetermined value, the tissue
identifying section identifies the tissue that has produced the
thickness change waveform between the two measuring
points as none of the tissues.

[0055] In yet another preferred embodiment, the reference
waveform generating section outputs a plurality of viscosity
property reference waveforms. The ultrasonic diagnostic
apparatus further includes a comparing section for calculat-
ing a viscosity property index, indicating the degree of match-
ing between the thickness change waveform and each said
viscosity property reference waveform, by comparing the
viscosity property reference waveform and the thickness
change waveform to each other, and a viscosity coefficient
determining section for determining the viscosity coefficient
by the viscosity property index.

[0056] Inthis particular preferred embodiment, the viscos-
ity property reference waveform is a strain waveform of the
subject that has been obtained based on information about a
variation in the stress of the subject who is supposed to have
a predetermined viscosity coefficient. The viscosity coeffi-
cient determining section outputs the viscosity coefficient
associated with the viscosity property reference waveform in
which the smallest one of the viscosity property indices is
obtained.

[0057] In a specific preferred embodiment, the comparing
section outputs, as the viscosity property index, a difference
in a situation where the coefficient is determined so as to
minimize the difference between a waveform obtained by
multiplying one of the thickness change and each said vis-
cosity property reference waveforms by a first coefficient and
the other waveform.
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[0058] 1In amore specific preferred embodiment, the infor-
mation about the subject’s stress variation is a waveform
representing the blood pressure of the subject.

[0059] In another preferred embodiment, the computing
section includes a displacement waveform calculating sec-
tion for figuring out a displacement waveform representing
displacements of a plurality of measuring points on the sub-
ject based on the received echo signal, and a thickness change
waveform calculating section for figuring out the thickness
change waveform between the two measuring points based on
the displacement waveform.

[0060] In this particular preferred embodiment, the ultra-
sonic diagnostic apparatus further includes a vascular diam-
eter calculating section for figuring out a waveform represent-
ing a variation in the vascular caliber of the subject based on
the displacement waveform. The information about the sub-
ject’s stress variation is obtained by correcting the vascular
caliber waveform with the highest and lowest blood pressure
values of the subject.

[0061] In another preferred embodiment, the reference
waveform generating section receives a waveform represent-
ing a variation in the thickness of the subject’s blood vessel
wall in the vicinity of his or her vascular lumen from the
computing section, corrects the waveform representing the
thickness change near the vascular lumen with the highest and
lowest blood pressure values of the subject, and uses the
corrected waveform as the information about the subject’s
stress variation.

[0062] Instill another preferred embodiment, the reference
waveform generating section further generates an elastic
property reference waveform, and the comparing section cal-
culates the greatest thickness change in the thickness change
waveform by comparing the elastic property reference wave-
form and the thickness change waveform to each other.
[0063] In this particular preferred embodiment, the com-
paring section determines a second coefficient so as to mini-
mize a difference between a waveform obtained by multiply-
ing one of the thickness change and elastic property reference
waveforms by the second coefficient and the other waveform,
and calculates the greatest thickness change based on the
second coefficient and the amplitude of the elastic property
reference waveform.

[0064] In a specific preferred embodiment, the ultrasonic
diagnostic apparatus further includes a modulus of elasticity
calculating section for getting information about a difference
in the stress that has been caused during a deformation period
ofthe subject and for calculating a modulus of elasticity based
on the greatest variation.

[0065] In another preferred embodiment, the reference
waveform generating section generates the elastic property
reference waveform based on a waveform representing a
variation in the blood pressure of the subject.

[0066] A control method according to the present invention
is a method for controlling an ultrasonic diagnostic apparatus
using a control section of the apparatus itself. The method
includes the steps of: driving a probe to transmit an ultrasonic
wave; receiving an echo, produced when the ultrasonic wave
is reflected from a subject to be deformed periodically under
stress, at the probe; figuring out a thickness change wave-
form, representing a variation in distance between two arbi-
trary measuring points on the subject, based on the received
echo signal; generating a reference waveform; and obtaining
subject’s internal information by comparing the thickness
change waveform and the reference waveform to each other.
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[0067] Another control method according to the present
invention is a method for controlling an ultrasonic diagnostic
apparatus using a control section of the apparatus itself. The
method includes the steps of: (A) driving a probe to transmit
an ultrasonic wave; (B) receiving an echo, produced when the
ultrasonic wave is reflected from a subject to be deformed
periodically under stress, at the probe; (C) figuring out a
thickness change waveform, representing a variation in dis-
tance between two arbitrary measuring points on the subject,
based on the received echo signal; (D) generating a reference
waveform; and (E) calculating the greatest variation in the
thickness change waveform by comparing the reference
waveform and the thickness change waveform to each other.
[0068] In one preferred embodiment, the step (E) includes
calculating a coefficient to be multiplied by either the thick-
ness change waveform or the reference waveform so as to
minimize a matching error between the thickness change
waveform and the reference waveform and calculating the
greatest variation in the thickness change waveform based on
the coefficient and the amplitude of the reference waveform.
[0069] In another preferred embodiment, the reference
waveform is generated by calculating the average of thickness
change waveforms that have been collected in advance from
a plurality of subjects.

[0070] In still another preferred embodiment, the control
method further includes the step of adjusting the period of the
reference waveform to one deformation period of the subject.
The step (E) includes calculating the greatest variation in the
thickness change waveform based on the reference wave-
form, of which the period has been adjusted, and the thickness
change waveform.

[0071] In yet another preferred embodiment, the control
method further includes the step of adjusting the period of the
thickness change waveform to one deformation period of the
subject. The step (E) includes calculating the greatest thick-
ness change in the thickness change waveform based on the
thickness change waveform, of which the period has been
adjusted, and the reference waveform.

[0072] In yet another preferred embodiment, the control
method further includes the step of averaging the thickness
change waveform, of which the period has been adjusted,
over multiple periods. The greatest variation in the thickness
change waveform is calculated based on the averaged thick-
ness change waveform and the reference waveform.

[0073] In yet another preferred embodiment, the step (C)
includes the steps of: figuring out a displacement waveform
representing displacements of a plurality of measuring points
on the subject based on the received echo signal, and figuring
out the thickness change waveform between the two measur-
ing points based on the displacement waveform.

[0074] Inthisparticular preferred embodiment, the step (D)
includes generating the reference waveform based on the
displacement waveform.

[0075] In another preferred embodiment, the control
method further includes the step of figuring out a waveform
representing a variation in the vascular caliber of the subject
based on the displacement waveform, and the step (D)
includes generating the reference waveform based on the
vascular caliber variation waveform.

[0076] In still another preferred embodiment, the step (D)
includes generating the reference waveform based on a wave-
form representing a variation in the blood pressure of the
subject.
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[0077] 1In yet another preferred embodiment, the control
method further includes the step of getting information about
a difference in the stress that has been caused during a defor-
mation petiod of the subject and calculating a modulus of
elasticity based on the greatest variation.

[0078] Still another control method according to the
present invention is a method for controlling an ultrasonic
diagnostic apparatus using a control section of the apparatus
itself. The method includes the steps of: (A) driving a probe to
transmit an ultrasonic wave; (B) receiving an echo, produced
when the ultrasonic wave is reflected from a subject to be
deformed periodically under stress, at the probe; (C) figuring
out a thickness change waveform, representing a variation in
distance between two arbitrary measuring points on the sub-
ject, based on the received echo signal; (D) generating a
reference waveform; (E) calculating the greatest thickness
change and an index indicating a degree of matching between
the thickness change waveform and the reference waveform
by comparing the reference waveform and the thickness
change waveform to each other; and (F) determining the
reliability of the greatest thickness change based on the index.
[0079] In one preferred embodiment, the step (E) includes
calculating the coefficient and a difference to be caused by the
use of the coefficient so as to minimize the difference between
one of the thickness change and reference waveforms and a
waveform obtained by multiplying the other waveform by the
coefficient. The step (E) also includes calculating the greatest
thickness change in the thickness change waveform based on
the coefficient and the amplitude of the reference waveform,
thereby outputting the difference as the index.

[0080] In this particular preferred embodiment, the refer-
ence waveform is generated by calculating the average of
thickness change waveforms that have been collected in
advance from a plurality of subjects.

[0081] In a specific preferred embodiment, the control
method further includes the step (G) of adjusting the period of
the thickness change waveform to one deformation period of
the subject, and the step (C) includes calculating the greatest
thickness change in the thickness change waveform based on
the thickness change waveform, of which the period has been
adjusted, and the reference waveform.

[0082] In a more specific preferred embodiment, the con-
trol method further includes the step (H) of averaging the
thickness change waveform, of which the period has been
adjusted, over multiple periods, and the step (F) includes
calculating the coefficient, the difference and the greatest
thickness change based on the averaged thickness change
waveform using the thickness change estimating section.
[0083] Inthisparticular preferred embodiment, the step (H)
includes calculating the variance of the thickness change
waveform based on the average, and the step (F) includes
determining the reliability of the greatest thickness change
based on the variance and the difference.

[0084] In a specific preferred embodiment, the step (F)
includes determining the reliability of the greatest thickness
change based on the variance, the coefficient and the differ-
ence.

[0085] Yet another control method according to the present
invention is a method for controlling an ultrasonic diagnostic
apparatus using a control section of the apparatus itself. The
method includes the steps of: driving a probe to transmit an
ultrasonic wave; receiving an echo, produced when the ultra-
sonic wave is reflected from a subject to be deformed peri-
odically under stress, at the probe; figuring out a thickness
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change waveform, representing a variation in distance
between two arbitrary measuring points on the subject, based
on the received echo signal; adjusting the period of the thick-
ness change waveform to one deformation period of the sub-
ject; calculating the average and the variance of the thickness
change waveform, of which the period has been adjusted,
over multiple periods; generating a reference waveform; cal-
culating the greatest thickness change by comparing the ref-
erence waveform and the averaged thickness change wave-
form to each other; and determining the reliability of the
greatest thickness change based on the variance.

[0086] Inonepreferred embodiment, the step of calculating
the greatest thickness change includes calculating the coeffi-
cient so as to minimize a difference between one of the
averaged thickness change and reference waveforms and a
waveform obtained by multiplying the other waveform by the
coefficient. and also includes calculating the greatest thick-
ness change in the thickness change waveform based on the
coefficient and the amplitude of the reference waveform.

[0087] In this particular preferred embodiment, the step of
determining includes determining the reliability of the great-
est thickness change based on the variance and the coefficient.

[0088] In another preferred embodiment, the control
method further includes the steps of: getting information
about a difference in the stress that has been caused during a
deformation period of the subject and calculating a modulus
of elasticity based on the greatest thickness change; and dis-
playing the modulus of elasticity according to the degree of
reliability that has been determined.

[0089] Yet another control method according to the present
invention is a method for controlling an ultrasonic diagnostic
apparatus using a control section of the apparatus itself. The
method includes the steps of: (A) driving a probe to transmit
an ultrasonic wave; (B) receiving an echo, produced when the
ultrasonic wave is reflected from a subject that includes mul-
tiple different tissues and that is deformed periodically under
stress, at the probe; (C) figuring out a thickness change wave-
form, representing a variation in distance between two arbi-
trary measuring points on the subject, based on the received
echo signal; (D) generating multiple reference waveforms
associated with the respective tissues; (E) calculating an
index indicating the degree of matching between the thick-
ness change waveform and each said reference waveform by
comparing the reference waveform and the thickness change
waveform to each other; and (F) determining, based on the
indices, to which of the multiple tissues the tissue that has
been located between the two measuring points and produced
the thickness change waveform corresponds.

[0090] In one preferred embodiment, the step (E) includes
calculating the coefficient and a difference to be caused by the
use ofthe coefficient so as to minimize the difference between
one of the thickness change and reference waveforms and a
waveform obtained by multiplying the other waveform by the
coefficient, and also includes calculating the greatest thick-
ness change in the thickness change waveform for use of each
said reference waveform based on the coefficient and the
amplitude of the reference waveform.

[0091] Inthis particular preferred embodiment, the step (E)
includes outputting each said difference as the index, and the
step (F) includes identifying a tissue associated with one of
the reference waveforms that has caused the smallest differ-
ence as the tissue that has produced the thickness change
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waveform between the two measuring points and outputting
the greatest thickness change that has been calculated based
on the reference waveform.

[0092] In a specific preferred embodiment, the control
method further includes the step (G) of calculating a modulus
of elasticity based on information about a difference in the
stress that has been caused during a deformation period of the
subject and on the greatest thickness change that has been
calculated in the step (F).

[0093] In another preferred embodiment, the reference
waveform is generated by calculating the average of thickness
change waveforms that have been collected in advance from
multiple tissues of a plurality of subjects.

[0094] In still another preferred embodiment, the control
method further includes the step (H) of generating image data
representing the modulus of elasticity based on a result
obtained in the step (F).

[0095] In yet another preferred embodiment, if each said
difference is greater than a predetermined value, the step (F)
includes identifying the tissue that has produced the thickness
change waveform between the two measuring points as none
of the tissues.

[0096] Yet another control method according to the present
invention is a method for controlling an ultrasonic diagnostic
apparatus using a control section of the apparatus itself. The
method includes the steps of: (A) driving a probe to transmit
an ultrasonic wave; (B) receiving an echo, produced when the
ultrasonic wave is reflected from a subject to be deformed
periodically under stress, at the probe; (C) figuring out a
thickness change waveform, representing a variation in dis-
tance between two arbitrary measuring points on the subject,
based on the received echo signal; (D) generating a plurality
of viscosity property reference waveforms; (F) calculating a
viscosity property index, indicating the degree of matching
between the thickness change waveform and each said vis-
cosity property reference waveform, by comparing the vis-
cosity property reference waveform and the thickness change
waveform to each other; and (G) determining the viscosity
coefficient by the viscosity property index.

[0097] Inonepreferred embodiment, the viscosity property
reference waveform is a strain waveform of the subject that
has been obtained based on information about a variation in
the stress of the subject who is supposed to have a predeter-
mined viscosity coefficient. The step (G) includes outputting
the viscosity coefficient associated with the viscosity prop-
erty reference waveform in which the smallest one of the
viscosity property indices is obtained.

[0098] Inthis particular preferred embodiment, the step (F)
includes outputting, as the viscosity property index, a differ-
ence in a situation where the coefficient is determined so as to
minimize the difference between a waveform obtained by
multiplying one of the thickness change and each said vis-
cosity property reference waveforms by a first coefficient and
the other waveform.

[0099] Ina specific preferred embodiment, the information
about the subject’s stress variation is a waveform representing
the blood pressure of the subject.

[0100] In another preferred embodiment, the step (C)
includes the steps of: figuring out a displacement waveform
representing displacements of a plurality of measuring points
on the subject based on the received echo signal, and figuring
out the thickness change waveform between the two measur-
ing points based on the displacement waveform.
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[0101] In still another preferred embodiment, the control
method further includes the step (H) of figuring out a wave-
form representing a variation in the vascular caliber of the
subject based on the displacement waveform. The informa-
tion about the subject’s stress variation is obtained by correct-
ing the vascular caliber waveform with the highest and lowest
blood pressure values of the subject.

[0102] In yet another preferred embodiment, the step (C)
includes generating a waveform representing a variation in
the thickness of the subject’s blood vessel wall in the vicinity
of his or her vascular lumen, and the step (D) includes cor-
recting the waveform representing the thickness change near
the vascular lumen with the highest and lowest blood pressure
values of the subject, and using the corrected waveform as the
information about the subject’s stress variation.

[0103] In yet another preferred embodiment, the step (D)
includes further generating an elastic property reference
waveform, and the step (F) includes calculating the greatest
thickness change in the thickness change waveform by com-
paring the elastic property reference waveform and the thick-
ness change waveform to each other.

[0104] Inthis particular preferred embodiment, the step (F)
includes determining a second coefficient so as to minimize a
difference between a waveform obtained by multiplying one
of the thickness change and elastic property reference wave-
forms by the second coefficient and the other waveform, and
calculating the greatest thickness change based on the second
coefficient and the amplitude of the elastic property reference
waveform.

[0105] In a specific preferred embodiment, the control
method further includes the step (I) of getting information
about a difference in the stress that has been caused during a
deformation period of the subject and calculating a modulus
of elasticity based on the greatest variation.

[0106] In yet another preferred embodiment, the step (D)
includes generating the elastic property reference waveform
based on a waveform representing a variation in the blood
pressure of the subject.

EFFECTS OF THE INVENTION

[0107] According to the present invention, information
about a subject’s internal tissue is obtained by comparing a
thickness change waveform to a reference waveform. By
comparing these waveforms, even if noise were superposed
on the thickness change waveform abruptly, information
about the subject’s internal tissue, including more accurate
greatest thickness change and a modulus of elasticity, should
be obtained. Consequently, the ultrasonic diagnostic appara-
tus of the present invention can evaluate an attribute property
such as a modulus of elasticity with high reliability and high
precision.

[0108] Also, since the modulus of elasticity that has been
calculated based on an index indicating the degree of match-
ing between the reference waveform and the thickness change
waveform has its reliability determined, a highly reliable
modulus of elasticity can be obtained.

[0109] Furthermore, since it is determined which tissue has
the modulus of elasticity obtained, the tissue on which the
modulus of elasticity was measured can be identified, too.
[0110] Besides, since the viscosity coefficient is estimated
by comparing the thickness change waveform to the reference
waveform, the difference in the subject’s tissue can be sensed
based on the estimated viscosity coefficient. Consequently,
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even a tissue that has been hard to identify by a modulus of
elasticity can now be identified.

BRIEF DESCRIPTION OF DRAWINGS

[0111] FIG. 1 is a block diagram showing a first preferred
embodiment of an ultrasonic diagnostic apparatus according
to the present invention.

[0112] FIG. 2 shows a reference waveform generated by the
reference waveform generating section of the ultrasonic diag-
nostic apparatus shown in FIG. 1.

[0113] FIG. 3 shows a thickness change waveform output
by the thickness change waveform calculating section of the
ultrasonic diagnostic apparatus shown in FIG. 1.

[0114] FIG. 4 shows information contained in the thickness
change waveform.

[0115] FIG. 5 is a block diagram showing a second pre-
ferred embodiment of an ultrasonic diagnostic apparatus
according to the present invention.

[0116] Portions (a), (b) and (c) of FIG. 6 show an electro-
cardiogram provided by a period detecting section, a thick-
ness change waveform figured out by a thickness change
waveform calculating section, and a reference waveform fig-
ured out by a reference waveform generating section in the
second preferred embodiment.

[0117] FIG. 7 is a block diagram showing a modified
example of the second preferred embodiment of the ultra-
sonic diagnostic apparatus according to the present invention.
[0118] FIG. 8isa block diagram showing a third preferred
embodiment of an ultrasonic diagnostic apparatus according
to the present invention.

[0119] Portions (a) and (b) of FIG. 9 show an electrocar-
diogram provided by a period detecting section and a thick-
ness change waveform provided by a period adjusting section
in the third preferred embodiment.

[0120] FIG. 10 is a block diagram showing a fourth pre-
ferred embodiment of an ultrasonic diagnostic apparatus
according to the present invention.

[0121] FIG. 11 schematically illustrates a cross sectionofa
subject under measurement with a probe.

[0122] FIGS. 12(a) and 12(b) show a displacement wave-
form input to a reference waveform generating section and a
reference waveform generated by the reference waveform
generating section, respectively, in the fourth preferred
embodiment.

[0123] FIG. 13 shows a thickness change waveform output
by a thickness change waveform calculating section in the
fourth preferred embodiment.

[0124] FIG. 14 is a block diagram showing a fifth preferred
embodiment of an ultrasonic diagnostic apparatus according
to the present invention.

[0125] FIG. 15 is ablock diagram showing a sixth preferred
embodiment of an ultrasonic diagnostic apparatus according
to the present invention.

[0126] FIG. 16 shows anexample ofablood pressure wave-
form for use in the sixth preferred embodiment.

[0127] FIG. 17 is a block diagram showing a seventh pre-
ferred embodiment of an ultrasonic diagnostic apparatus
according to the present invention.

[0128] FIG. 18 is a flowchart showing how the reliability
determining section of the seventh preferred embodiment
operates.

[0129] FIG. 19 is a block diagram showing an eighth pre-
ferred embodiment of an ultrasonic diagnostic apparatus
according to the present invention.
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[0130] FIGS. 20(a) and 20(b) show how to calculate the
average of thickness change waveforms.

[0131] FIG. 21 is a flowchart showing how the reliability
determining section of the eighth preferred embodiment
operates.

[0132] FIG. 22 is a block diagram showing a ninth pre-
ferred embodiment of an ultrasonic diagnostic apparatus
according to the present invention.

[0133] FIG. 23 schematically illustrates a cross-sectional
structure of vessel wall as a subject.

[0134] FIGS. 24(a), 24(h) and 24(c) show the respective
reference waveforms of an intima, a media and an adventitia
of a vessel wall.

[0135] FIG. 25 is a flowchart showing how a tissue identi-
fying section operates.

[0136] FIG. 26 shows an example of a two-dimensional
map image representing moduli of elasticity on an image
display section.

[0137] FIG. 27 shows another example of a two-dimen-
sional map image representing moduli of elasticity on the
image display section.

[0138] FIG.28is ablock diagram showing a tenth preferred
embodiment of an ultrasonic diagnostic apparatus according
to the present invention.

[0139] FIG. 29 shows how to calculate a viscosity coefli-
cient.
[0140] FIG. 30 is a block diagram showing an alternative

configuration for the tenth preferred embodiment.

[0141] FIG. 31 is a block diagram showing another alter-
native configuration for the tenth preferred embodiment.
[0142] FIG. 32 shows how to track the motions of a tissue
based on the phase difference of an ultrasonic echo signal.
[0143] FIG. 33 schematically illustrates a cross section of a
subject under measurement with a probe.

[0144] FIG. 34 shows how to calculate the magnitude of
strain based on the tracking waveform of a subject tissue.
[0145] FIG. 35 shows an error that the greatest thickness
change may have in a situation where noise is superposed on
a thickness change waveform.

DESCRIPTION OF REFERENCE NUMERALS

[0146] 11 atheroma

[0147] 12 subject

[0148] 31 vessel anterior wall

[0149] 32 vascular lumen

[0150] 33 vessel posterior wall

[0151] 100 control section

[0152] 101 probe

[0153] 102 transmitting section

[0154] 103 receiving section

[0155] 104 tomographic image generating section

[0156] 105 image synthesizing section

[0157] 106 image display section

[0158] 115 displacement waveform calculating section

[0159] 116 thickness change waveform calculating section

[0160] 117A through 117H reference waveform generating
section

[0161] 118.118', 118" thickness change estimating section

[0162] 119 blood pressure manometer

[0163] 120 modulus of elasticity calculating section

[0164] 121 viscosity coefficient determining section

[0165] 125 comparing section

[0166] 140 period adjusting section

[0167] 141 period detecting section
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[0168] 142 vascular diameter calculating section

[0169] 151 computing section

[0170] 170 averaging section

[0171] 171, 171 reliability determining section

[0172] 172 tissue identifying section

[0173] 201 through 210, 210", 210" ultrasonic diagnostic
apparatus

BEST MODE FOR CARRYING OUT THE
INVENTION

Embodiment 1

[0174] Hereinafter, a First Preferred Embodiment of an
ultrasonic diagnostic apparatus according to the present
invention will be described. FIG. 1 is a block diagram show-
ing the configuration of an ultrasonic diagnostic apparatus
201, which includes a transmitting section 102, a receiving
section 103, a computing section 151, a reference waveform
generating section 117A and a thickness change estimating
section 118. The ultrasonic diagnostic apparatus 201 also
includes a control section 100 for controlling all of these
components of its own.

[0175] Inaccordance with the instruction given by the con-
trol section 100, the transmitting section 102 generates a drive
signal to drive a probe 101 at a predetermined timing. In
response to the drive signal, the probe 101 transmits an ultra-
sonic wave. The ultrasonic wave thus transmitted soon
reaches a subject being deformed periodically under stress
and is reflected inside the subject. In this preferred embodi-
ment, the subject includes the vessel wall of an arterial canal
and the modulus of elasticity of the vessel wall is calculated as
information about the subject’s internal tissue. Blood flows
through the arterial canal in a period that is synchronized with
a cardiac cycle. That is why the vessel wall is deformed
periodically under the stress caused by the blood flow.
[0176] The receiving section 103 receives an echo,
reflected from the subject, at the probe 101, converts the echo
into an electrical signal, and then amplifies the electrical
signal, thereby generating a received echo signal. The receiv-
ing section 103 also converts the received echo signal into a
digital signal.

[0177] The transmitting section 102 and the receiving sec-
tion 103 preferably include a time delay control section for
controlling the time delay caused in the drive signal or the
received echo signal in order to scan the subject with the
ultrasonic wave transmitted and detect only the ultrasonic
wave that has been reflected from a predetermined location or
in a predetermined direction. Also, the probe 101 preferably
includes an array of ultrasonic oscillators.

[0178] The computing section 151 analyzes the received
echo signal to track the motions of the subject on multiple
measuring points, and also generates a thickness change
waveform representing a variation in distance between two
arbitrary measuring points on the subject. For that purpose,
the computing section 151 includes a displacement waveform
calculating section 115 and a thickness change waveform
calculating section 116. The displacement waveform calcu-
lating section 115 receives the received echo signal and fig-
ures out a displacement waveform, representing the displace-
ments of multiple measuring points xi on the subject, by
Equations (1) and (2). The thickness change waveform cal-
culating section 116 figures out a thickness change wave-
form, representing a variation in distance between two points
that have been selected arbitrarily from those measuring
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points xi, by calculating the difference between the displace-
ment waveforms of the two measuring points.

[0179] Multiple measuring points can be set on a single
ultrasonic beam according to the resolution that is defined by
the frequency of the ultrasonic wave to be transmitted, for
example. That is why by scanning the subject with an ultra-
sonic beam, the displacement waveforms of respective mea-
suring points, which are arranged two-dimensionally, can be
obtained.

[0180] The reference waveform generating section 117A
outputs a reference waveform. As will be described in detail
later, this reference waveform is used as a reference for the
thickness change waveform to be figured out by the thickness
change waveform calculating section 116. In this preferred
embodiment, the reference waveform has been figured out in
advance by measuring, for example, and the data about the
reference waveform is stored in a storage section such as a
semiconductor memory for the reference waveform generat-
ing section 117A. In this manner, the reference waveform
generating section 117 may store the data of the reference
waveform itself and output the data in accordance with the
instruction given by the control section 100. Alternatively, as
will be described later for other preferred embodiments, the
reference waveform generating section 117A may generate a
reference waveform based on externally provided data and
output the waveform. That is to say, the reference waveform
generating section herein just needs to output a reference
waveform.

[0181] Aswillalsobedescribed in detail later, the thickness
change estimating section 118 compares the thickness change
waveform supplied from the thickness change waveform cal-
culating section 116 to the reference waveform supplied from
the reference waveform generating section 117A, thereby
getting information about the subject’s internal tissue. More
specifically, the thickness change estimating section 118 cal-
culates the greatest variation in the thickness change wave-
form. This calculation is done every period of the thickness
change waveform. In this point, the present invention is quite
different from the prior art in which the greatest difference is
calculated based on the maximum and minimum values of the
thickness change waveform.

[0182] The ultrasonic diagnostic apparatus 201 preferably
further includes a modulus of elasticity calculating section
120 for calculating a modulus of elasticity based on the great-
est variation obtained. The modulus of elasticity calculating
section 120 receives information about the stress applied to
the subject (e.g., the blood pressure difference AP between
the highest and lowest blood pressures) from the blood pres-
sure manometer 119, for example. And the modulus of elas-
ticity calculating section 120 calculates the modulus of elas-
ticity Er based on the blood pressure difference AP and the
greatest thickness change AW by Equation (6). In this case,
the reference thickness Ws is the distance (e.g., 400 pm)
between the two measuring points at which the thickness
change waveform was figured out, and is determined in
advance by the two measuring points that have been set by the
thickness change waveform calculating section 116. In this
manner, the modulus of elasticity of the subject can be
obtained.

[0183] The modulus of elasticity thus obtained is prefer-
ably displayed along with the tomographic image of the sub-
ject because the location of the measuring point can be shown
clearly. For that purpose, the ultrasonic diagnostic apparatus
201 preferably further includes a tomographic image genet-
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ating section 104, an image synthesizing section 105 and an
image display section 106. The tomographic image generat-
ing section 104 includes a filter and an amplitude detector and
analyzes mainly the amplitude of the received echo signal
supplied from the receiving section 103, thereby generating
an image signal as a tomographic image representing the
subject’s internal structure.

[0184] The image synthesizing section 105 receives the
image signal and the data about the modulus of elasticity that
has been supplied from the modulus of elasticity calculating
section 120, and synthesizes the image signal and modulus of
elasticity data together such that the modulus of elasticity
obtained is mapped to an appropriate location on the tomo-
graphic image. Then, the image display section 106 presents
the synthesized image thereon.

[0185] Hereinafter, itwill be described in further detail how
the reference waveform generating section 117A and the
thickness change estimating section 118, which are the core
sections of the present invention, operate. FIG. 2 shows the
reference waveform M(t) that is stored in the storage section
of the reference waveform generating section 117A. This
waveform is obtained by figuring out the thickness change
waveforms of a plurality of subjects in advance and calculat-
ing the average of those waveforms for one cardiac cycle. The
reference waveform M(t) is prepared in advance for an object
of measurement by the ultrasonic diagnostic apparatus 201.
In this preferred embodiment, to calculate the modulus of
elasticity of the vessel wall of the arterial canal, the reference
waveform, calculated on the vessel walls of the arterial canals
of a plurality of subjects, is used as the reference waveform
M(1).

[0186] AW, which is the amplitude of the reference wave-
form M(t), has been normalized to be a reference value of 1
m, for example. Since the data collected from a plurality of
subjects is averaged, the influence of noise on even the actu-
ally collected data has been reduced.

[0187] FIG. 3 shows the thickness change waveform y(t)
obtained by the thickness change waveform calculating sec-
tion 116. This thickness change waveform is a portion of the
waveform obtained by actually inspecting the subject for one
cardiac cycle. In this case, t represents the sampling time and

is an integer, i.e.,t=0. 1,...—and N-1, where N is the number
of sample points.
[0188] The thickness change estimating section 118

receives the reference waveform M(t) and the thickness
change waveform y(t) and calculates, by the minimum square
method, how many times the amplitude of the thickness
change waveform y(t) should be multiplied to make the prod-
uct closest to the reference waveform M(t). If the coefficient
to be multiplied by y(t) is k and the square of the difference
between M(t) and k-y(t) is R, then R is given by the following
Equation (7).

-1 (@)
R=) (M)-k-yin)?

1=

[0189] IfEquation (7)is subjected to partial differentiation
using the coefficient k as a variable and if the resultant equa-
tion becomes equal to zero, then the squared difference R will
be minimum:
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or M (8)
M@y +ky@)*) =0

[0190] By resolving Equation (8) with respect to k, the
following Equation (9) is obtained.

N-1 ©)
> Myw
k= =0
T oop
t=0
[0191] The value of the coefficient k obtained by Equation

(9) means that if the thickness change waveform y(t) is mul-
tiplied by k, then the square of the difference from the refer-
ence waveform M(t) with an amplitude of 1 um will be mini-
mum and the two waveforms will match most closely to each
other. That is why the amplitude A of the thickness change
waveform y(t) measured can be calculated by the following
Equation (10).

A=1/k (um) (10)

[0192] Alternatively, it may also be calculated by the same
method as that described above how many times the ampli-
tude of the reference waveform M(t) should be multiplied to
make the product closest to the actual thickness change wave-
form y(t). In that case, if the coefficient to be multiplied by the
reference waveform M(t) is a and if the residual is R', then the
residual R' can be calculated by the following Equation (11).

N-1 (11
(a-M@) - yo)
=0

[0193] IfR'is supposed tobe zero when subjected to partial
differentiation with the coefficient a as in the following Equa-
tion (12) and if R' is resolved with respect to a, then the
following Equation (13) is obtained.

IR N-1 (12)
22 (M) - Mity(e) =0
=0

=

-1 13)
Mny(r)

Mz

M@y

T
=4

[0194] In that case, the coefficient a means that if the ref-
erence waveform with an amplitude of 1 pm is multiplied by
a, then the square of the difference from the actual thickness
change waveform y(t) will be minimum and the two wave-
forms will match most closely to each other. That is why the
amplitude A' of the thickness change waveform y(t) can be
calculated by the following Equation (14).

A'=a (um) 14
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[0195] As described above, the thickness change estimat-
ing section 118 receives the reference waveform M(t) and the
thickness change waveform y(t) and calculates either the
coefficient k or the coefficient a that would minimize the
matching error between the reference waveform M(t) and the
thickness change waveform y(t) by either Equation (9) or
Equation (13). Then, based on the coefficient k or a thus
calculated, the thickness change estimating section 118 fur-
ther calculates the greatest thickness change as the amplitude
of the thickness change waveform.

[0196] FIG. 4 schematically shows portions of thickness
change waveforms y,(t) and y,(t) that were figured out on
blood vessel walls with mutually different moduli of elastic-
ity for one cardiac cycle. As shown in FIG. 4, as the moduli of
elasticity are different, their amplitudes are also different
from each other. However, these two thickness change wave-
forms have the same variation pattern along the time axis.
This means that the variation in blood pressure or the vibra-
tion of the heart, which is a variation in the stress applied to
the subject, isideally substantially constant irrespective of the
hardness of the blood vessel.

[0197] As shown in FIG. 4, to calculate the greatest thick-
ness difference of the thickness change waveform by a con-
ventional method, the maximum and minimum values Wmax
and Wmin of the thickness change waveform need to be
found. On the other hand, according to the present invention,
the greatest thickness change is estimated by analyzing the
degree of matching between the thickness change waveform
and the reference waveform. This means that the greatest
thickness change is estimated based on the entire thickness
change waveform for one cardiac cycle on the supposition
that only the amplitude of the thickness change waveform
changes due to a difference in modulus of elasticity as
described above.

[0198] As shown for the thickness change waveform y,(t)
in FIG. 4, each of the maximum and minimum values Wmax
and Wmin of the thickness change waveform is defined by a
certain point on the thickness change waveform y,(t). How-
ever, the gradients of curved portions al, a2 and a3 of the
thickness change waveform between the maximum and mini-
mum values Wmax and Wmin thereof change with the maxi-
mum and minimum values Wmax and Wmin. In other words,
the gradients of the curved portions al, a2 and a3 include
information about the maximum and minimum values Wmax
and Wmin. That is why even if an accurate maximum or
minimum value Wmax or Wmin could not be obtained due to
the superposition of noise on the thickness change waveform,
the greatest thickness change could still be estimated based
on the entire thickness change waveform, including the
curved portions al, a2 and a3, unless the superposed noise
deforms the thickness change waveform significantly.
[0199] Consequently, according to the present invention,
the greatest thickness change or the modulus of elasticity can
be calculated highly accurately without being affected by
suddenly produced noise such as spike noise.

[0200] As is clear from the foregoing description, since the
curved portions al, a2 and a3 contain information about the
maximum and minimum values Wmax and Wmin, the great-
est thickness change can be estimated without being affected
by noise so much as in the conventional method even by using
only a portion of one cardiac cycle of the thickness change
waveform. Nevertheless, the longer the selected interval, the
more accurate the greatest thickness change estimated will
be. That is why it is most preferable to calculate the greatest
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thickness change by comparing one full cardiac cycle of the
thickness change waveform to the reference waveform. This
can be stated in the following way using Equation (13). Spe-
cifically, if the thickness change waveform y(t) is represented
as the sum of a thickness change s(t) and noise n(t), Equation
(13) may be modified as follows:

N-1 N-1 13)H
Z M(Ds() + Z M@n()
a= 1= =0
N-1
> (M@?

=0

[0201] If the noise n(t) is spike noise or random noise, the
longer the addition period, the smaller the second term of the
numerator of Equation (13") with respect to the first term
thereof. That is why if the thickness change s(t) is similar to
the reference waveform (i.e., s(t)=a""M(1)) and if the addition
period is sufficiently long and if the second term of Equation
(13") is negligible, then Equation (13") can be modified into
the following Equation (13").

=

-1 N-1 (13”)
M(Ds(0) Z a - (MDY
a= = r:N— =d

(M) 3 (M(n)?
0 =0

¢

=

=
L
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[0202] Consequently, the true coefficient a' can be esti-
mated. Stated otherwise, it can be seen that by comparing the
entire thickness change waveform to the reference waveform,
the thickness change can be estimated with the influence of
noise reduced.

[0203] According to the present invention, the greatest
thickness change and the modulus of elasticity are calculated
based on the reference waveform and actually measured val-
ues. That is why it is important to define an appropriate
reference waveform. If the thickness change waveform
changes differently with time according to the specific mea-
suring site on the subject, then the reference waveform is
preferably defined on a site-by-site basis. Specifically, if the
modulus of elasticity of the vessel wall of the arterial canal
should be calculated, reference waveform data may be pro-
vided for the intima, media, and adventitia of the vessel wall.
By storing sets of reference waveform data in the reference
waveform generating section 117A and changing those sets
of reference waveform data on a site-by-site basis, the thick-
ness change can be estimated even more precisely.

[0204] Optionally, a number of different sets of reference
waveform data may also be stored in the storage section of the
reference waveform generating section 117A according to the
physical condition of the subject, e.g., a reference waveform
for healthy persons, a reference waveform for diabetics, and a
reference waveform for patients with arterial sclerosis. And
one of those reference waveforms may be selected in accor-
dance with the operator’s instruction. Then, the thickness
change can be estimated even more accurately.

Embodiment 2

[0205] Hereinafter, a second preferred embodiment of an
ultrasonic diagnostic apparatus according to the present
invention will be described. FIG. 5 is a block diagram show-
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ing the configuration of the ultrasonic diagnostic apparatus
202, which further includes a period adjusting section 140
that is not included in the ultrasonic diagnostic apparatus 201
of the first preferred embodiment described above. The trans-
mitting section 102, receiving section 103, computing section
151 and thickness change estimating section 118 of the ultra-
sonic diagnostic apparatus 202 have the same functions as the
counterparts of the ultrasonic diagnostic apparatus 201 of the
first preferred embodiment.

[0206] The period adjusting section 140 adjusts the period
of the reference waveform such that the period of the refer-
ence waveform generated by the reference waveform gener-
ating section 117A matches that of the thickness change
waveform figured out by the thickness change waveform
calculating section 116. For that purpose, the ultrasonic diag-
nostic apparatus 202 receives information about the period of
subject’s stress variation from an external period detecting
section 141. If the subject is the vessel wall of the arterial
canal, then a variation in the blood pressure, electrocardio-
gram or electrocardiophonogram of the subject may be used.
For example, an electrocardiograph for detecting the cardiac
cycle of the heart may be used effectively as the period detect-
ing section 141.

[0207] Portions (a), (b) and (c) of FIG. 6 show the electro-
cardiogram provided by the period detecting section 141, the
thickness change waveform y(t) figured out by the thickness
change waveform calculating section 116, and the reference
waveform M(t) figured out by the reference waveform gen-
erating section 117A. As shown in portion (a) of FIG. 6, an R
wave is observed in the electrocardiogram. Meanwhile, as is
clear from portions (a) and (b) of FIG. 6, the period of the
electrocardiogram agrees with the period Ty of the thickness
change waveform y(t). This is because the variation in the
thickness of the vessel wall of the arterial canal is caused by
the variation in the blood pressure due to the heartbeat.
[0208] On the other hand, as is clear from portions (b) and
(c) of FIG. 6, the period Tm of the reference waveform M(t)
does not agree with the period Ty of the thickness change
waveform y(t).

[0209] To resolve the disagreement in period between the
reference waveform M(t) and the thickness change waveform
y(t), the period adjusting section 140 adjusts the period of the
reference waveform M(t) based on the information about the
period of the subject’s stress variation provided by the period
detecting section 141. In this preferred embodiment, the
period adjusting section 140 detects the period of the R wave
of the electrocardiogram, thereby extending or shrinking the
reference waveform M(t) generated by the reference wave-
form generating section 117A along the time axis. The refer-
ence waveform M'(t) that has been extended or shrunk along
the time axis may be given by the following Equation (15).

M@O=M(D/Tm) (15)

[0210] In this case, unless t-Ty/Tm becomes an integer, an
interpolated value is generated based on the relation between
t and M(t). Optionally, the M(t) values may be stored on a
sufficiently fine sampling unit and a value in the closest prox-
imity could be used as an alternative value.

[0211] If the thickness change estimating section 118 has
sensed, as a result of calculations on correlation between
M'(t) and y(t), that M'(t) and y(t) are out of phase with each
other on the time axis, adjustments can be made by appropri-
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ately shifting the timing of reading the reference waveform
from the reference waveform generating section 1174, for
example.

[0212] Aftertheperiod ofthe reference waveform M'(t) has
been matched to that of the thickness change waveform y(t) in
this manner, the thickness change estimating section 118 may
calculate the greatest thickness change in the thickness
change waveform y(t) as already described for the first pre-
ferred embodiment.

[0213] As described above, according to this preferred
embodiment, the period adjusting section 140 adjusts the
period of the reference waveform, generated by the reference
waveform generating section 117A, to that of the subject’s
stress variation, thereby calculating the thickness change and
modulus of elasticity more accurately.

[0214] In the preferred embodiment described above, the
period of the reference waveform is supposed to be adjusted.
Alternatively, the period of the thickness change waveform,
figured out by the thickness change waveform calculating
section 116, may be adjusted so as to agree with the period of
the reference waveform. In the modified ultrasonic diagnostic
apparatus 202' shown in FIG. 7, the period adjusting section
140 receives the thickness change waveform that has been
figured out by the thickness change waveform calculating
section 116, and then is provided with information about the
stress applied to the subject by the period detecting section
141 to adjust the period of the thickness change waveform.
Even if such a configuration is adopted, the same effects as
those described above are also achieved.

[0215] Ifthe cardiac cycle of the subject changes from one
pulse after another due to arrhythmia, for example, to make
the period of the thickness change waveform inconstant, the
period adjusting section 140 may extract data about respec-
tive periods in the shortest one of those inconstant periods of
the thickness change waveform to make the periods of the
thickness change waveform constant. More specifically, sup-
posing the shortest cardiac cycleis T, , ,, the period adjusting
section 140 may extract data during that period T ,;,, from the
respective cardiac cycles of the thickness change waveform
using the R wave on the electrocardiogram as a trigger,
thereby making the periods of the thickness change waveform
constant.

[0216] In this case, since the R wave is observed at the
beginning of the systolic phase, the diastolic phase of some
cardiac cycle may have partially missing data as a result of
such data extraction. However, if the same subject has differ-
ent cardiac cycles between his or her pulses, the length of the
systolic phases of the cardiac cycles tends to change hardly
but that of the diastolic phases tends to change in most cases.
Also, the maximum and minimum values of the thickness
change that are needed to evaluate the elastic property are
observed during the systolic phase. That is why even if some
data were missing during the diastolic phase, the modulus of
elasticity measured would not be affected so seriously. After
the periods of the thickness change waveform have been
made constant, the periods of the reference waveform and the
thickness change waveform may be matched to each other if
necessary as described above.

Embodiment 3

[0217] Hereinafter, a third preferred embodiment of an
ultrasonic diagnostic apparatus according to the present
invention will be described. F1G. 8 is a block diagram show-
ing the configuration of the ultrasonic diagnostic apparatus
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203, which further includes an averaging section 170 that is
not included in the ultrasonic diagnostic apparatus 202' of the
second preferred embodiment described above. The transmit-
ting section 102, receiving section 103, computing section
151, thickness change estimating section 118 and period
adjusting section 140 of the ultrasonic diagnostic apparatus
203 have the same functions as the counterparts of the ultra-
sonic diagnostic apparatus 202' of the second preferred
embodiment.

[0218] The averaging section 170 calculates the average of
the thickness change waveform, of which the period has been
adjusted, over multiple periods. Portion (a) of FIG. 9 shows a
waveform representing the information about subject’s defor-
mation period that has been provided by the period detecting
section 141. As in the second preferred embodiment
described above, information about the subject’s deformation
period may be an electrocardiogram, for example. Portion (b)
of FIG. 9 shows two periods y'1(¢) and y'2(?) of the thickness
change waveform y'(t), of which the period has been adjusted
by the period adjusting section 140.

[0219] The averaging section 170 calculates the average of
the thickness change waveform y'(t) over multiple periods.
The averaged thickness change waveform Y (t) may be calcu-
lated by the following Equation (16).

= (16)
Yio=7) ¥
i=0

[0220] Here, y'(t) represents the thickness change wave-
form of the i” cardiac cycle and L represents the number of
cardiac cycles to be averaged. The averaged thickness change
waveform Y(t) that has been calculated by the averaging
section 170 is input to the thickness change estimating section
118, which calculates the greatest thickness change as already
described for the first preferred embodiment. Since the thick-
ness change waveform that has had its period adjusted is input
to the averaging section 170, the respective periods of the
thickness change waveform are constant and the averaging
section 170 performs the computation of Equation (16) as a
simple addition.

[0221] Thenumber of cardiac cycles to be averaged may be
arbitrarily selected. The average may be calculated over the
entire measuring period. Alternatively, the average may also
be calculated over a number of periods with the cardiac cycle
to calculate the average in shifted in real time. According to
Equation (16), the average is supposed to be calculated by
simply adding the thickness change waveforms together.
Optionally, the average of weighted sum may also be calcu-
lated.

[0222] According to this preferred embodiment, the ran-
dom noise contained in the thickness change waveform can
be reduced as a result of the averaging done by the averaging
section 170. That is why the thickness change estimating
section 118 can estimate the greatest thickness change more
accurately and the modulus of elasticity can be calculated
even more accurately.

Embodiment 4

[0223] Hereinafter, a fourth preferred embodiment of an
ultrasonic diagnostic apparatus according to the present
invention will be described. FIG. 10 is a block diagram show-
ing the configuration of an ultrasonic diagnostic apparatus
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204. The ultrasonic diagnostic apparatus of the preferred
embodiments described above is supposed to estimate the
greatest thickness change based on the entire thickness
change waveform using a reference waveform that has been
generated in advance by measuring, for example. On the other
hand, the ultrasonic diagnostic apparatus 204 generates a
reference waveform based on the displacement waveform of
a measuring point to be obtained by subjecting the subject to
measurements. For that purpose, the ultrasonic diagnostic
apparatus 204 includes a reference waveform generating sec-
tion 117B for generating a reference waveform based on a
displacement waveform supplied from a displacement wave-
form calculating section 115.

[0224] FIG. 11 schematically illustrates a cross section of
the subject 12 of measurements by the probe 101. The subject
12 includes an arterial canal and ultrasonic beams 20a, 205
and 20c are transmitted from the probe 101 so as to measure
cross sections perpendicularly to the axis of the arterial canal.
On the scanning cross sections, the arterial canal includes a
vessel anterior wall 31, a vascular lumen 32 and a vessel
posterior wall 33.

[0225] As the pressure of blood flowing through the vascu-
lar lumen 32 varies, the vessel anterior and posterior walls 31
and 33 receive stress from the blood to repeatedly dilate and
shrink periodically. In a vascular region 21a in the vessel
anterior wall 31 that has a very small width on the ultrasonic
beam 20c¢, the thickness change, which is a variation in dis-
tance between two points p1 and p2, should be caused due to
the displacement of the intima-side end 22a. That is why the
tissue displacement waveform of the intima-side end 22a
should be similar to the thickness change waveform between
pl and p2.

[0226] FIG.12(a) shows the displacement waveformn(t) of
the intima-side end 224, for example, which has been figured
out by the displacement waveform calculating section 115.
On the other hand, FIG. 12(5) shows a reference waveform
M(t) generated by the reference waveform generating section
117B based on the displacement waveform n(t). In FIG. 12, t
represents the sampling time and is an integer, i.e., t=0, 1, ..
. and N-1, where N is the number of sample points. In the
displacement waveform n(t), if the measuring point moves in
the direction in which the vascular caliber increases, then the
direction is called a “positive direction”. The waveforms
shown in FIG. 12 are only portions corresponding to one
cardiac cycle. Supposing the maximum and minimum values
of the displacement waveform n(t) during one cardiac cycle
are identified by Nmax and Nmin, respectively, the reference
waveform generating section 117 figures out the reference
waveform M(t) based on the displacement waveform n(t) by
the following Equation (17).

e an
D= Fm =R "

[0227] As aresult, the reference waveform M(t) becomes a
waveform that is proportional to the waveform n(t) of the
intima-side end 224 and that has an amplitude of one.

[0228] FIG. 13 shows aportion of a thickness change wave-
form y(t) that was actually measured for one cardiac cycle and
output from the thickness change waveform calculating sec-
tion 116. This thickness change waveform y(t) may be
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obtained as a difference between the displacement wave-
forms at the measuring points p1 and p2 shown in FIG. 11, for
example.

[0229] As shown in FIG. 11, both the reference waveform
M(t) and the thickness change waveform y(t) are based on the
received echo signal resulting from the ultrasonic beam 20c.
However, the thickness change waveform y(t) represents a
variation in a very short distance between two points but the
reference waveform M(t) is based on the displacement wave-
form n(t). As shown in FIG. 12(a), the displacement wave-
form n(t) may have an amplitude D1 on the order of several
hundreds of um, for example. On the other hand, the thickness
change waveform y(t) has an amplitude D2 on the order of
several tens of um. That is why the reference waveform M(t)
should be affected by noise to much lesser degree than the
thickness change waveform y(t).

[0230] Therefore, if the thickness change estimating sec-
tion 118 calculates the greatest thickness change based on the
entire thickness change waveform as already described for
the first preferred embodiment by using a reference waveform
thus generated, the greatest thickness change or the modulus
of elasticity canbe calculated highly accurately without being
affected by suddenly produced noise such as spike noise.
Particularly, according to this preferred embodiment, both the
reference waveform M(t) and the thickness change waveform
y(t) are based on the same received echo signal. That is why
even without the period adjusting section, the two waveforms
should have matching periods, and therefore, the greatest
thickness change can be calculated highly accurately. In addi-
tion, since no external signal representing the subject’s stress
variation period needs to be provided by an electrocardio-
graph or a blood pressure manometer, for example, the mea-
surements can be done easily.

Embodiment 5

[0231] Hereinafter, a fifth preferred embodiment of an
ultrasonic diagnostic apparatus according to the present
invention will be described. FIG. 14 is a block diagram show-
ing the configuration of the ultrasonic diagnostic apparatus
205, which further includes a vascular diameter calculating
section 142 that is not included in the ultrasonic diagnostic
apparatus 204 of the fourth preferred embodiment described
above.

[0232] The vascular diameter calculating section 142
receives a displacement waveform from the displacement
waveform calculating section and figures out a waveform
representing the inside or outside vascular caliber of the arte-
rial canal of the subject. The reference waveform generating
section 117 receives the vascular caliber waveform from the
vascular diameter calculating section 142 and generates a
reference waveform based on the vascular caliber waveform.
More specifically, to define the vascular lumen 32, the intima-
side ends 22a and 226 of the blood vessel wall are located as
shown in FIG. 11. These points may be either specified on a
tomographic image of the arterial canal presented on the
image display section 106 by the operator who is watching the
image or located automatically by the control section 100
based on the analysis of the received echo signal. Supposing
the displacement waveforms of the intima-side ends 22a and
22b are identified by ia(t) and ib(t), respectively, the vascular
caliber waveform [(t) is given by the following Equation

(18).

L(ty=ia(d)+ib(t) (18)



US 2009/0318806 A1

[0233] Here, the signs of ia(t) and ib(t) are supposed to be
positive in the direction in which the vascular caliber
increases. Optionally, a waveform representing a variation in
the outside vascular caliber may also be figured out as
described above.

[0234] The reference waveform generating section 117
receives the vascular caliber waveform L(t) and uses the
vascular caliber waveform L(1) in place of the displacement
waveform n(t) in Equation (17), thereby generating a refer-
ence waveform M(t). In this manner, either the greatest thick-
ness change or the modulus of elasticity can be calculated as
in the fourth preferred embodiment described above.

[0235] In this preferred embodiment, the vascular caliber
waveform for use to generate the reference waveform shows
a variation in vascular caliber and has close correlation with
the pressure of blood flowing through the blood vessel. Also,
either the deformation or thickness change of the blood vessel
wall has correlation with the blood pressure. That is why the
thickness change, representing a variation in distance
between two points on the blood vessel wall, has correlation
with a variation in vascular caliber, and therefore, the vascular
caliber waveform can be used effectively to generate the
reference waveform.

[0236] Specifically, the intima-side ends 22a and 225 that
define the vascular caliber move in opposite directions under
the blood pressure, and therefore, the amplitude of the vas-
cular caliber waveform L(t) becomes approximately twice as
large as that of the displacement waveform ia(t) or ib(t). That
is why the influence of noise on the vascular caliber waveform
L(t) has been reduced and the reference waveform generated
is also hardly affected by noise. Consequently, the thickness
change and modulus of elasticity can be calculated even more
accurately.

Embodiment 6

[0237] Hereinafter, a sixth preferred embodiment of an
ultrasonic diagnostic apparatus according to the present
invention will be described. F1G. 15 is a block diagram show-
ing the configuration of an ultrasonic diagnostic apparatus
206. In the fourth preferred embodiment described above, the
reference waveform generating section 117B generates a ref-
erence waveform based on the displacement waveform.
According to this preferred embodiment, the reference wave-
form generating section 117C receives a blood pressure
waveform from an external device and generates a reference
waveform based on the blood pressure waveform.

[0238] The blood pressure waveform supplied to the refer-
ence waveform generating section 117C represents a varia-
tion in the blood pressure of the arterial canal of the subject
and is provided by the real-time blood pressure manometer
150, for example.

[0239] FIG. 16 shows an exemplary blood pressure wave-
form. The variation in blood pressure substantially agrees
with the displacement waveform n(t) shown in FIG. 12(a).
The reference waveform generating section 117C receives
the blood pressure waveform and generates a reference wave-
form M(t) by Equation (17). The thickness change, represent-
ing a variation in distance between two points on the blood
vessel wall, is produced by a variation in blood pressure. That
is to say, since the thickness change has correlation with the
blood pressure variation, the blood pressure waveform can be
used effectively to generate a reference waveform. As a result,
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by using the reference waveform thus generated, the thick-
ness change and modulus of elasticity can be calculated even
more accurately.

Embodiment 7

[0240] Hereinafter, a seventh preferred embodiment of an
ultrasonic diagnostic apparatus according to the present
invention will be described. FIG. 17 is a block diagram show-
ing the configuration of an ultrasonic diagnostic apparatus
207, which includes a transmitting section 102, a receiving
section 103, a computing section 151, a reference waveform
generating section 117D, a thickness change estimating sec-
tion 118' and a reliability determining section 171. The ultra-
sonic diagnostic apparatus 207 also includes a control section
100 for controlling all of these components of its own.
[0241] The transmitting section 102 and the receiving sec-
tion 103 function in the same way as the counterparts 102 and
103 of the first preferred embodiment described above. Spe-
cifically, in accordance with the instruction given by the con-
trol section 100, the transmitting section 102 generates a drive
signal to drive a probe 101 at a predetermined timing. In
response to the drive signal, the probe 101 transmits an ultra-
sonic wave. The ultrasonic wave thus transmitted soon
reaches a subject being deformed periodically under stress
and is reflected inside the subject. In this preferred embodi-
ment, the subject includes the vessel wall of an arterial canal
and the ultrasonic diagnostic apparatus 207 calculates the
modulus of elasticity of the vessel wall. Blood flows through
the arterial canal in a period that is synchronized with a
cardiac cycle. That is why the vessel wall is deformed peri-
odically under the stress caused by the blood flow.

[0242] The receiving section 103 receives an echo,
reflected from the subject, at the probe 101. Specifically, the
probe 101 converts the echo into an electrical signal, and then
the receiving section 103 amplifies the electrical signal,
thereby generating a received echo signal. Then the receiving
section 103 converts the received echo signal into a digital
signal.

[0243] The transmitting section 102 and the receiving sec-
tion 103 preferably include a time delay control section for
controlling the time delay caused in the drive signal or the
received echo signal in order to scan the subject with the
ultrasonic wave transmitted and detect only the ultrasonic
wave that has been reflected from a predetermined location or
in a predetermined direction. Also, the probe 101 preferably
includes an array of ultrasonic oscillators.

[0244] The computing section 151 also operates in the
same way as the counterpart 151 of the first preferred embodi-
ment described above. Specifically, the computing section
151 analyzes the received echo signal to track the motions of
the subject on multiple measuring points, and also generates
a thickness change waveform representing a variation in dis-
tance between two arbitrary measuring points on the subject.
For that purpose, the computing section 151 includes a dis-
placement waveform calculating section 115 and a thickness
change waveform calculating section 116. The displacement
waveform calculating section 115 receives the received echo
signal and figures out a displacement waveform, representing
the displacements of multiple measuring points on the sub-
ject, by Equations (1) and (2). The thickness change wave-
form calculating section 116 figures out a thickness change
waveform, representing a variation in distance between two
points that have been selected arbitrarily from those measur-
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ing points, by calculating the difference between the displace-
ment waveforms of the two measuring points.

[0245] Multiple measuring points can be set on a single
ultrasonic beam according to the resolution that is defined by
the frequency of the ultrasonic wave to be transmitted, for
example. That is why by scanning the subject with an ultra-
sonic beam, the displacement waveforms of respective mea-
suring points, which are arranged two-dimensionally, can be
obtained.

[0246] The reference waveform generating section 117D
generates a reference waveform. This reference waveform is
used as a reference for the thickness change waveform to be
figured out by the thickness change waveform calculating
section 116. In this preferred embodiment, the reference
waveform has been figured out in advance by measuring, for
example, and the data about the reference waveform is stored
in a storage section such as a semiconductor memory for the
reference waveform generating section 117D.

[0247] As already described for the first preferred embodi-
ment, the thickness change estimating section 118' compares
the thickness change waveform supplied from the thickness
change waveform calculating section 116 to the reference
waveform supplied from the reference waveform generating
section 117D, thereby calculating the greatest thickness
change in the thickness change waveform. The thickness
change estimating section 118" also calculates an index indi-
cating the degree of matching between these two waveforms.
More specifically, the thickness change estimating section
118 calculates a coefficient and a difference to be caused by
the use of the coefficient so as to minimize the difference
between one of the thickness change and reference wave-
forms and a waveform obtained by multiplying the other
waveform by the coefficient. Then, based on the coefficient
and the amplitude of the reference waveform, the thickness
change estimating section 118' calculates the greatest thick-
ness change in the thickness change waveform.

[0248] The reliability determining section 171 receives the
difference that has been calculated by the thickness change
estimating section 118' and determines the reliability of either
the greatest thickness change or the modulus of elasticity by
the value of the difference.

[0249] The vltrasonic diagnostic apparatus 207 preferably
further includes a modulus of elasticity calculating section
120 for calculating a modulus of elasticity based on the great-
est thickness change obtained. The modulus of elasticity cal-
culating section 120 receives information about the stress
applied to the subject (e.g., the blood pressure difference AP
between the highest and lowest blood pressures) from the
blood pressure manometer 119, for example. And the modu-
lus of elasticity calculating section 120 calculates the modu-
lus of elasticity Er based on the blood pressure difference AP
and the greatest thickness change AW by Equation (6). In this
case, the reference thickness W's is the distance (e.g., 400 um)
between the two measuring points at which the thickness
change waveform was figured out, and is determined in
advance by the two measuring points that have been set by the
thickness change waveform calculating section 116. In this
manner, the modulus of elasticity of the subject can be
obtained.

[0250] The modulus of elasticity thus obtained is prefer-
ably displayed along with the tomographic image of the sub-
ject because the location of the measuring point can be shown
clearly. For that purpose, the ultrasonic diagnostic apparatus
207 preferably further includes a tomographic image gener-
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ating section 104, an image synthesizing section 105 and an
image display section 106. The tomographic image generat-
ing section 104 includes a filter and an amplitude detector and
analyzes mainly the amplitude of the received echo signal
supplied from the receiving section 103, thereby generating
an image signal as a tomographic image representing the
subject’s internal structure.

[0251] The image synthesizing section 105 receives the
image signal and the data about the modulus of elasticity that
has been supplied from the modulus of elasticity calculating
section 120, and synthesizes the image signal and modulus of
elasticity data together such that the modulus of elasticity
obtained is mapped to an appropriate location on the tomo-
graphic image. In this case, the image synthesizing section
105 receives the rate of reliability of the greatest thickness
change that has been used to calculate the modulus of elas-
ticity from the reliability determining section 171 and pre-
sents the modulus of elasticity according to the rate. For
example, if a modulus of elasticity has been calculated based
on the greatest thickness change. of which the reliability has
been determined to be low, then the modulus of elasticity does
not have to be presented. Then, only moduli of elasticity with
high reliability are presented on the image display section
106. That is why a high-reliability diagnosis can be made
based on the modulus of elasticity presented on the image
display section 106.

[0252] Hereinafter, it will be described in further detail how
the reference waveform generating section 117D, the thick-
ness change estimating section 118' and the reliability deter-
mining section 171, which are the core sections of the present
invention, operate.

[0253] As already described for the first preferred embodi-
ment, the reference waveform generating section 117D stores
the data about the reference waveform M(t) shown in FIG. 2.
This waveform is obtained by figuring out the thickness
change waveforms of a plurality of subjects in advance and
calculating the average of those waveforms for one cardiac
cycle. The reference waveform M(t) is prepared in advance
for an object of measurement by the ultrasonic diagnostic
apparatus 207. In this preferred embodiment, to calculate the
modulus of elasticity of the vessel wall of the arterial canal,
the reference waveform, calculated on the vessel walls of the
arterial canals of a plurality of subjects, is used as the refer-
ence waveform M(t).

[0254] AW, which is the amplitude of the reference wave-
form M(t), has been normalized to be a reference value of 1
um, for example. Since the data collected from a plurality of
subjects is averaged, the influence of noise on even the actu-
ally collected data has been reduced.

[0255] According to the present invention, the greatest
thickness change and the modulus of elasticity are calculated
based on the reference waveform and actually measured val-
ues. That is why it is important to define an appropriate
reference waveform. If the thickness change waveform
changes differently with time according to the specific mea-
suring site on the subject, then the reference waveform is
preferably defined on a site-by-site basis. Specifically, if the
modulus of elasticity of the vessel wall of the arterial canal
should be calculated, reference waveform data may be pro-
vided for the intima, media, and adventitia of the vessel wall,
respectively. By storing sets of reference waveform datain the
reference waveform generating section 117D and changing
those sets of reference waveform data on a site-by-site basis,
the thickness change can be estimated even more precisely.
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[0256] Optionally, a number of different sets of reference
waveform data may also be stored in the storage section of the
reference waveform generating section 117D according to the
physical condition of the subject, e.g., a reference waveform
for healthy persons, a reference waveform for diabetics, and a
reference waveform for patients with arterial sclerosis. And
one of those reference waveforms may be selected in accor-
dance with the operator’s instruction. Then, the thickness
change can be estimated even more accurately.

[0257] As already described for the first preferred embodi-
ment, FIG. 3 shows the thickness change waveform y(t)
obtained by the thickness change waveform calculating sec-
tion 116. This thickness change waveform is a portion of the
waveform obtained by actually inspecting the subject for one
cardiac cycle. In this case, t represents the sampling time and
is an integer, i.e., t=0, 1, . . . and N-1, where N is the number
of sample points.

[0258] As also described for the first preferred embodi-
ment, the thickness change estimating section 118' receives
the reference waveform M(t) and the thickness change wave-
form y(t) and calculates, by the minimum square method,
how many times the amplitude of the thickness change wave-
form y(t) should be multiplied to make the product closest to
the reference waveform M(t). If the coefficient to be multi-
plied by y(t) is kand the square of the difference between M(t)
and k-y(t) is R, then R is given by Equation (7) that has been
described for the first preferred embodiment.

[0259] IfEquation (7)is subjected to partial differentiation
using the coefficient k as a variable (Equation (8)) and if the
resultant equation becomes equal to zero, then the squared
difference R will be minimum. By resolving Equation (8)
with respect to k, Equation (9) is obtained.

[0260] The value of the coefficient k obtained by Equation
(9) means that if the thickness change waveform y(t) calcu-
lated is multiplied by k, then the square of the difference from
the reference waveform M(t) with an amplitude of 1 um will
be minimum and the two waveforms will match most closely
to each other. That is why the amplitude A of the thickness
change waveform y(t) measured can be calculated by Equa-
tion (10).

[0261] The thickness change estimating section 118' fur-
ther substitutes the k value calculated by Equation (9) into
Equation (7) to figure out R. Since k is determined so as to
minimize the squared difference R, this R will be referred to
herein as R, ,,,. That is to say, R, ,, is calculated by the fol-
lowing Equation (19).

m

N-1 2 (19

[0262] R, represents a difference between the reference
waveform M(t) and the thickness change waveform y(t) mul-
tiplied by the coefficient k.

[0263] As already described for the first preferred embodi-
ment, the thickness change estimating section 118' may also
determine how many times the amplitude of the reference
waveform M(t) should be multiplied to make the product
closest to the actual thickness change waveform y(t). In that
case, if the coefficient to be multiplied by the reference wave-
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form M(t) is a and if the residual is R, then the residual R' can
be calculated by Equation (12) that has been described for the
first preferred embodiment.

[0264] IfR'issupposedtobe zero when subjected to partial
differentiation with the coefficient a as in Equation (13) and if
R'is resolved withrespect to a, then Equation (14) is obtained.
In that case, the coefficient a means that if the reference
waveform with an amplitude of 1 pm is multiplied by a, then
the square of the difference from the actual thickness change
waveform y(t) will be minimum and the two waveforms will
matchmost closely to each other. Thatis why the amplitude A'
of the thickness change waveform y(t) can be calculated by
Equation (15).

[0265] Also, the difference R'min is calculated by the fol-
lowing Equation (20).

N-1 2 20
ot | Y M@y
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N
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[0266] As described above, the thickness change estimat-
ing section 118' receives the reference waveform M(t) and the
thickness change waveform y(t) and calculates either the
coefficient k or the coefficient a that would minimize the
matching error between the reference waveform M(t) and the
thickness change waveform y(t) by either Equation (9) or
Equation (13). Then, based on the coefficient k or a thus
calculated, the thickness change estimating section 118' fur-
ther calculates the greatest thickness change as the amplitude
of the thickness change waveform. Furthermore, the thick-
ness change estimating section 118" also calculates the differ-
ence R,;, orR', . by Equation (19) or (20) and then outputs
it to the reliability determining section 171.

[0267] Thereason why the greatest thickness change can be
obtained by comparing the reference waveform M(t) and the
thickness change waveform y(t) to each other has already
been described for the first preferred embodiment with refer-
ence to FIG. 4. Consequently, according to the present inven-
tion, the greatest thickness change or the modulus of elasticity
can be calculated highly accurately without being affected by
suddenly produced noise such as spike noise.

[0268] As also described for the first preferred embodi-
ment, the greatest thickness change can be estimated without
being affected by noise so much as in the conventional
method even by using only a portion of one cardiac cycle of
the thickness change waveform. Nevertheless, the longer the
selected interval, the more accurate the greatest thickness
change estimated will be. That is why it is most preferable to
calculate the greatest thickness change by comparing one full
cardiac cycle of the thickness change waveform to the refer-
ence waveform.

[0269] The reliability determining section 171 receives the
difference R, or R',, . and determines, by the value of the
difference R,,;, or R',,, whether the greatest thickness

change calculated by the thickness change estimating section
118’ or the modulus of elasticity calculated by the modulus of
elasticity calculating section 120 is reliable or not. FIG. 18 is
a flowchart showing how the reliability determining section
171 operates on receiving the difference R, ;.. As shown in
FIG. 18, the reliability determining section 171 receives the
difference R,;,, to start a reliability determining operation in

min
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Step 301. First, the reliability determining section 171 com-
pares the difference R, to a predetermined threshold value
TH2 in Step 302. If the difference R, received is not smaller
than the predetermined threshold value TH2, then it means
that the reference waveform M(t) does not match the thick-
ness change waveform y(t) multiplied by the coefficient k.
That is why the greatest thickness change thus obtained and
the modulus of elasticity calculated based on the greatest
thickness change are not likely to be correct values and the
reliability is determined to be low in Step 305.

[0270] On the other hand, if the difference R, received is
smaller than the predetermined threshold value TH2, then it
means that the reference waveform M(t) agrees well with the
thickness change waveform y(t) multiplied by the coefficient
k. In that case, however, the difference R, could be smaller
than the predetermined threshold value TH2 because the
coefficient k is negative. That is to say, the reference wave-
form M(t) and the thickness change waveform y(t) might have
opposite signs. To eliminate such possibility, the reliability
determining section 171 preferably receives the coefficient ke
from the thickness change estimating section 118" and deter-
mines in Step 303 whether the coefficient k has the positive
sign or the negative sign. If the coefficient k is not positive,
then the reference waveform M(t) and the thickness change
waveform y(t) have opposite signs. That is why the greatest
thickness change and the modulus of elasticity calculated
based on the greatest thickness change are not likely to be
correct values and the reliability is determined to be low in
Step 306. On the other hand, if the coefficient k is positive, the
greatest thickness change and the modulus of elasticity
should be correct values and the reliability is determined to be
high in Step 304.

[0271] The reliability determining section 171 outputs
these decision results to the image synthesizing section 105.
In accordance with these decisions, the image synthesizing
section 105 displays the modulus of elasticity as described
above. If the modulus of elasticity is calculated two-dimen-
sionally, the thickness change waveform y(t) is figured out at
each location and then subjected to the computation by the
thickness change estimating section 118" and the decision by
the reliability determining section 171, thereby determining
the reliability of the modulus of elasticity at each location to
be displayed two-dimensionally.

[0272] The method of displaying the modulus of elasticity
may be selected arbitrarily. For example, the modulus of
elasticity may be displayed in a grayscale tone or color shade
associated with its value, and a modulus of elasticity, of which
the reliability has been determined to be low, may be dis-
played in a contrasting color shade that is clearly different
from any of these grayscale tones or color shades. Alterna-
tively, if there is a region with a modulus of elasticity, of
which the reliability has been determined to be low, then the
modulus of elasticity may be interpolated with a modulus of
elasticity in a surrounding region, of which the reliability has
been determined to be high, and the interpolated value may be
displayed as the modulus of elasticity of the former region.
Also, if such regions with low-reliability moduli of elasticity
account for a predetermined percentage or more of the entire
subject, then the presentation of the image representing the
moduli of elasticity of that cardiac cycle may be omitted
completely.

[0273] The ultrasonic diagnostic apparatus 207 estimates
the greatest thickness change by comparing the reference
waveform and the thickness change waveform to each other.
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For that reason, even if suddenly produced noise is supet-
posed on the thickness change waveform, the greatest thick-
ness change and the modulus of elasticity can be calculated
even more accurately. In addition, since the reliability of the
modulus of elasticity thus calculated is determined by the
difference between the reference waveform M(t) and the
thickness change waveform y(t), the operator can determine
whether or not the measurements have been done properly.
Consequently, the modulus of elasticity can be measured with
high reliability and accuracy by using the ultrasonic diagnos-
tic apparatus 207. Among other things, even if the diseased
site in question is hard to identify on a tomographic image but
has a different modulus of elasticity from its surrounding
regions, that diseased site can be identified with high likeli-
hood.

Embodiment 8

[0274] Hereinafter, an eighth preferred embodiment of an
ultrasonic diagnostic apparatus according to the present
invention will be described. FIG. 19 is ablock diagram show-
ing the configuration of the ultrasonic diagnostic apparatus
208, which further includes a period adjusting section 140
and an averaging section 170 that are not included in the
ultrasonic diagnostic apparatus 207 of the seventh preferred
embodiment described above. The transmitting section 102,
receiving section 103, computing section 151 and thickness
change estimating section 118' of the ultrasonic diagnostic
apparatus 202 have the same functions as the counterparts of
the ultrasonic diagnostic apparatus 207 of the seventh pre-
ferred embodiment.

[0275] As already described for the second preferred
embodiment, the period adjusting section 140 adjusts the
period of the thickness change waveform such that the period
of the thickness change waveform figured out by the thick-
ness change waveform calculating section 116 matches that
of the reference waveform generated by the reference wave-
form calculating section 117D. For that purpose, the ultra-
sonic diagnostic apparatus 208 receives information about the
period of subject’s stress variation from an external period
detecting section 141. If the subject is the vessel wall of the
arterial canal, then a variation in the blood pressure, electro-
cardiogram or electrocardiophonogram of the subject may be
used. For example, an electrocardiograph for detecting the
cardiac cycle of the heart may be used effectively as the
period detecting section 141.

[0276] Portions (a), (b) and (¢) of FIG. 7 show the electro-
cardiogram provided by the period detecting section 141, the
thickness change waveform y(t) figured out by the thickness
change waveform calculating section 116, and the reference
waveform M(t) generated by the reference waveform gener-
ating section 117D. As shown in portion (a) of FIG. 7, an R
wave is observed in the electrocardiogram. Meanwhile, as is
clear from portions (a) and (b) of FIG. 7, the period of the
electrocardiogram agrees with the period Ty of the thickness
change waveform y(t). This is because the variation in the
thickness of the vessel wall of the arterial canal is caused by
the variation in the blood pressure due to the heartbeat. On the
other hand, as is clear from portions (b) and (¢) of FIG. 7, the
period Tm of the reference waveform M(t) does not agree
with the period Ty of the thickness change waveform y(t).
[0277] To resolve the disagreement in period between the
reference waveform M(t) and the thickness change waveform
y(t), the period adjusting section 140 adjusts the period of the
thickness change waveform y(t) based on the information
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about the period of the subject’s stress variation provided by
the period detecting section 141. In this preferred embodi-
ment, the period adjusting section 140 detects the period of
the R wave of the electrocardiogram, thereby extending or
shrinking the thickness change waveform y(t) figured out by
the thickness change waveform calculating section 116 along
the time axis. The thickness change waveform y'(t), which has
been extended or shrunk along the time axis and of which the
period has been adjusted, may be given by the following
Equation (21).

S O=ME-Tm/Ty) @1

[0278] Inthis case, unless txTm/Ty becomes an integer, an
interpolated value is generated based on the relation between
t and y(t). Optionally, the y(t) values may be stored on a
sufficiently fine sampling unit and a value in the closest prox-
imity could be used as an alternative value.

[0279] The averaging section 170 calculates the average of
the thickness change waveform y'(t), of which the period has
been adjusted, over multiple periods. The average may be
calculated by any of various methods. For example, if the
method of moving averages, in which multiple periods to
calculate the average in are sequentially shifted, is adopted as
shown in FIG. 20(a), the averaged thickness change wave-
form u,,(t) can be calculated by the following Equation (22).

1 Lim-1 (22)

[0280] Here, v',(t) represents a thickness change waveform,
of which the i period has been adjusted, and L represents the
number of cardiac cycles to be averaged. Equation (22) indi-
cates that the thickness change waveform of the m™ period is
obtained. On the other hand, if the average is calculated every
L” period as shown in FIG. 20(b), then the averaged thickness
change waveform vm(t) can be calculated by the following

Equation (23).

(m+LxL-1 (23)

[0281] Thenumber L of cardiac cycles to be averaged may
be arbitrarily selected. According to Equations (22) and (23),
the average is supposed to be calculated by simply adding the
thickness change waveforms together. Optionally, the aver-
age of weighted sum may also be calculated. If the average is
calculated by Equation (22), the averaged thickness change
waveform u(t) has the same number of periods as the thick-
ness change waveform y'(t). On the other hand, if the average
is calculated by Equation (23), the number of periods of the
averaged thickness change waveform v(t) is 1/L of that of the
thickness change waveform y'(t).

[0282] The averaging section 170 further calculates the
variance o, > of the signal over the multiple periods, in which
the average has been calculated, by one of the following
Equations (24) and (25).
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[0283] The variance o, is a value representing the degree
of variation in signal level over the periods in which the
average has been calculated, and is calculated every period of
the averaged thickness change waveform. This variance o, >
is input to the reliability determining section 171".

[0284] The averaged thickness change waveform u(t) (or
v(t)) obtained by the averaging section 170 is supplied to the
thickness change estimating section 118', which calculates
the greatest thickness change and the difference R, as
already described for the first preferred embodiment by using
u(t) (or v(1)) instead of y(t).

[0285] The reliability determining section 171' rates the
reliabilities of the greatest thickness change and the modulus
of elasticity based on not only the difference R,,;, that has
been described for the first preferred embodiment but also the
variance a @,,% FIG. 21 is a flowchart showing how the
reliability determining section 171' operates on receiving the
difference R,,,,, and the variance o,,% As shown in FIG. 21,
the reliability determining section 171' receives the difference
R, and the variance o, to start a reliability determining
operation in Step 311. First, the reliability determining sec-
tion 171' compares the variance o, to a predetermined
threshold value THI in Step 312. If the variance o,,” is not
smaller than the predetermined threshold value TH1, then it
means that variation in data between pulses was significant in
the averaged thickness change waveform u(t) on which the
modulus of elasticity was calculated. That is why the reliabil-
ity of the modulus of elasticity obtained is determined to be
low in Step 316.

[0286] Ontheotherhand, ifthevariance o, * is smaller than
the predetermined threshold value TH1, then the difference
R,,;, 1s compared to a predetermined threshold value TH2 in
Step 313. If the difference R, is not smaller than the prede-
termined threshold value TH2, then it means that the refer-
ence waveform M(t) does not match the thickness change
waveform y(t) multiplied by the coefficient k. That is why the
greatest thickness change thus obtained and the modulus of
elasticity calculated based on the greatest thickness change
are not likely to be correct values and the reliability is deter-
mined to be low in Step 317.

[0287] However, if the difference R,,,, is smaller than the
predetermined threshold value TH2, it means that the refer-
ence waveform M(t) agrees well with the thickness change
waveform y(t) multiplied by the coefficient k. Nevertheless,
as described for the first preferred embodiment, the difference
R,,;, could be smaller than the predetermined threshold value
TH2 because the coefficient k is negative. In view of this
possibility, the reliability determining section 171 receives
the coefficient k from the thickness change estimating section
118 and determines in Step 314 whether the coefficient k has
the positive sign or the negative sign. If the coefficient k is not
positive, then the reference waveform M(t) and the thickness
change waveform y(t) multiplied by the coefficient k have
opposite signs. That is why the greatest thickness change and
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the modulus of elasticity calculated based on the greatest
thickness change are not likely to be correct values and the
reliability is determined to be low in Step 318. On the other
hand, if the coefficient k is positive, the greatest thickness
change and the modulus of elasticity should be correct values
and the reliability is determined to be high in Step 315.
[0288] The reliability determining section 171' outputs
these decision results to the image synthesizing section 105.
In accordance with these decisions, the image synthesizing
section 105 displays the modulus of elasticity as already
described for the first preferred embodiment.

[0289] The ultrasonic diagnostic apparatus 208 rates the
reliabilities of the greatest thickness change and the modulus
of elasticity by not only the difference between the reference
waveform and the thickness change waveform but also the
variance of the thickness change waveform. That is why the
reliabilities of the greatest thickness change and the modulus
of elasticity can be determined more accurately.

[0290] In this preferred embodiment, the reliabilities of the
greatest thickness change and the modulus of elasticity are
determined by the difference between the reference wave-
form and the thickness change waveform and by the variance
ofthe thickness change waveform. Alternatively, the reliabili-
ties of the greatest thickness change and the modulus of
elasticity may also be determined only by the variance of the
thickness change waveform. This is because if the variance of
the thickness change waveform is equal to or smaller than a
predetermined threshold value, then it is highly probable that
there is a hardly varied continuous thickness change wave-
form that agrees well with the reference waveform but it is
much less likely that there is hardly varied, continuous but
inappropriate thickness change waveform that disagrees with
the reference waveform. Also, in that case, there is no need to
calculate the difference.

[0291] In the preferred embodiments described above, the
modulus of elasticity is supposed to be displayed. However,
the greatest thickness change or the magnitude of strain may
also be displayed according to the result of the decision made
by the reliability determining section.

Embodiment 9

[0292] Hereinafter, a ninth preferred embodiment of an
ultrasonic diagnostic apparatus according to the present
invention will be described. F1G. 22 is ablock diagram show-
ing the configuration of an ultrasonic diagnostic apparatus
209, which includes a transmitting section 102, a receiving
section 103, a computing section 151, a reference waveform
generating section 117E, a thickness change estimating sec-
tion 118" and a tissue identifying section 172. The ultrasonic
diagnostic apparatus 209 also includes a control section 100
for controlling all of these components of its own.

[0293] The transmitting section 102, the receiving section
103 and the computing section 151 of the ultrasonic diagnos-
tic apparatus 209 function in the same way as the counterparts
of the first or seventh preferred embodiment described above.
Specifically, in accordance with the instruction given by the
control section 100, the transmitting section 102 generates a
drive signal to drive a probe 101 at a predetermined timing. In
response to the drive signal, the probe 101 transmits an ultra-
sonic wave. The ultrasonic wave thus transmitted soon
reaches a subject being deformed periodically under stress
and is reflected inside the subject. In this preferred embodi-
ment, the subject includes the vessel wall of an arterial canal
and the ultrasonic diagnostic apparatus 209 calculates the
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modulus of elasticity of the vessel wall. Blood flows through
the arterial canal in a period that is synchronized with a
cardiac cycle. That is why the vessel wall is deformed peri-
odically under the stress caused by the blood flow.

[0294] The receiving section 103 receives an echo,
reflected from the subject, at the probe 101. Specifically, the
probe 101 converts the echo into an electrical signal, and then
the receiving section 103 amplifies the electrical signal,
thereby generating a received echo signal. Then the receiving
section 103 converts the received echo signal into a digital
signal.

[0295] The transmitting section 102 and the receiving sec-
tion 103 preferably include a time delay control section for
controlling the time delay caused in the drive signal or the
received echo signal in order to scan the subject with the
ultrasonic wave transmitted and detect only the ultrasonic
wave that has been reflected from a predetermined location or
in a predetermined direction. Also, the probe 101 preferably
includes an array of ultrasonic oscillators.

[0296] The computing section 151 analyzes the received
echo signal to track the motions of the subject on multiple
measuring points, and also generates a thickness change
waveform representing a variation in distance between two
arbitrary measuring points on the subject. For that purpose,
the computing section 151 includes a displacement waveform
calculating section 115 and a thickness change waveform
calculating section 116. The displacement waveform calcu-
lating section 115 receives the received echo signal and fig-
ures out a displacement waveform, representing the displace-
ments of multiple measuring points on the subject, by
Equations (1) and (2). The thickness change waveform cal-
culating section 116 figures out a thickness change wave-
form, representing a variation in distance between two points
that have been selected arbitrarily from those measuring
points, by calculating the difference between the displace-
ment waveforms of the two measuring points.

[0297] Multiple measuring points can be set on a single
ultrasonic beam according to the resolution that is defined by
the frequency of the ultrasonic wave to be transmitted, for
example. That is why by scanning the subject with an ultra-
sonic beam, the displacement waveforms of respective mea-
suring points, which are arranged two-dimensionally, can be
obtained.

[0298] The reference waveform generating section 117E
generates a reference waveform. This reference waveform is
used as a reference for the thickness change waveform to be
figured out by the thickness change waveform calculating
section 116. In this preferred embodiment, the reference
waveform has been figured out in advance by measuring, for
example, and the data about the reference waveform is stored
in a storage section such as a semiconductor memory for the
reference waveform generating section 117E.

[0299] As already described for the eleventh and seventh
preferred embodiments, the thickness change estimating sec-
tion 118" compares the thickness change waveform supplied
from the thickness change waveform calculating section 116
to the reference waveform supplied from the reference wave-
form generating section 117E, thereby calculating the great-
est thickness change in the thickness change waveform. The
thickness change estimating section 118" also calculates an
index indicating the degree of matching between these two
waveforms. More specifically, the thickness change estimat-
ing section 118" calculates a coefficient and a difference to be
caused by the use of the coefficient so as to minimize the
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difference between one of the thickness change and reference
waveforms and a waveform obtained by multiplying the other
waveform by the coefficient. Then, based on the coefficient
and the amplitude of the reference waveform, the thickness
change estimating section 118" calculates the greatest thick-
ness change in the thickness change waveform. The greatest
thickness change and the difference for each of those refer-
ence waveforms are output to the tissue identifying section
172.

[0300] Based on the difference that has been calculated on
the respective reference waveforms as an index indicating the
degree of matching between the thickness change waveform
and each reference waveform, the tissue identifying section
172 determines to which of the multiple tissues the tissue that
has been located between the two measuring points and pro-
duced the thickness change waveform corresponds. More
particularly, the tissue identifying section 172 identifies a
tissueassociated with one of the reference waveforms that has
caused the smallest difference as the tissue that has produced
the thickness change waveform between the two measuring
points and outputs the greatest thickness change that has been
calculated based on the reference waveform.

[0301] The ultrasonic diagnostic apparatus 209 preferably
further includes a modulus of elasticity calculating section
120 for calculating a modulus of elasticity based on the great-
est thickness change provided by the tissue identifying sec-
tion 172. The modulus of elasticity calculating section 120
receives information about the stress applied to the subject
(e.g., the blood pressure difference AP between the highest
and lowest blood pressures) from the blood pressure manom-
eter 119, for example. And the modulus of elasticity calcu-
lating section 120 calculates the modulus of elasticity Er
based on the blood pressure difference AP and the greatest
thickness change AW by Equation (6). In this case, the refer-
ence thickness Ws is the distance (e.g., 400 um) between the
two measuring points at which the thickness change wave-
form was figured out, and is determined in advance by the two
measuring points that have been set by the thickness change
waveform calculating section 116. In this manner, the modu-
lus of elasticity of the subject can be obtained.

[0302] The modulus of elasticity thus obtained is prefer-
ably displayed along with the tomographic image of the sub-
ject because the location of the measuring point can be shown
clearly. For that purpose, the ultrasonic diagnostic apparatus
209 preferably further includes a tomographic image genet-
ating section 104, an image processing section 105 and an
image display section 106. The tomographic image generat-
ing section 104 includes a filter and an amplitude detector and
analyzes mainly the amplitude of the received echo signal
supplied from the receiving section 103, thereby generating
an image signal as a tomographic image representing the
subject’s internal structure.

[0303] The image processing section 105 receives the
image signal and the data about the modulus of elasticity that
has been supplied from the modulus of elasticity calculating
section 120, and synthesizes the image signal and modulus of
elasticity data together such that the modulus of elasticity
obtained is mapped to an appropriate location on the tomo-
graphic image. In this case, the image processing section 105
is notified by the tissue identifying section 172 of the tissue in
which the measuring spot is now located and displays the
modulus of elasticity according to the result of identification.
For example, the modulus of elasticity may be displayed in
one of multiple different colors that is associated with the

Dec. 24, 2009

identified tissue and in a gray scale tone (luminance) that is
associated with the value of the modulus of elasticity. In this
manner, the modulus of elasticity can be calculated accu-
rately and the region displayed in a predetermined color so as
to identify the tissue with the modulus of elasticity can be
easily located in the subject. Consequently, high reliability
diagnosis can be made based on the modulus of elasticity
displayed on the image display section 106.

[0304] Hereinafter, it will be described in further detail how
the reference waveform generating section 117E, the thick-
ness change estimating section 118", the tissue identifying
section 172 and the image processing section 105, which are
the core sections of the present invention, operate. First, the
subject as the object of measurement of this preferred
embodiment will be described. FIG. 23 schematically illus-
trates a cross section of the arterial canal of the subject. As
shown in FIG. 23, the cross section of the arterial canal, as
viewed on a plane that includes the axis of the arterial canal,
has vessel walls 30" and 30 that interpose a vascular lumen 40
between them. When these vessel walls 30" and 30 need to be
distinguished from each other, the vessel wall 30' that is
located closer to the subject’s surface will be referred to
herein as a “vessel anterior wall”, while the other wall a
“vessel posterior wall” 30. Each of these vessel walls 30' and
30 has a three-layer structure in which three different tissues
are stacked one upon the other concentrically, and includes an
intima 33, 33'adjacent to the vascular lumen 40, an adventitia
32, 32' located in the outermost region, and a media 34, 34'
interposed between them. The intima 33 and the media 34 will
be collectively referred to herein as an intima-media complex
31, while the intima 33' and the media 34" will be collectively
referred to herein as an intima-media complex 31'. In this
preferred embodiment, to measure the moduli of elasticity of
the vessel walls 30' and 30, reference waveforms are provided
for the intima 33, 33', media 34, 34' and adventitia 32, 32',
respectively.

[0305] FIGS. 24(a), 24(b) and 24(c) respectively show the
reference waveforms M, (t) to M;(t) that are stored in the
storage section of the reference waveform generating section
117E. These waveforms are obtained by figuring out the
thickness change waveforms of the intima 33, 33', media 34,
34' and adventitia 32, 32' of multiple subjects in advance and
calculating the averages thereof for one cardiac cycle. Under
the pressure of blood flowing through the vascular lumen 40,
the intima 33, 33', media 34, 34' and adventitia 32, 32' of the
vessel walls 30" and 30 are subjected to stress and deformed
periodically. However, since the respective tissues of the
intima 33, 33', media 34, 34' and adventitia 32, 32' have
mutually different viscosity properties and elastic properties,
their thickness change waveforms are also different from
each other as shown in FIGS. 24(a) through 24(c).

[0306] AW, which is the amplitude of the reference wave-
forms M, (t) through M,(t), has been normalized to be a
reference value of 1 um, for example. Since the data collected
from a plurality of subjects is averaged, the influence of noise
on even the actually collected data has been reduced.

[0307] In this preferred embodiment, to calculate the
moduli of elasticity of the vessel walls as described above, the
thickness change waveforms of the intima 33, 33', media 34,
34" and adventitia 32, 32' that form each vessel wall are
selected as reference waveforms. However, the number of
reference waveforms to provide may change depending on
the object of measurement. Optionally, a number of different
sets of reference waveform data may also be stored in the
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storage section of the reference waveform generating section
117E according to the physical condition of the subject, e.g,.,
a set of reference waveforms for healthy persons, a set of
reference waveforms for diabetics, and a set of reference
waveforms for patients with arterial sclerosis. And one of
those sets of reference waveforms may be selected in accor-
dance with the operator’s instruction. Then, the thickness
change can be estimated even more accurately.

[0308] As already described for the first and other preferred
embodiments, FIG. 3 shows the thickness change waveform
y(t) obtained by the thickness change waveform calculating
section 116 between two measuring points in a measuring
target area. This thickness change waveform is a portion of
the waveform obtained by actually inspecting the subject for
one cardiac cycle. In this case, t represents the sampling time
and is an integer, i.e., t=0, 1, . . . and N-1, where N is the
number of sample points.

[0309] The thickness change estimating section 118"
receives the reference waveforms M, (1) through M, (t) and the
thickness change waveform y(t) and calculates, by the mini-
mum square method, how many times the amplitude of the
thickness change waveform y(t) should be multiplied to make
the product closest to the reference waveforms M, (1) through
M;(t). If the coefficients to be multiplied by y(t) are k;
through k; and the square of the difference between M (t) and
k;y(t)isR,, then R, is given by the following Equation (26).

v-1 (26)
Ri= ) (M0 -k yn)?

=0

[0310] IfEquation (7)is subjected to partial differentiation
using the coefficient k; as a variable and if the resultant
equation becomes equal to zero as in the following Equation
(27), then the squared difference R, will be minimum.

) @7)

Rl N-1
- =2) MDY+ b)) =0
=0

[0311] By resolving Equation (27) with respect to k;, the
following Equation (28) is obtained.

N-1 (28)
> Moy
=2
N-1
VOE
=0
[0312] Thevalue of the coefficient k, obtained by Equation

(9) means that if the thickness change waveform y(t) calcu-
lated is multiplied by k,, then the square of the difference
from the reference waveform M, (t) with anamplitude of 1 um
will be minimum and the two waveforms will match most
closely to each other. That is why the amplitude A, of the
thickness change waveform y(t) measured can be calculated
by the following Equation (29).

A4,=1/ky (pm) 29

[0313] The thickness change estimating section 118" fur-
ther substitutes the k, value calculated by Equation (28) into
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BEquation (26) to figure out R, . Since k, is determined so as to
minimize the squared difference R |, thisR | will be referred to
herein as R, .. That is to say, R, is calculated by the follow-

ing Equation (30).
N-1 2 30)
N-L M, (0)y()
Rin= ) M- S——y)
=0 G)e
t=0
[0314] R,,, represents a difference between the reference

waveform M, (1) and the thickness change waveform y(t)
multiplied by the coefficient k;.

[0315] As in the calculation described above, the thickness
change estimating section 118" may also determine how
many times the amplitude of the reference waveform M, (t)
should be multiplied to make the product closest to the actual
thickness change waveform y(t). In that case, if the coefficient
to be multiplied by the reference waveform M, (t) is k', and if
the residual is R',, then the residual R'; can be calculated by
the following Equation (31).

z

-1 31
R (K- My () - y(0)?

T
o

[0316] If R', is supposed to be zero when subjected to
partial differentiation with k', as in the following Equation
(32) and if R', is resolved with respect to k', , then the follow-
ing Equation (33) is obtained.

KMy (1) = My (DY(0) =0

> My
=0
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[0317] In that case, the coefficient k', means that if the
reference waveform with an amplitude of 1 um is multiplied
by k'|, then the square of the difference from the actual
thickness change waveform y(t) will be minimum and the two
waveforms will match most closely to each other. That is why
the amplitude A’ of the thickness change waveform y(t) can be
calculated by the following Equation (34).

A=K (pm) (34

[0318] Also, thedifference R';
ing Equation (35).

. 18 calculated by the follow-
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[0319] As for the other reference waveforms M,(t) and
M,(t), the coefficients k,, k;, the amplitudes A,, A,, and the
differences R, ,,, R,,, are calculated in the same way by Equa-
tions (28) to (30), respectively. The coefficients k', k'5, the
amplitudes A',, A';, and the differences R', ,, R';,, may be
calculated as described above.

[0320] As described above, the thickness change estimat-
ing section 118" receives the reference waveforms M, (1) to
M;(t) and the thickness change waveform y(t) and calculates
the amplitudes A, to A, and the differences R, to R, that
would minimize the differences between the reference wave-
forms M, (t) to M;(t) and the thickness change waveform y(t)
by Equations (28) and (29). Then, the thickness change esti-
mating section 118" outputs them to the tissue identifying
section 172.

[0321] Thereason why the greatest thickness change can be
obtained by comparing the reference waveforms M (1) to
M;(t) and the thickness change waveform y(t) to each other
has already been described for the first preferred embodiment
with reference to FIG. 4. Consequently, according to the
present invention, the greatest thickness change or the modu-
lus of elasticity can be calculated highly accurately without
being affected by suddenly produced noise such as spike
noise.

[0322] As also described for the first preferred embodi-
ment, the greatest thickness change can be estimated without
being affected by noise so much as in the conventional
method even by using only a portion of one cardiac cycle of
the thickness change waveform. Nevertheless, the longer the
selected interval, the more accurate the greatest thickness
change estimated will be. That is why it is most preferable to
calculate the greatest thickness change by comparing one full
cardiac cycle of the thickness change waveform to the refer-
ence waveform.

[0323] As described above, the variation pattern of a thick-
ness change waveform along the time axis changes from one
tissue to another. That is why if the difference is calculated by
the computation method described above using the reference
waveforms provided for the respective tissues, the tissue
associated with a reference waveform that results in the
smallest difference is the tissue, of which the thickness
change waveform has been obtained. The tissue identifying
section 172 makes this decision.

[0324] FIG. 25 is a flowchart showing how the tissue iden-
tifying section 172 operates. After having started its tissue
identifying operation in Step 301, the tissue identifying sec-
tion 172 receives amplitudes A |, A, and A; and differences
R, Rs,, and R, in Step 302. Alternatively, the tissue iden-
tifying section 172 may have received the amplitudes A ;. A,
and A, and differences R |, . R, and R, , in advance and may
start its identifying operation in accordance with the instruc-
tion given by the control section 100. First, the tissue identi-
fying section 172 compares the differences R, R,,,and R,
to a predetermined threshold value R, in Step 303. If all of
these differences R,,,. R,,, and R;,, are greater than the
threshold value R, then it means that the thickness change
waveform y(t) is not similar to any of the reference wave-
forms M, (t) to M;5(t) and a portion of the tissue where the
thickness change waveform y(t) was obtained is not associ-
ated with any of the reference waveforms M, (t) through
M;(t). In that case, the tissue identifying section 172 substi-
tutes zero for the decision result S and for the amplitude A in
Step 304.
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[0325] On the other hand, if at least one of the differences
R,,.» R,,, andR;  is smallerthan the threshold value R 1, the
smallest one of the differences R, R,,, and R;,, needs to be
found. If the difference R |, is the smallest, then it means that
the thickness change waveform y(t) is most similar to the
reference waveform M, (t) and that a portion of the tissue
where the thickness change waveform y(t) was obtained is
associated with the reference waveform M, (t). That is why
one is substituted for the decision result S and A, is substi-
tuted for the amplitude A.

[0326] Inthesameway,ifthedifferenceR,,, is the smallest,
then it means that the thickness change waveform y(t) is most
similar to the reference waveform M,(t) and that a portion of
the tissue where the thickness change waveform y(t) was
obtained is associated with the reference waveform M,(t).
That is why two is substituted for the decision result S and A,
is substituted for the amplitude A. And if the difference R, is
the smallest, then it means that the thickness change wave-
form y(t) is most similar to the reference waveform M;(t) and
that a portion of the tissue where the thickness change wave-
form y(t) was obtained is associated with the reference wave-
form M;(t). That is why three is substituted for the decision
result S and A, is substituted for the amplitude A. In this
manner, the tissue identifving section 172 completes its iden-
tifying operation in Step 306. If the modulus of elasticity
needs to be measured two-dimensionally, then the identifying
operation is carried out on each point of the two-dimensional
matrix.

[0327] The tissue identifying section 172 outputs these
decision results to the modulus of elasticity calculating sec-
tion 120 and the image processing section 105. Specifically,
the tissue identifying section 172 outputs the amplitude A, for
whichA,, A,, A, or zero has been substituted, to the modulus
of elasticity calculating section 120 and the decision result S,
for which zero, one, two or three has been substituted, to the
image processing section 105.

[0328] In this preferred embodiment, after the differences
R, Rs,, and R, have been compared to the predetermined
threshold value R 1, the smallest one of the differences R |,
R,, and R,,, is found. Alternatively, the smallest difference
R,,.» Ry, or R;,, may be found first, and then compared to the
threshold value R 5.

[0329] The modulus of elasticity calculating section 120
calculates a modulus of elasticity using the received ampli-
tude A as the greatest thickness change AW as described
above. If the amplitude A has a value of zero, it means that a
correct greatest thickness change has not been obtained and
the modulus of elasticity is not calculated. Optionally, a
numerical value that can be easily distinguished from a modu-
lus of elasticity calculated properly (e.g., zero) may be sub-
stituted for the modulus of elasticity, too.

[0330] The image processing section 105 receives the
modulus of elasticity from the modulus of elasticity calculat-
ing section 120 and generates image data, which should be
superposed on the tomographic image, generated by the
tomographic image generating section 104, to display the
modulus of elasticity, based on the decision result S received
from the tissue identifying section 172. The measuring region
in which the modulus of elasticity has been calculated is
associated with the decision result S showing what tissue that
region is associated with. That is why in displaying the
moduli of elasticity as a two-dimensional map, the informa-
tion about the tissue identification and the information about
the modulus of elasticity are preferably displayed.
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[0331] FIG. 26 shows an example of image data that has
been generated by the image processing section 105, and
displayed on the image display section 106, so as to present
respective tissues in different colors and display the modulus
of elasticity with aluminance associated with its value. On the
image display section 106, presented is a tomographic image
50 that has been generated by the tomographic image genet-
ating section 104. The tomographic image 50 represents a
vascular lumen 40, an intima 33, a media 34, an adventitia 32
and an extravascular tissue 41. In FIG. 26, the boundaries
between the respective tissues are shown clearly. On an actual
tomographic image 50, however, these boundaries are often
not so definite. Also, although the intima 33 and the media 34
are shown as definitely different ones in F1G. 26, the intima 33
and the media 34 could be shown with similar luminances and
could not be distinguished from each other so easily.

[0332] On the tomographic image 50, superposed is a two-
dimensional map image 56 of moduli of elasticity. Each area
of the two-dimensional map image 56 is presented in a color
associated with its tissue and in a grayscale associated with its
modulus of elasticity. Specifically, based on the thickness
change waveform that was used to calculate the modulus of
elasticity of the area 52, the tissue identifying section 172
substitutes one for the decision result S of the area 52, i.e.,
identifies the area 52 as the intima associated with the refer-
ence waveform M, (t). In the same way, the areas 53 and 54 are
identified as the media and the adventitia, respectively. On the
other hand, the thickness change waveforms obtained from
the areas 51 and 55 are not similar to any of the reference
waveforms M, (t) to M,(t), and therefore, zero is substituted
for the decision result S. That is to say, the areas 51 and 55 are
identified as none of the intima, media and adventitia. Thus, to
show the difference in tissue, the areas 52, 53 and 54 may be
presented in yellow, red and brown, respectively, and may
display the moduli of elasticity with respective luminances
associated with the moduli of elasticity. As shown in F1G. 26,
there is a region 57 with a high modulus of elasticity in the
area 53 that has been identified as the media. The areas 51 and
55 are none of the intima, media and adventitia, and therefore,
may be presented in gray, for example. In the areas 51 and 55,
no modulus of elasticity has been calculated.

[0333] Optionally, based on the result of the decision made
by the tissue identifying section 172, only the modulus of
elasticity of an area that has been identified as a particular
tissue may be displayed. For example, on the two-dimen-
sional map image 56 that is superposed on the tomographic
image 50 to represent moduli of elasticity, only the area 53
that has a decision result S of two and that has been identified
as the media is presented with a luminance associated with its
modulus of elasticity as shown in FIG. 27.

[0334] As shown in FIG. 26, the moduli of elasticity of
respective tissues are displayed in different colors, and there-
fore, it can be seen easily that the region 57 with a high
modulus of elasticity is located within the media. Conse-
quently, even if the boundaries between the tissues are not
definite on the tomographic image 50, the diseased site can be
easily spotted correctly. Among other things, if only the
modulus of elasticity of a particular tissue is displayed as
shown in FI1G. 27, the diseased site can be spotted more easily
by the modulus of elasticity. Besides, the boundary between
the intima and media of a vessel wall and the boundary
between the media and adventitia thereof that have been
difficult to distinguish with a conventional tomographic
image can also be located.
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[0335] As described above, according to the present inven-
tion, the greatest thickness change is estimated by comparing
the reference waveform and the thickness change waveform
to each other. That is why even if suddenly produced noise is
superposed on the thickness change waveform, the greatest
thickness change and the modulus of elasticity can be calcu-
lated more accurately. In addition, since it is determined, as a
piece of information about the subject’s internal tissue, from
what tissue of the subject the modulus of elasticity calculated
has been derived, it can be seen easily what tissue of the
subject a portion with a unique modulus of elasticity belongs
to. Among other things, even if a tissue is difficult to locate on
a B-mode image, it can be determined what tissue of the
subject has such a portion with a unique modulus of elasticity.

Embodiment 10

[0336] Hereinafter, a tenth preferred embodiment of an
ultrasonic diagnostic apparatus according to the present
invention will be described. FIG. 28 is a block diagram show-
ing the configuration of an ultrasonic diagnostic apparatus
210, which not only calculates the modulus of elasticity of the
given subject using an ultrasonic wave but also estimates the
viscosity coefficient of the subject as his or her internal tissue
information. By calculating the viscosity coefficient as addi-
tional information, even a plurality of tissues, which would be
difficult to tell only by their moduli of elasticity, can be
distinguished from each other. For that purpose, the ultra-
sonic diagnostic apparatus includes a transmitting section
102, a receiving section 103, a computing section 151, a
reference waveform generating section 117F, a comparing
section 125, and a viscosity coefficient determining section
121. The ultrasonic diagnostic apparatus 210 also includes a
control section 100 for controlling all of these components of
its own.

[0337] The transmitting section 102, the receiving section
103 and the computing section 151 of the ultrasonic diagnos-
tic apparatus 210 function in the same way as the counterparts
of the first preferred embodiment described above.

[0338] Specifically, in accordance with the instruction
given by the control section 100, the transmitting section 102
generates a drive signal to drive a probe 101 at a predeter-
mined timing. In response to the drive signal, the probe 101
transmits an ultrasonic wave. The ultrasonic wave thus trans-
mitted soon reaches a subject being deformed periodically
under stress and is reflected inside the subject. In this pre-
ferred embodiment, the subject includes the vessel wall of an
arterial canal and the ultrasonic diagnostic apparatus 210
calculates the modulus of elasticity of the vessel wall. Blood
flows through the arterial canal in a period that is synchro-
nized with a cardiac cycle. That is why the vessel wall is
deformed periodically under the stress caused by the blood
flow.

[0339] The receiving section 103 receives an echo,
reflected from the subject, at the probe 101, converts the echo
into an electrical signal, and then amplifies the electrical
signal, thereby generating a received echo signal. The receiv-
ing section 103 also converts the received echo signal into a
digital signal.

[0340] The transmitting section 102 and the receiving sec-
tion 103 preferably include a time delay control section for
controlling the time delay caused in the drive signal or the
received echo signal in order to scan the subject with the
ultrasonic wave transmitted and detect only the ultrasonic
wave that has been reflected from a predetermined location or
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in a predetermined direction. Also, the probe 101 preferably
includes an array of ultrasonic oscillators.

[0341] The computing section 151 analyzes the received
echo signal to track the motions of the subject on multiple
measuring points, and also generates a thickness change
waveform representing a variation in distance between two
arbitrary measuring points on the subject. For that purpose,
the computing section 151 includes a displacement waveform
calculating section 115 and a thickness change waveform
calculating section 116. The displacement waveform calcu-
lating section 115 receives the received echo signal and fig-
ures out a displacement waveform, representing the displace-
ments of multiple measuring points on the subject, by
Equations (1) and (2). The thickness change waveform cal-
culating section 116 figures out a thickness change wave-
form, representing a variation in distance between two points
that have been selected arbitrarily from those measuring
points, by calculating the difference between the displace-
ment waveforms of the two measuring points.

[0342] Multiple measuring points can be set on a single
ultrasonic beam according to the resolution that is defined by
the frequency of the ultrasonic wave to be transmitted, for
example. That is why by scanning the subject with an ultra-
sonic beam, the displacement waveforms of respective mea-
suring points, which are arranged two-dimensionally, can be
obtained.

[0343] The reference waveform generating section 117F
generates an elastic property reference waveform and a plu-
rality of viscosity property reference waveforms. As will be
described in detail later, these reference waveforms are used
as areference for the thickness change waveform to be figured
out by the comparing section 125. In this preferred embodi-
ment, the elastic property reference waveform is generated by
getting a blood pressure waveform, representing a variation in
the blood pressure in the arterial canal of the subject, from a
real-time blood pressure manometer 150 and adjusting its
amplitude. A number of viscosity property reference wave-
forms are also generated based on the blood pressure wave-
form. Each of those viscosity property reference waveforms
is a waveform representing the subject’s strain to be obtained
based on the blood pressure waveform when the viscosity is
supposed to have a predetermined value.

[0344] The comparing section 125 has two functions, one
of which relates to calculating a modulus of elasticity and the
other of which relates to estimating a viscosity coefficient.
More specifically, to calculate the modulus of elasticity, the
comparing section 125 compares the thickness change wave-
form supplied from the thickness change waveform calculat-
ing section 116 to the elastic property reference waveform
supplied from the reference waveform generating section
117F, thereby calculating the greatest thickness change in the
thickness change waveform. More specifically, the compar-
ing section 125 determines the coefficient so as to minimize
the difference between a waveform obtained by multiplying
one of the thickness change and elastic property reference
waveforms by the coefficient and the other waveform. Then,
based on the coefficient and the amplitude of the elastic
property reference waveform thus determined, the comparing
section 125 calculates the greatest thickness change. This
function is the same as that of the thickness change estimating
section 118 of the first and other preferred embodiments
described above.

[0345] The comparing section 125 of this preferred
embodiment not only performs the function of the thickness
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change estimating section 118 described above but also com-
pares each of multiple viscosity property reference wave-
forms to the thickness change waveform and calculates a
viscosity property index indicating the degree of matching
between each viscosity property reference waveform and the
thickness change waveform to estimate the viscosity coeffi-
cient. More specifically, the comparing section 125 calculates
differences in a situation where the coefficient is determined
so as to minimize the difference between a waveform
obtained by multiplying one of the thickness change and the
viscosity property reference waveforms by the coefficient and
the other waveform, and outputs those differences as viscos-
ity property indices. The comparing section 125 calculates
the modulus of elasticity and estimates the viscosity coeffi-
cient every period of the thickness change waveform.

[0346] The viscosity coefficient determining section 121
estimates the viscosity coefficient based on the viscosity
property indices. More specifically, the viscosity coefficient
determining section 121 compares the differences that have
been calculated based on the respective viscosity property
reference waveforms to each other, thereby determining a
viscosity property reference waveform that would minimize
the difference. Since those viscosity property reference wave-
forms have been calculated on the supposition that the vis-
cosity coefficient has a predetermined value, that value of the
viscosity coefficient that the viscosity property reference
waveform determined is supposed to have becomes the vis-
cosity coefficient at a site of the subject where the estimated
thickness change waveform was obtained.

[0347] The ultrasonic diagnostic apparatus 210 preferably
further includes a modulus of elasticity calculating section
120 for calculating a modulus of elasticity based on the great-
est thickness change thus obtained. The modulus of elasticity
calculating section 120 receives information about the stress
applied to the subject (e.g., the blood pressure difference AP
between the highest and lowest blood pressures) from the
real-time blood pressure manometer 150, for example. And
the modulus of elasticity calculating section 120 calculates
the modulus of elasticity Er based on the blood pressure
difference AP and the greatest thickness change AW by Equa-
tion (6). Inthis case, the reference thickness W is the distance
(e.g., 400 pm) between the two measuring points at which the
thickness change waveform was figured out, and is deter-
mined in advance by the two measuring points that have been
set by the thickness change waveform calculating section
116. In this manner, the modulus of elasticity of the subject
can be obtained.

[0348] The modulus of elasticity and viscosity coefficient
thus obtained are preferably displayed along with the tomo-
graphic image of the subject because the location of the
measuring point can be shown clearly. For that purpose, the
ultrasonic diagnostic apparatus 210 preferably further
includes a tomographic image generating section 104, an
image synthesizing section 105 and an image display section
106. The tomographic image generating section 104 includes
a filter and an amplitude detector and analyzes mainly the
amplitude of the received echo signal supplied from the
receiving section 103, thereby generating an image signal as
atomographic image representing the subject’s internal struc-
ture.

[0349] The image synthesizing section 105 receives the
image signal, the data about the modulus of elasticity sup-
plied from the modulus of elasticity calculating section 120
and the data about the viscosity coefficient supplied from the
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viscosity coefficient determining section 121, and synthe-
sizes the image signal and modulus of elasticity data together
such that the viscosity coefficient and modulus of elasticity
obtained are mapped to appropriate locations on the tomo-
graphic image. The image display section 106 presents the
synthesized image thereon. To show the viscosity coefficient
and the modulus of elasticity at the same time, two tomo-
graphic images representing the viscosity coefficient and the
modulus of elasticity, respectively, may be presented on two
image display sections 106. Alternatively, a single tomo-
graphic image may be presented on the image display section
106 and the viscosity coefficient and the modulus of elasticity
may be selectively shown in accordance with the operator’s
instruction.

[0350] Hereinafter, itwill be described in further detail how
to calculate the modulus of elasticity and how to estimate the
viscosity coefficient. First, it will be described in detail how to
calculate the modulus of elasticity.

[0351] One period of the elastic property reference wave-
form M(t) output by the reference waveform generating sec-
tion 117F has a waveform such as that shown in FIG. 2. This
waveform represents a variation in the blood pressure in the
arterial canal of the subject and is acquired by the real-time
blood pressure manometer 150, for example. AW, which is
the amplitude of the elastic property reference waveform
M(1), has been normalized to be a reference value of 1 um, for
example.

[0352] Also, the thickness change waveform y(t) obtained
by the thickness change waveform calculating section 116
may have the waveform shown in FIG. 3, for example. This
thickness change waveform is a portion of the waveform
obtained by actually inspecting the subject for one cardiac
cycle. In this case, t represents the sampling time and is an

integer, i.e., t=0, 1, . . . and N-1, where N is the number of
sample points.
[0353] Just like the thickness change estimating section

118 that has been described for the first preferred embodi-
ment, the comparing section 125 receives the elastic property
reference waveform M(t) and the thickness change waveform
y(t) and calculates, by the minimum square method, how
many times the amplitude of the thickness change waveform
y(t) should be multiplied to make the product closest to the
elastic property reference waveform M(t). If the coefficient to
be multiplied by y(1) is k and the square of the difference
between M(t) and k-y(t) is R, then R is given by Equation (7)
that has been described for the first preferred embodiment.
[0354] IfEquation (7)is subjected to partial differentiation
using the coefficient k as a variable (Equation (8)) and if the
resultant equation becomes equal to zero, then the squared
difference R will be minimum. Therefore, by resolving Equa-
tion (8) with respect to k, Equation (9) is obtained. The value
of the coefficient k obtained by Equation (9) means that if the
thickness change waveform y(t) calculated is multiplied by k,
then the square of the difference from the elastic property
reference waveform M(t) with an amplitude of 1 um will be
minimum and the two waveforms will match most closely to
each other. That is why the amplitude A of the thickness
change waveform y(t) measured can be calculated by Equa-
tion (10).

[0355] As already described for the first preferred embodi-
ment, the comparing section 125 may also determine how
many times the amplitude of the elastic property reference
waveform M(t) should be multiplied to make the product
closest to the actual thickness change waveform y(t). In that
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case, if the coefficient to be multiplied by the elastic property
reference waveform M(t) is a, the residual R' is obtained by
Equation (11). IfR' is supposed to be zero when subjected to
partial differentiation with the coefficient a as in Equation
(12) and if R'is resolved with respect to a, then Equation (13)
is obtained.

[0356] Inthatcase, the coefficient a means that if the elastic
property reference waveform with an amplitude of 1 pum is
multiplied by a, then the square of the difference from the
actual thickness change waveform y(t) will be minimum and
the two waveforms will match most closely to each other.
That is why the amplitude A' of the thickness change wave-
form y(t) can be calculated by Equation (14).

[0357] As described above, the comparing section 125
receives the elastic property reference waveform M(t) and the
thickness change waveform y(t) and calculates either the
coefficient k or the coefficient a that would minimize the
difference between the elastic property reference waveform
M(t) and the thickness change waveform y(t) by either Equa-
tion (9) or Equation (13). Then, based on the coefficient k or
a thus calculated, the comparing section 125 further calcu-
lates the greatest thickness change as the amplitude of the
thickness change waveform.

[0358] Thereason why the greatest thickness change can be
obtained by comparing the elastic property reference wave-
form M(t) and the thickness change waveform y(t) to each
other has already been described for the first preferred
embodiment with reference to FIG. 4. Consequently, accord-
ing to the present invention, the greatest thickness change or
the modulus of elasticity can be calculated highly accurately
without being affected by suddenly produced noise such as
spike noise.

[0359] As also described for the first preferred embodi-
ment, the greatest thickness change can be estimated without
being affected by noise so much as in the conventional
method even by using only a portion of one cardiac cycle of
the thickness change waveform. Nevertheless, the longer the
selected interval, the more accurate the greatest thickness
change estimated will be. That is why it is most preferable to
calculate the greatest thickness change by comparing one full
cardiac cycle of the thickness change waveform to the refer-
ence waveform.

[0360] According to this preferred embodiment, the great-
est thickness change and the modulus of elasticity are calcu-
lated based on the elastic property reference waveform and
the measured value, and therefore, it is important to provide
an appropriate elastic property reference waveform. Also,
according to this preferred embodiment, since the elastic
property reference waveform has been generated based on the
subject’s blood pressure waveform, the period of the elastic
property reference waveform agrees well with that of the
thickness change waveform, and these two waveforms can be
compared properly to each other. Furthermore, since the
variation in the blood pressure of the subject is relatively large
and is measured by some established technique, noise supet-
posed on the blood pressure waveform is small. That is why it
is effective to use the elastic property reference waveform,
generated based on the blood pressure waveform, as a refer-
ence for the thickness change waveform to be affected by
noise. What is more, as the elastic property reference wave-
form is generated based on the subject’s blood pressure wave-
form, the individual difference of the subject can be reflected
on the elastic property reference waveform.
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[0361] Next, a method of estimating the viscosity coeffi-
cient will be described in detail. A subject’s strain waveform
is determined by the variation in the stress applied to the
subject and the viscosity and elastic property of the subject.
Therefore, if a blood pressure waveform p(t) has been
obtained, the strain waveform ei(t), generated on various
moduli of elasticity Ei and viscosity coefficients ni assumed,
should agree with the strain waveform e(t)=y(t)/Ws, obtained
based on the thickness change waveform y(t) measured, and
the residual between e(t) and €i(t) should be zero, provided
that the modulus of elasticity Fi and viscosity coefficient ni
assumed agree with the real modulus of elasticity and real
viscosity coefficient of the subject. That is why the viscosity
coefficient of the subject is estimated by calculating the
residual between €(t) and €i(t) and determining the modulus
of elasticity Ei and viscosity coefficient 1i that would mini-
mize the residual.

[0362] In this preferred embodiment, a waveform repre-
senting the strain of the vessel wall is selected as the reference
waveform. Supposing the viscosity coefficients at measuring
sites are identified by n1, 12 and 3 and vessel wall strain
waveform is generated based on the blood pressure wave-
form, waveforms such as those identified by €l(¢), €2(¢) and
€3(#) in FIG. 29 are obtained. Having different viscosity coef-
ficients, these waveforms vary differently along the time axis.
Comparing the thickness change waveform y(t) to these strain
waveforms, the thickness change waveform y(t) and €2(z)
match most closely to each other although their amplitudes
are different. That is why the viscosity coefficient assumed
with €2(¢) is estimated to be the viscosity coefficient at the
measuring site.

[0363] Hereinafter, the measuring method will be
described specifically. First, suppose the subject’s blood pres-
sure waveform is identified by p(t) and the vessel wall strain
waveform is identified by €(t). Supposing the Laplace trans-
forms of p(t) and e(t) are identified by p(w) and e(w), respec-
tively, and the transfer function of the vessel wall is identified
by B(w), the blood pressure waveform p(w) is given by the
following Equation (36).

plw)=B(w)e(w) (36)
[0364] Using Voigt model that is generally used as a model

of viscosity or elastic property, the transfer function B(w)
may be calculated by the following Equation (37).

Blo)=E"+jon’ (37

[0365] Here, E'is the static modulus of elasticity and n' is
the viscosity coefficient. The modulus of elasticity E0 calcu-
lated based on the elastic property reference waveform satis-
fies the following Equation (38).

E0=IB(w)|=E0y(E+(om)” 39%)
[0366] where E'EO-E and wn'=E0-wn. That is why the vis-

cosity coefficient is estimated on the supposition that E=E'/
E0=1. Specifically, n values n11,m2, 13, M, ... mi, .. . N,
which increase from zero regularly so as to include all values
thatare assumed to be the viscosity coefficients of the subject,
are set and are substituted for E and n of Equation (37),
thereby calculating transfer functions B1(w), B2(w), B3(w), .
.. Bi(w), . . . BN(w) when the viscosity coeflicients are
supposed to be respective values. Furthermore, the transfer
function Bi(w) that has been obtained with the assumed vis-
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cosity coefficient ni is substituted into the following Equation
(39).

€i(®)=p(0))/Bi(0) (39)

[0367] Inthis manner, €i(w),i=1,2,...Nare calculated. By
subjecting these values to inverse Fourier transform, strain
waveforms €i(t), i=1, 2, . . . N are calculated. The reference
waveform generating section 117F generates these strain
waveforms €i(t), i=1, 2, . . . N as viscosity property reference
waveforms. As described above, in the viscosity property
reference waveforms ei(t), the respective viscosity coeffi-
cients are assumed to be n1,m2,m3,m,...ni, ... nN.
[0368] Optionally, on the supposition that the relation
between the vessel wall strain waveform €(t) and the blood
pressure waveform p(t) is nonlinear, Equation (36) may be
replaced with the following Equation (40).

log(p(w))=B(w)e(w) (40)

[0369] Even so, the transfer function Bi(w) when the 1
values are also supposed to ben1,m2,m3,7,...Mi,...NNis
calculated by Equation (37) to obtain the following Equation

41).
ei()=log(p(0)/Bi(w) (41

[0370] By subjecting Equation (41) to inverse Fourier
transform, strain waveforms €i(t), i=1, 2, . . . N are also
calculated. Optionally, the impulse response bi(t) may be
calculated by subjecting 1/Bi(w) to inverse Fourier transform
and ei(t) may be obtained by performing a convolutional
integration on either p(t) or log(p(t)) and bi(t).

[0371] Thecomparing section 125 calculates the difference
in a situation where the coefficient is determined so as to
minimize the difference between either each of the viscosity
property reference waveforms ei(t), i=1, 2, . . . N or the
thickness change waveform y(t) that has been multiplied by
the coeflicient and the other waveform. More specifically, in
Equations (7) and (9), the viscosity property reference wave-
formsei(t),i=1,2,. .. Nare substituted for the elastic property
reference waveforms M(t) and the k value calculated by
Equation (9) is substituted into Equation (7) to calculate R.
Since k is defined so as to minimize the squared difference R,
the R value in this case is supposed to be R, . That is to say,
the difference R, (where i=1, 2, .. . N) is calculated by the
following Equation (42).

N-1 2 42)

N-1 Z &(t)y(0)
Rin :Z il - ==

= X (o7

=0
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[0372] The viscosity coefficient determining section 121
receives the differences R, R, . . . Ry, from the compar-
ing section 125 to determine the viscosity coefficient nithat is
supposed for the viscosity property reference waveform
resulting in the smallest difference, and then outputs the vis-
cosity coefficient determined. The viscosity coefficient deter-
mined has not been calculated directly but is estimated to be
a correct viscosity coefficient at the measuring site where the
thickness change waveform was obtained for the reasons
described above.

[0373] In this manner, the ultrasonic diagnostic apparatus
210 can calculate the modulus of elasticity and the viscosity
coefficient. That is why even if'it is difficult to determine, only
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by the modulus of elasticity, whether there is fat depot or
inflammation due to angitis in the intima-media complex,
such a decision can be made easily based on the value of the
viscosity coefficient. As a result, according to the present
invention, even a difference in the given tissue that has been
difficult to identify only with a tomographic image or modu-
lus of elasticity generated or calculated by a conventional
ultrasonic diagnostic apparatus can be recognized by calcu-
lating the modulus of elasticity and viscosity coeflicient, and
diagnosis can be made more accurately.

[0374] In the preferred embodiment described above, the
elastic property reference waveform and the viscosity prop-
erty reference waveform are generated based on the blood
pressure waveform. Alternatively, various other sorts of infor-
mation about a variation in the stress applied to the subject or
a variation in shape due to the stress variation may also be
used to generate the elastic property reference waveform and
the viscosity property reference waveform.

[0375] For example, the ultrasonic diagnostic apparatus
210" shown in FIG. 30 includes a vascular diameter calculat-
ing section 142 and generates an elastic property reference
waveform and a viscosity property reference waveform based
on a vascular caliber variation waveform. Specifically, the
vascular diameter calculating section 142 receives either a
waveform representing the displacement of two points in the
proximity of the vascular foremen of the intima of the blood
vessel or a waveform representing the displacement of two
points in the proximity of the extravascular tissue outside of
the adventitia of the blood vessel from the displacement
waveform calculating section 115 and figures out a waveform
representing a variation in the vascular caliber with respect to
these two points. The reference waveform generating section
117G receives the vascular caliber variation waveform, and
normalizes the waveform such that its amplitude becomes 1
um, for example, thereby generating an elastic property ref-
erence waveform. Also, the reference waveform generating
section 117G corrects the vascular caliber variation wave-
form with the highest and lowest blood pressure values
received from the blood pressure manometer 119, thereby
generating a blood pressure waveform p'(t). Furthermore,
based on the blood pressure waveform p'(t), the reference
waveform generating section 117G also generates viscosity
property reference waveforms €i(t), i=1, 2, .. . N as described
above. In this case, to avoid being affected by the viscosity of
the vessel wall, a waveform representing a variation in the
inside caliber of the blood vessel is preferably used as the
viscosity property reference waveform.

[0376] On the other hand, in the ultrasonic diagnostic appa-
ratus 210" shown in FIG. 31, the reference waveform gener-
ating section 117F receives a waveform representing a varia-
tion in the thickness between two points in the proximity of
the vascular lumen of the intima of the blood vessel from the
thickness change waveform calculating section 116, and nor-
malizes the waveform such that its amplitude becomes 1 pm,
for exaniple, thereby generating an elastic property reference
waveform. Also, the reference waveform generating section
117F corrects a waveform representing a variation in the
thickness between two points in the proximity of the vascular
lumen with the highest and lowest blood pressure values
received from the blood pressure manometer 119, thereby
generating a blood pressure waveform p'(t). Furthermore,
based on the blood pressure waveform p'(t), the reference
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waveform generating section 117F also generates viscosity
property reference waveforms €i(t), i=1, 2, .. . N as described
above.

[0377] The vascular caliber variation waveform and the
waveform representing a variation in the thickness between
two points in proximity of the vascular lumen of the intima of
the blood vessel are quite similar to a waveform representing
a variation in blood pressure, which is a stress applied to the
subject. That is why even if elastic property reference wave-
forms and viscosity property reference waveforms are gener-
ated based on these waveforms, the modulus of elasticity and
the viscosity coefficient can also be calculated just as
described above.

[0378] Furthermore, the same effects are also achieved
even by figuring out a waveform representing a difference in
velocity between either the two points at which the vascular
caliber variation waveform has been obtained or the two
points that are in proximity of the vascular lumen of the
intima of the blood vessel. In that case, such a velocity dif-
ference waveform may be figured out in advance between two
measuring points. Or the velocity difference waveform may
also be figured out by differentiating the vascular caliber
variation waveform with respect to time. As another alterna-
tive, the velocity difference waveform may also be figured out
by differentiating the blood pressure waveform with respect
to time.

[0379] In the preferred embodiment described above, the
ultrasonic diagnostic apparatus calculates both the modulus
of elasticity and the viscosity coefficient. However, to recog-
nize a difference between tissues, itis not always necessary to
calculate the modulus of elasticity.

[0380] Also, in the preferred embodiments described
above, a waveform representing a variation in distance (or
thickness) between two arbitrary measuring points on a sub-
jectis supposed to be used as a reference waveform. However,
the same effects are achievable even if a waveform represent-
ing a difference in velocity between two arbitrary measuring
points on a subject is used as a reference waveform. In that
case, such a velocity difference waveform may be figured out
in advance between two measuring points on multiple sub-
jects. Or the velocity difference waveform may also be fig-
ured out by differentiating the vascular caliber variation
waveform with respect to time. As another alternative, the
velocity difference waveform may also be figured out by
differentiating the blood pressure waveform with respect to
time.

INDUSTRIAL APPLICABILITY

[0381] The ultrasonic diagnostic apparatus of the present
invention can be used effectively to estimate an attribute
property of a subject’s tissue such as a thickness change,
magnitude of strain and elastic property.

1. An ultrasonic diagnostic apparatus comprising;

a transmitting section that generates a drive signal to drive
a probe in order to transmit an ultrasonic wave toward a
subject to be deformed periodically under stress;

a receiving section for receiving an echo, produced when
the ultrasonic wave is reflected from the subject, at the
probe to generate a received echo signal;

a computing section for figuring out a thickness change
waveform, representing a variation in distance between
two arbitrary measuring points on the subject, based on
the received echo signal; and
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a reference waveform generating section for outputting a

reference waveform,

wherein the apparatus obtains subject’s internal informa-

tion by comparing the thickness change waveform and
the reference waveform to each other.

2. The ultrasonic diagnostic apparatus of claim 1, further
comprising a thickness change estimating section for calcu-
lating the greatest variation in the thickness change waveform
by comparing the thickness change waveform and the refer-
ence waveform to each other.

3. The ultrasonic diagnostic apparatus of claim 2, wherein
the thickness change estimating section calculates a coeffi-
cient to be multiplied by either the thickness change wave-
form or the reference waveform so as to minimize a matching
error between the thickness change waveform and the refer-
ence waveform and calculates the greatest variation in the
thickness change waveform based on the coefficient and the
amplitude of the reference waveform.

4. The ultrasonic diagnostic apparatus of claim 2, wherein
the reference waveform generating section includes a storage
section that stores data about the reference waveform.

5. The ultrasonic diagnostic apparatus of claim 4, wherein
the reference waveform is generated by calculating the aver-
age of thickness change waveforms that have been collected
in advance from a plurality of subjects.

6. The ultrasonic diagnostic apparatus of claim 5, further
comprising a period adjusting section for adjusting the period
of the reference waveform to one deformation period of the
subject,

wherein the thickness change estimating section calculates

the greatest variation in the thickness change waveform
based on the reference waveform, of which the period
has been adjusted, and the thickness change waveform.

7. The ultrasonic diagnostic apparatus of claim 5, further
comprising a period adjusting section for adjusting the period
of the thickness change waveform to one deformation period
of the subject,

wherein the thickness change estimating section calculates
the greatest variation in the thickness change waveform
based on the thickness change waveform, of which the
period has been adjusted, and the reference waveform.

8. The ultrasonic diagnostic apparatus of claim 6, further
comprising an averaging section for averaging the thickness
change waveform, of which the period has been adjusted,
over multiple periods,

wherein the greatest variation in the thickness change
waveform is calculated based on the averaged thickness
change waveform and the reference waveform.

9. The ultrasonic diagnostic apparatus of claim 2, further
comprising a period adjusting section,
wherein if the thickness change waveform has inconstant
periods, the period adjusting section makes those peri-
ods of the thickness change waveform constant by
extracting data about the respective periods at an interval
that corresponds to the shortest one of the periods of the
thickness change waveform.
10. The ultrasonic diagnostic apparatus of claim 2, wherein
the computing section includes
a displacement waveform calculating section for figuring
out a displacement waveform representing displace-
ments of a plurality of measuring points on the subject
based on the received echo signal, and
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a thickness change waveform calculating section for figur-
ing out the thickness change waveform between the two
measuring points based on the displacement waveform.

11. The ultrasonic diagnostic apparatus of claim 10,
wherein the reference waveform generating section generates
the reference waveform based on the displacement wave-
form.

12. The ultrasonic diagnostic apparatus of claim 10, further
comprising a vascular diameter calculating section for figur-
ing out a waveform representing a variation in the vascular
caliber of the subject based on the displacement waveform,

wherein the reference waveform generating section gener-
ates the reference waveform based on the vascular cali-
ber variation waveform.

13. The ultrasonic diagnostic apparatus of claim 2, wherein
the reference waveform generating section generates the ref-
erence waveform based on a waveform representing a varia-
tion in the blood pressure of the subject.

14. The ultrasonic diagnostic apparatus of claim 2, further
comprising a modulus of elasticity calculating section for
getting information about a difference in the stress that has
been caused during a deformation period of the subject and
for calculating a modulus of elasticity based on the greatest
variation.

15. The ultrasonic diagnostic apparatus of claim 1, further
comprising

a thickness change estimating section for calculating the
greatest thickness change and an index indicating a
degree of matching between the thickness change wave-
form and the reference waveform by comparing the ref-
erence waveform and the thickness change waveform to
each other, and

a reliability determining section for determining the reli-
ability of the greatest thickness change based on the
index.

16. The ultrasonic diagnostic apparatus of claim 15,
wherein the thickness change estimating section calculates
the coeflicient and a difference to be caused by the use of the
coefficient so as to minimize the difference between one of
the thickness change and reference waveforms and a wave-
form obtained by multiplying the other waveform by the
coefficient, and

wherein the thickness change estimating section also cal-
culates the greatest thickness change in the thickness
change waveform based on the coefficient and the
amplitude of the reference waveform, thereby output-
ting the difference as the index.

17. The ultrasonic diagnostic apparatus of claim 15,
wherein the reference waveform generating section includes
a storage section that stores data about the reference wave-
form.

18. The ultrasonic diagnostic apparatus of claim 17,
wherein the reference waveform is generated by calculating
the average of thickness change waveforms that have been
collected in advance from a plurality of subjects.

19. The ultrasonic diagnostic apparatus of claim 18, further
comprising a period adjusting section for adjusting the period
of the thickness change waveform to one deformation period
of the subject,

wherein the thickness change estimating section calculates
the greatest thickness change in the thickness change
waveform based on the thickness change waveform, of
which the period has been adjusted, and the reference
waveform.
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20. The ultrasonic diagnostic apparatus of claim 19, further
comptrising an averaging section for averaging the thickness
change waveform, of which the period has been adjusted,
over multiple periods,

wherein the thickness change estimating section calculates
the coeflicient, the difference and the greatest thickness
change based on the averaged thickness change wave-
form.

21. The ultrasonic diagnostic apparatus of claim 20,
wherein the averaging section calculates the variance of the
thickness change waveform based on the average, and

wherein the reliability determining section rates the reli-
ability of the greatest thickness change based on the
variance and the difference.

22. The ultrasonic diagnostic apparatus of claim 21,
wherein the reliability determining section rates the reliabil-
ity of the greatest thickness change based on the variance, the
coefficient and the difference.

23. An ultrasonic diagnostic apparatus of claim 1 further
comprising:

a period adjusting section for adjusting the period of the
thickness change waveform to one deformation period
of the subject;

an averaging section for calculating the average and the
variance of the thickness change waveform, of which the
period has been adjusted, over multiple periods;

a reference waveform generating section for outputting a
reference waveform; a thickness change estimating sec-
tion for calculating the greatest thickness change by
comparing the reference waveform and the averaged
thickness change waveform to each other; and

a reliability determining section for determining the reli-
ability of the greatest thickness change based on the
variance.

24. The ultrasonic diagnostic apparatus of claim 23,
wherein the thickness change estimating section calculates
the coefficient so as to minimize a difference between one of
the averaged thickness change and reference waveforms and
a waveform obtained by multiplying the other waveform by
the coefficient, and

wherein the thickness change estimating section also cal-
culates the greatest thickness change in the thickness
change waveform based on the coefficient and the
amplitude of the reference waveform.

25. The ultrasonic diagnostic apparatus of claim 24,
wherein the reliability determining section rates the reliabil-
ity of the greatest thickness change based on the variance and
the coefficient.

26. The ultrasonic diagnostic apparatus of claim 2, further
comprising:

amodulus of elasticity calculating section forgetting infor-

mation about a difference in the stress that has been
caused during a deformation period of the subject and
for calculating a modulus of elasticity based on the
greatest thickness change; and

a display section for displaying the modulus of elasticity

according to the degree of reliability that has been deter-
mined by the reliability determining section.

27. The ultrasonic diagnostic apparatus of claim 1, wherein
the subject includes multiple different tissues and the refer-
ence waveform generating section outputs multiple reference
waveforms associated with the respective tissues, and
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wherein the apparatus further includes:

a thickness change estimating section for calculating an
index indicating the degree of matching between the
thickness change waveform and each said reference
waveform by comparing the reference waveform and the
thickness change waveform to each other; and

a tissue identifying section for determining, based on the
indices, to which of the multiple tissues the tissue that
has been located between the two measuring points and
produced the thickness change waveform corresponds.

28. The ultrasonic diagnostic apparatus of claim 27,
wherein the thickness change estimating section calculates a
coefficient and a difference to be caused by the use of the
coefficient so as to minimize the difference between one of
the thickness change and reference waveforms and a wave-
form obtained by multiplying the other waveform by the
coefficient, and

wherein the thickness change estimating section also cal-
culates the greatest thickness change in the thickness
change waveform for use of each said reference wave-
form based on the coefficient and the amplitude of the
reference waveform, thereby outputting the greatest
thickness changes to the tissue identifying section.

29. The ultrasonic diagnostic apparatus of claim 28,
wherein the thickness change estimating section outputs each
said difference as the index to the tissue identifying section,
and

wherein the tissue identifying section identifies a tissue
associated with one of the reference waveforms that has
caused the smallest difference as the tissue that has
produced the thickness change waveform between the
two measuring points and outputs the greatest thickness
change that has been calculated based on the reference
waveform.

30. The ultrasonic diagnostic apparatus of claim 29, further
comprising a modulus of elasticity calculating section for
calculating a modulus of elasticity based on information
about a difference in the stress that has been caused during a
deformation period of the subject and on the greatest thick-
ness change that has been output by the tissue identifying
section.

31. The ultrasonic diagnostic apparatus of claim 27,
wherein the reference waveform generating section includes
a storage section that stores data about the reference wave-
forms.

32. The ultrasonic diagnostic apparatus of claim 31,
wherein the reference waveform is generated by calculating
the average of thickness change waveforms that have been
collected in advance from multiple tissues of a plurality of
subjects.

33. The ultrasonic diagnostic apparatus of claim 30, further
comprising an image processing section for generating image
data representing the modulus of elasticity based on a result
obtained by the tissue identifying section.

34. The ultrasonic diagnostic apparatus of claim 29,
wherein if each said difference is greater than a predeter-
mined value, the tissue identifying section identifies the tissue
that has produced the thickness change waveform between
the two measuring points as none of the tissues.

35. The ultrasonic diagnostic apparatus of claim 1, wherein
the reference waveform generating section outputs a plurality
of viscosity property reference waveforms, and

wherein the apparatus further includes

a comparing section for calculating a viscosity property
index, indicating the degree of matching between the
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thickness change waveform and each said viscosity
property reference waveform, by comparing the viscos-
ity property reference waveform and the thickness
change waveform to each other, and

aviscosity coefficient determining section for determining

the viscosity coefficient by the viscosity property index.

36. The ultrasonic diagnostic apparatus of claim 35,
wherein the viscosity property reference waveform is a strain
waveform of the subject that has been obtained based on
information about a variation in the stress of the subject who
is supposed to have a predetermined viscosity coefficient, and

wherein the viscosity coefficient determining section out-

puts the viscosity coefficient associated with the viscos-
ity property reference waveform in which the smallest
one of the viscosity property indices is obtained.

37. The ultrasonic diagnostic apparatus of claim 36,
wherein the comparing section outputs, as the viscosity prop-
erty index, a difference in a situation where the coefficient is
determined so as to minimize the difference between one of
the thickness change and each said viscosity property refer-
ence waveforms and a waveform obtained by multiplying the
other waveform by a first coefficient.

38. The ultrasonic diagnostic apparatus of claim 37,
wherein the information about the subject’s stress variation is
a waveform representing the blood pressure of the subject.

39. The ultrasonic diagnostic apparatus of claim 37,
wherein the computing section includes

a displacement waveform calculating section for figuring

out a displacement waveform representing displace-
ments of a plurality of measuring points on the subject
based on the received echo signal, and

a thickness change waveform calculating section for figur-

ing out the thickness change waveform between the two
measuring points based on the displacement waveform.

40. The ultrasonic diagnostic apparatus of claim 39, further
comprising a vascular diameter calculating section for figur-
ing out a waveform representing a variation in the vascular
caliber of the subject based on the displacement waveform,

wherein the information about the subject’s stress variation

is obtained by correcting the vascular caliber waveform
with the highest and lowest blood pressure values of the
subject.

41. The ultrasonic diagnostic apparatus of claim 37,
wherein the reference waveform generating section receives a
waveform representing a variation in the thickness of the
subject’s blood vessel wall in the vicinity of his or her vascu-
lar lumen from the computing section, corrects the waveform
representing the thickness change near the vascular lumen
with the highest and lowest blood pressure values of the
subject, and uses the corrected waveform as the information
about the subject’s stress variation.

42. The ultrasonic diagnostic apparatus of claim 35,
wherein the reference waveform generating section further
generates an elastic property reference waveform, and
wherein the comparing section calculates the greatest thick-
ness change in the thickness change waveform by comparing
the elastic property reference waveform and the thickness
change waveform to each other.

43. The ultrasonic diagnostic apparatus of claim 42,
wherein the comparing section determines a second coeffi-
cient so as to minimize a difference between a waveform
obtained by multiplying one of the thickness change and
elastic property reference waveforms by the second coeffi-
cient and the other waveform, and calculates the greatest
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thickness change based on the second coefficient and the
amplitude of the elastic property reference waveform.

44. The ultrasonic diagnostic apparatus of claim 43, further
comprising a modulus of elasticity calculating section for
getting information about a difference in the stress that has
been caused during a deformation period of the subject and
for calculating a modulus of elasticity based on the greatest
variation.

45. The ultrasonic diagnostic apparatus of claim 42,
wherein the reference waveform generating section generates
the elastic property reference waveform based on a waveform
representing a variation in the blood pressure of the subject.

46. A method for controlling an ultrasonic diagnostic appa-
ratus using a control section of the apparatus itself, the
method comprising the steps of:

driving a probe to transmit an ultrasonic wave;

receiving an echo, produced when the ultrasonic wave is
reflected from a subject to be deformed periodically
under stress, at the probe;

figuring out a thickness change waveform, representing a
variation in distance between two arbitrary measuring
points on the subject, based on the received echo signal;

generating a reference waveform; and

obtaining subject’s internal information by comparing the
thickness change waveform and the reference waveform
to each other.

47. A method for controlling an ultrasonic diagnostic appa-
ratus using a control section of the apparatus itself, the
method comprising the steps of:

(A) driving a probe to transmit an ultrasonic wave;

(B) receiving an echo, produced when the ultrasonic wave
is reflected from a subject to be deformed periodically
under stress, at the probe;

(C) figuring out a thickness change waveform, represent-
ing a variation in distance between two arbitrary mea-
suring points on the subject, based on the received echo
signal,

(D) generating a reference waveform; and

(E) calculating the greatest variation in the thickness
change waveform by comparing the reference waveform
and the thickness change waveform to each other.

48. The method of claim 47, wherein the step (E) includes
calculating a coefficient to be multiplied by either the thick-
ness change waveform or the reference waveform so as to
minimize a matching error between the thickness change
waveform and the reference waveform and calculating the
greatest variation in the thickness change waveform based on
the coefficient and the amplitude of the reference waveform.

49. The method of claim 47, wherein the reference wave-
form is generated by calculating the average of thickness
change waveforms that have been collected in advance from
a plurality of subjects.

50. The method of claim 47, further comprising the step of
adjusting the period of the reference waveform to one defor-
mation period of the subject,

wherein the step (E) includes calculating the greatest varia-
tion in the thickness change waveform based on the
reference waveform, of which the period has been
adjusted, and the thickness change waveform.

51. The method of claim 49, further comprising the step of
adjusting the period of the thickness change waveform to one
deformation period of the subject,

wherein the step (E) includes calculating the greatest varia-
tion in the thickness change waveform based on the
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thickness change waveform, of which the period has
been adjusted, and the reference waveform.

52. The method of claim 51, further comprising the step of
averaging the thickness change waveform, of which the
period has been adjusted, over multiple periods,

wherein the greatest variation in the thickness change
waveform is calculated based on the averaged thickness
change waveform and the reference waveform.

53. The method of claim 47, wherein the step (C) includes

the steps of:

figuring out a displacement waveform representing dis-
placements of a plurality of measuring points on the
subject based on the received echo signal, and

figuring out the thickness change waveform between the
two measuring points based on the displacement wave-
form.

54. The method of claim 53, wherein the step (D) includes
generating the reference waveform based on the displacement
waveform.

55. The method of claim 53, further comprising the step of
figuring out a waveform representing a variation in the vas-
cular caliber of the subject based on the displacement wave-
form,

wherein the step (D) includes generating the reference
waveform based on the vascular caliber variation wave-
form.

56. The method of claim 47, wherein the step (D) includes
generating the reference waveform based on a waveform
representing a variation in the blood pressure of the subject.

57. The method of claim 47, further comprising the step of
getting information about a difference in the stress that has
been caused during a deformation period of the subject and
calculating a modulus of elasticity based on the greatest varia-
tion.

58. A method for controlling an ultrasonic diagnostic appa-
ratus using a control section of the apparatus itself, the
method comprising the steps of:

(A) driving a probe to transmit an ultrasonic wave;

(B) receiving an echo, produced when the ultrasonic wave
is reflected from a subject to be deformed periodically
under stress, at the probe;

(C) figuring out a thickness change waveform, represent-
ing a variation in distance between two arbitrary mea-
suring points on the subject, based on the received echo
signal;

(D) generating a reference waveform;

(B) calculating the greatest thickness change and an index
indicating a degree of matching between the thickness
change waveform and the reference waveform by com-
paring the reference waveform and the thickness change
waveform to each other; and

(F) determining the reliability of the greatest thickness
change based on the index.

59. The method of claim 58, wherein the step (E) includes
calculating the coefficient and a difference to be caused by the
use ofthe coefficient so as to minimize the difference between
one of the thickness change and reference waveforms and a
waveform obtained by multiplying the other waveform by the
coefficient, and

wherein the step (E) also includes calculating the greatest
thickness change in the thickness change waveform
based on the coefficient and the amplitude of the refer-
ence waveform, thereby outputting the difference as the
index.
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60. The method of claim 59, wherein the reference wave-
form is generated by calculating the average of thickness
change waveforms that have been collected in advance from
a plurality of subjects.

61. The method of claim 60, further comprising the step
(G) of adjusting the period of the thickness change waveform
to one deformation period of the subject,

wherein the step (C) includes calculating the greatest thick-

ness change in the thickness change waveform based on
the thickness change waveform, of which the period has
been adjusted, and the reference waveform.

62. The method of claim 61, further comprising the step
(H) of averaging the thickness change waveform, of which
the period has been adjusted, over multiple periods,

wherein the step (F) includes calculating the coefficient,

the difference and the greatest thickness change based
on the averaged thickness change waveform using the
thickness change estimating section.

63. The method of claim 62, wherein the step (H) includes
calculating the variance of the thickness change waveform
based on the average, and

wherein the step (F) includes determining the reliability of

the greatest thickness change based on the variance and
the difference.

64. The method of claim 63, wherein the step (F) includes
determining the reliability of the greatest thickness change
based on the variance, the coefficient and the difference.

65. A method for controlling an ultrasonic diagnostic appa-
ratus using a control section of the apparatus itself, the
method comprising the steps of:

driving a probe to transmit an ultrasonic wave;

receiving an echo, produced when the ultrasonic wave is

reflected from a subject to be deformed periodically
under stress, at the probe;
figuring out a thickness change waveform, representing a
variation in distance between two arbitrary measuring points
on the subject, based on the received echo signal;

adjusting the period of the thickness change waveform to

one deformation period of the subject;

calculating the average and the variance of the thickness

change waveform, of which the period has been
adjusted, over multiple periods;

generating a reference waveform;

calculating the greatest thickness change by comparing the

reference waveform and the averaged thickness change
waveform to each other; and

determining the reliability of the greatest thickness change

based on the variance.

66. The method of claim 65, wherein the step of calculating
the greatest thickness change includes calculating the coeffi-
cient so as to minimize a difference between one of the
averaged thickness change and reference waveforms and a
waveform obtained by multiplying the other waveform by the
coefficient, and also includes calculating the greatest thick-
ness change in the thickness change waveform based on the
coefficient and the amplitude of the reference waveform.

67. The method of claim 66, wherein the step of determin-
ing includes determining the reliability of the greatest thick-
ness change based on the variance and the coefficient.

68. The method of claim 65, further comprising the steps
of:

getting information about a difference in the stress that has

been caused during a deformation period of the subject
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and calculating a modulus of elasticity based on the
greatest thickness change; and

displaying the modulus of elasticity according to the
degree of reliability that has been determined.

69. A method for controlling an ultrasonic diagnostic appa-
ratus using a control section of the apparatus itself, the
method comprising the steps of:

(A) driving a probe to transmit an ultrasonic wave;

(B) receiving an echo, produced when the ultrasonic wave
is reflected from a subject that includes multiple differ-
ent tissues and that is deformed periodically under
stress, at the probe;

(C) figuring out a thickness change waveform, represent-
ing a variation in distance between two arbitrary mea-
suring points on the subject, based on the received echo
signal;

(D) generating multiple reference waveforms associated
with the respective tissues;

(E) calculating an index indicating the degree of matching
between the thickness change waveform and each said
reference waveform by comparing the reference wave-
form and the thickness change waveform to each other,
and

(F) determining, based on the indices, to which of the
multiple tissues the tissue that has been located between
the two measuring points and produced the thickness
change waveform corresponds.

70. The method of claim 69, wherein the step (E) includes
calculating the coefficient and a difference to be caused by the
use ofthe coefficient so as to minimize the difference between
one of the thickness change and reference waveforms and a
waveform obtained by multiplying the other waveform by the
coefficient, and also includes calculating the greatest thick-
ness change in the thickness change waveform for use of each
said reference waveform based on the coefficient and the
amplitude of the reference waveform.

71. The method of claim 70, wherein the step (E) includes
outputting each said difference as the index, and

wherein the step (F) includes identifying a tissue associ-
ated with one of the reference waveforms thathas caused
the smallest difference as the tissue that has produced the
thickness change waveform between the two measuring
points and outputting the greatest thickness change that
has been calculated based on the reference waveform.

72. The method of claim 71, further comprising the step
(G) of calculating a modulus of elasticity based on informa-
tion about a difference in the stress that has been caused
during a deformation period of the subject and on the greatest
thickness change that has been calculated in the step (F).

73. The method of claim 69, wherein the reference wave-
form is generated by calculating the average of thickness
change waveforms that have been collected in advance from
multiple tissues of a plurality of subjects.

74. The method of claim 72, further comprising the step
(H) of generating image data representing the modulus of
elasticity based on a result obtained in the step (F).

75. The method of claim 71, wherein if each said difference
is greater than a predetermined value, the step (F) includes
identifying the tissue that has produced the thickness change
waveform between the two measuring points as none of the
tissues.

76. A method for controlling an ultrasonic diagnostic appa-
ratus using a control section of the apparatus itself, the
method comprising the steps of:
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(A) driving a probe to transmit an ultrasonic wave;

(B) receiving an echo, produced when the ultrasonic wave
is reflected from a subject to be deformed periodically
under stress, at the probe;

(C) figuring out a thickness change waveform, represent-
ing a variation in distance between two arbitrary mea-
suring points on the subject, based on the received echo
signal;

(D) generating a plurality of viscosity property reference
waveforms;

(E) calculating a viscosity property index, indicating the
degree of matching between the thickness change wave-
form and each said viscosity property reference wave-
form, by comparing the viscosity property reference
waveform and the thickness change waveform to each
other, and

(F) determining the viscosity coefficient by the viscosity
property index.

77. The method of claim 76, wherein the viscosity property
reference waveform is a strain waveform of the subject that
has beern obtained based on information about a variation in
the stress of the subject who is supposed to have a predeter-
mined viscosity coefficient, and

wherein the step (F) includes outputting the viscosity coef-
ficient associated with the viscosity property reference
waveform in which the smallest one of the viscosity
property indices is obtained.

78. The method of claim 77, wherein the step (E) includes
outputting, as the viscosity property index, a difference in a
situation where the coefficient is determined so as to mini-
mize the difference between one of the thickness change and
each said viscosity property reference waveforms and a wave-
form obtained by multiplying the other waveform by a first
coefficient.

79. The method of claim 78, wherein the information about
the subject’s stress variation is a waveform representing the
blood pressure of the subject.

80. The method of claim 78, wherein the step (C) includes
the steps of:

figuring out a displacement waveform representing dis-
placements of a plurality of measuring points on the
subject based on the received echo signal, and

figuring out the thickness change waveform between the
two measuring points based on the displacement wave-
form.

81. The method of claim 78, further comprising the step
(H) of figuring out a waveform representing a variation in the
vascular caliber of the subject based on the displacement
waveform,

wherein the information about the subject’s stress variation
is obtained by correcting the vascular caliber waveform
with the highest and lowest blood pressure values of the
subject.

82. The method of claim 78, wherein the step (C) includes
generating a waveform representing a variation in the thick-
ness of the subject’s blood vessel wall in the vicinity of his or
her vascular lumen, and
wherein the step (D) includes correcting the waveform rep-
resenting the thickness change near the vascular lumen with
the highest and lowest blood pressure values of the subject,
and using the corrected waveform as the information about
the subject’s stress variation.
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83. The method of claim 77, wherein the step (D) includes
further generating an elastic property reference waveform,
and

wherein the step (E) includes calculating the greatest thick-
ness change in the thickness change waveform by com-
paring the elastic property reference waveform and the
thickness change waveform to each other.

84. The method of claim 83, wherein the step (E) includes
determining a second coefficient so as to minimize a differ-
ence between a waveform obtained by multiplying one of the
thickness change and elastic property reference waveforms
by the second coefficient and the other waveform, and calcu-
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lating the greatest thickness change based on the second
coefficient and the amplitude of the elastic property reference
waveform.

85. The method of claim 84, further comprising the step (I)
of getting information about a difference in the stress that has
been caused during a deformation period of the subject and
calculating a modulus of elasticity based on the greatest varia-
tion.

86. The method of claim 83, wherein the step (D) includes
generating the elastic property reference waveform based on
a waveform representing a variation in the blood pressure of
the subject.



THMBW(EF)

RE(EFR)AGE)

HA R E(F AR AGE)

FRI&R BB A

EHA

IPCH %S

CPCH¥S

L 5E4X

H AT SO
S\EREERR

BEG®)

RERZANBSESMEBEE  RE8Y | EFEBHESUEY
e, SUEERLH TR B2 E XX RSN Bk BFex
EREEMN KRS ENEE | ERNSBLT R EEES
g5y BTREZRNERESHEEET LR  AFSRHELR
MIENRSZAEENELURBTFHHSERFOSE R LD
2. BEBBDEEET(CRY NS E RIVARE BRI G KA M I8

FR.

il

US20090318806A1 ACENE

US11/915884

RIERFE
MTESRE~ LKA &4t

ffE+3%8EL | INC.
RIERF

KANAI HIROSHI
HASEGAWA HIDEYUKI
HAGIWARA HISASHI

KANAI, HIROSHI
HASEGAWA, HIDEYUKI
HAGIWARA, HISASHI

A61B8/14

patsnap

2009-12-24

2006-05-25

A61B5/02007 A61B5/7221 A61B8/0858 A61B8/463 A61B5/7239 G01S7/5205 G01S7/52077 GO1S7

/52042 A61B8/485

2005178361 2005-06-17 JP
2005181477 2005-06-22 JP
2005214349 2005-07-25 JP
2005157957 2005-05-30 JP
2005157958 2005-05-30 JP
2005181470 2005-06-22 JP

US8298143

Espacenet USPTO

PROBE

RECENING

il
L]

. g

ITRANSHITTIN
SECTION

104 0% 8

MAGE SYNTHE: | | INAGE DISPLAY
SIZING SECTION™]__ SECTION

0

I
* GEVRATNG
SECTON

118

EFCR
C%CUIAT\NG
SECTION

| [DIPLACEUEN
L WAVEFCRI

THICKN
CHANGE

ESTIMATING

SECTION

3Lo0D
PRESSURE
UANOMETER
8

1


https://share-analytics.zhihuiya.com/view/72a9b668-8386-43df-99a0-bceb42388bd4
https://worldwide.espacenet.com/patent/search/family/037481474/publication/US2009318806A1?q=US2009318806A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220090318806%22.PGNR.&OS=DN/20090318806&RS=DN/20090318806

