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(57) An ultrasonic diagnostic apparatus according to
the presentinvention includes: a transmitting section that
generates a drive signal to drive a probe in order to trans-
mit an ultrasonic wave toward a subject to be deformed
periodically under stress; areceiving section for receiving
an echo, produced when the ultrasonic wave is reflected
from the subject, at the probe to generate a received
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echo signal; a computing section for figuring out a thick-
ness change waveform, representing a variation in dis-
tance between two arbitrary measuring points on the sub-
ject, based on the received echo signal; and a reference
waveform generating section for outputting a reference
waveform. The apparatus obtains subject’s internal in-
formation by comparing the thickness change waveform
and the reference waveform to each other.
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Description

TECHNICAL FIELD

[0001] The presentinvention relates to an ultrasonic diagnostic apparatus and more particularly relates to an ultrasonic
diagnostic apparatus for estimating the attribute property values 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 contained in its echo signal. For example, a conventional
ultrasonic 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 diagnostic 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 of a 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 A T and the ultrasonic waves reflected
from the subject are received. As shown in FIG. 32, the received echo signals are identified by y(t), y(t+ A T) and y(t+2
A T), respectively. Supposing the pulse transmission time t is 0, the receiving 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+ A T) is A 6 and the center frequency of the ultrasonic wave around t1 is f, the magnitude of displacement A x of
x1 during this period A T is calculated by the following Equation (1).

[0005]

Ax=—C-AB/4mf (1)

[0006] The location x1’ of x1 in A T seconds can be figured out by adding the magnitude of displacement A x to x1
as in the following Equation (2).
[0007]

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".

[0008] 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
ultrasonic 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 B. FIG. 34 shows the tracking waveforms TA and
TB of the measuring points A and B along with an electrocardiographic complex ECG.

[0009] Asshown inFIG. 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
pouring 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 electrocardiographic complex ECG, the artery dilates rapidly
and the tracking waveforms TA and TB 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.
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[0010] 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 A W can be calculated as a difference
between the maximum and minimum values Wmax and Wmin of the thickness change waveform W:

[0011]

AW=Wmax —Wmin (3)

[0012] Supposing the reference thickness between the measuring points A and B during initialization is Ws, the
magnitude of maximum strain & between the measuring points A and B is calculated by the following Equation (4).
[0013]

€ =AW/Ws (4)

[0014] 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).
[0015]

AP=Pmax—Pmin (5)

[0016] The magnitude of maximum strain € should be caused by the blood pressure difference A P. As the modulus
of elasticity Er 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).

[0017]

Er=AP/ & =AP " Ws/AW

= AP * Ws/(Wmax—Wmin) (6)

[0018] 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 A P in a situation where the blood vessel has
nonuniform thicknesses.

[0019] 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
representing the distribution of elasticities is obtained, it can be determined how and where the atheroma has been
produced.

Patent Document No.1: Japanese Patent Application Laid-Open Publication No. 10-5226

Patent Document No. 2: Japanese Patent Application Laid-Open Publication No. 2000-229078

Non-Patent Document No.1: Hasegawa et al., Evaluation of Regional Elastic Modulus of Cylindrical Shell with
NonUniform Wall Thickness, J Med Ultrasonics, Vol.28, No.1 (2001)
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DISCLOSURE OF INVENTION

PROBLEMS TO BE SOLVED BY THE INVENTION

[0020] 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 t2 includes
noise, and is not a proper value.

[0021] In addition, even if an erroneous modulus of elasticity is obtained due to the influence of noise as described
above, itis 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 elasticity
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.

[0022] 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 tomographic 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. Furthermore, there is not always one-to-one correspondence
between a modulus 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 determine the status of the subject
specifically.

[0023] In order 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

[0024] 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 reference waveform. The apparatus
obtains subject’s internal information by comparing the thickness change waveform and the reference waveform to each
other.

[0025] Inone preferred embodiment, the ultrasonic diagnostic apparatus further includes a thickness change estimating
section for calculating the greatest variation in the thickness change waveform by comparing the thickness change
waveform and the reference waveform to each other.

[0026] In this particular preferred embodiment, the thickness 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.

[0027] In another preferred embodiment, the reference waveform generating section includes a storage section that
stores data about the reference waveform.

[0028] In this particular 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.

[0029] In a specific preferred embodiment, the ultrasonic diagnostic apparatus further includes a period adjusting
section for adjusting the period of the reference waveform to one deformation period of the subject. 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.

[0030] Inanother preferred embodiment, the ultrasonic diagnostic apparatus further includes a period adjusting section
for adjusting the period of the thickness change waveform 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 thickness
change waveform, of which the period has been adjusted, and the reference waveform.

[0031] In still another preferred embodiment, the ultrasonic diagnostic apparatus further includes an averaging section
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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.

[0032] In yet another preferred embodiment, the ultrasonic diagnostic apparatus further includes a period adjusting
section. If the thickness change waveform has inconstant periods, 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.

[0033] In yet another preferred embodiment, the computing section includes a displacement waveform calculating
section for figuring out a displacement waveform representing displacements of a plurality of measuring points on the
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.

[0034] In this particular preferred embodiment, the reference waveform generating section generates the reference
waveform based on the displacement waveform.

[0035] In another preferred embodiment, the ultrasonic diagnostic apparatus further includes a vascular diameter
calculating 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 vascular caliber variation waveform.

[0036] In still another preferred embodiment, the reference waveform generating section generates the reference
waveform based on a waveform representing a variation in the blood pressure of the subject.

[0037] Inyetanother 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 subject and for calculating a modulus of elasticity based on the greatest variation.

[0038] In yet another preferred embodiment, the ultrasonic diagnostic apparatus further includes a thickness change
estimating 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.

[0039] In this particular preferred embodiment, the thickness 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 multiplying the other waveform by the coefficient. The
thickness change estimating section also calculates 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.
[0040] In another preferred embodiment, the reference waveform generating section includes a storage section that
stores data about the reference waveform.

[0041] In this particular 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.

[0042] In a specific preferred embodiment, the ultrasonic diagnostic apparatus further includes a period adjusting
section for adjusting the period of the thickness change waveform 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
thickness change waveform, of which the period has been adjusted, and the reference waveform.

[0043] In this particular 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
thickness change estimating section calculates the coefficient, the difference and the greatest thickness change based
on the averaged thickness change waveform.

[0044] In a specific preferred embodiment, the averaging section calculates the variance of the thickness change
waveform based on the average, and the reliability determining section rates the reliability of the greatest thickness
change based on the variance and the difference.

[0045] In a more specific preferred embodiment, the reliability determining section rates the reliability of the greatest
thickness change based on the variance, the coefficient and the difference.

[0046] In one preferred embodiment, the ultrasonic diagnostic 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 section for outputting a reference waveform; a thickness change
estimating section 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 reliability of the
greatest thickness change based on the variance.

[0047] In this particular preferred embodiment, 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
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obtained by multiplying the other waveform by the coefficient. The thickness change estimating section also calculates
the greatest thickness change in the thickness change waveform based on the coefficient and the amplitude of the
reference waveform.

[0048] Inaspecific preferred embodiment, the reliability determining section rates the reliability of the greatest thickness
change based on the variance and the coefficient.

[0049] 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 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 determined by the
reliability determining section.

[0050] In still 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 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.

[0051] In this particular preferred embodiment, the thickness 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 multiplying the other waveform by the coefficient. The
thickness change estimating section also calculates the greatest thickness 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.

[0052] 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 reference waveform.

[0053] In a more specific preferred embodiment, the ultrasonic diagnostic apparatus further includes 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 thickness change that has been
output by the tissue identifying section.

[0054] In another preferred embodiment, the reference waveform generating section includes a storage section that
stores data about the reference waveforms.

[0055] In this particular 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.
[0056] In another preferred embodiment, the ultrasonic diagnostic apparatus further includes an image processing
section for generatingimage data representing the modulus of elasticity based on a result obtained by the tissue identifying
section.

[0057] 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.

[0058] Inyetanother 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 calculating
a viscosity property index, indicating the degree of matching 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.

[0059] In this particular preferred 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 predetermined viscosity coefficient. The viscosity coefficient 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.

[0060] 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 viscosity property reference waveforms by a first coefficient and
the other waveform.

[0061] In a more specific preferred embodiment, the information about the subject’s stress variation is a waveform
representing the blood pressure of the subject.
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[0062] In another preferred embodiment, the computing section includes a displacement waveform calculating section
for figuring out a displacement waveform representing displacements of a plurality of measuring points on the subject
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.

[0063] Inthis particular preferred embodiment, the ultrasonic diagnostic apparatus further includes a vascular diameter
calculating section for figuring out a waveform representing a variation in the vascular caliber of the subject based on
the displacement waveform. 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.

[0064] Inanother preferred embodiment, the reference waveform generating section receives awaveform representing
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.

[0065] In still another preferred embodiment, the reference waveform generating section further generates an elastic
property reference waveform, and the comparing section calculates the greatest thickness change in the thickness
change waveform by comparing the elastic property reference waveform and the thickness change waveform to each
other.

[0066] Inthis particular preferred embodiment, the comparing section determines a second coefficient 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 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.

[0067] 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 of the subject and for calculating a modulus of elasticity based on the greatest variation.

[0068] 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.

[0069] A control method according to the presentinvention 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 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.

[0070] 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 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.

[0071] In one preferred embodiment, the step (E) includes calculating 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 calculating the greatest variation in the thickness change waveform based
on the coefficient and the amplitude of the reference waveform.

[0072] 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.

[0073] 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 waveform, of which the period has been adjusted, and the
thickness change waveform.

[0074] 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
thickness change in the thickness change waveform based on the thickness change waveform, of which the period has
been adjusted, and the reference waveform.

[0075] 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 thickness change waveform and the reference waveform.
[0076] In yet another preferred embodiment, the step (C) includes the steps of: figuring out a displacement waveform
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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 measuring points based on the displacement waveform.
[0077] In this particular preferred embodiment, the step (D) includes generating the reference waveform based on the
displacement waveform.

[0078] 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.

[0079] In still another preferred embodiment, the step (D) includes generating the reference waveform based on a
waveform representing a variation in the blood pressure of the subject.

[0080] In 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 deformation period of the subject and calculating a modulus of
elasticity based on the greatest variation.

[0081] Stillanother 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 subject, 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.
[0082] 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.

[0083] In this particular 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.

[0084] 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.

[0085] In a more specific preferred embodiment, the control 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.

[0086] In this particular 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.

[0087] 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 difference.

[0088] Yetanothercontrol method according to the presentinvention 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 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.
[0089] In one preferred embodiment, the step of calculating the greatest thickness change includes calculating 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 also includes calculating the greatest
thickness change in the thickness change waveform based on the coefficient and the amplitude of the reference waveform.
[0090] Inthis particular preferred embodiment, the step of determining includes determining the reliability of the greatest
thickness change based on the variance and the coefficient.

[0091] 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 displaying the modulus of elasticity according to the degree of
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reliability that has been determined.

[0092] Yetanother 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
multiple different tissues and that is 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 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 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.

[0093] 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, and also includes calculating
the greatest thickness change in the thickness change waveform for use of each said reference waveform based on the
coefficient and the amplitude of the reference waveform.

[0094] In this 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
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.

[0095] 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).

[0096] 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.

[0097] 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).

[0098] 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.

[0099] Yetanother 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 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 viscosity property reference waveform, by comparing the viscosity
property reference waveform and the thickness change waveform to each other; and (G) determining the viscosity
coefficient by the viscosity property index.

[0100] In one preferred 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
predetermined viscosity coefficient. The step (G) includes outputting the viscosity coefficient associated with the viscosity
property reference waveform in which the smallest one of the viscosity property indices is obtained.

[0101] In this particular preferred embodiment, the step (F) includes outputting, 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 viscosity property reference waveforms by a first coefficient
and the other waveform.

[0102] In a specific preferred embodiment, the information about the subject’s stress variation is a waveform repre-
senting the blood pressure of the subject.

[0103] 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 measuring points based on the displacement waveform.
[0104] Instillanother preferred embodiment, the control method further includes the step (H) of figuring out a waveform
representing a variation in the vascular caliber of the subject based on the displacement waveform. 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.

[0105] 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
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correcting 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.
[0106] 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
comparing the elastic property reference waveform and the thickness change waveform to each other.

[0107] 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
waveforms 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.

[0108] In a specific preferred embodiment, the control method further includes the step (l) 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.

[0109] Inyetanother 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

[0110] 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
apparatus of the present invention can evaluate an attribute property such as a modulus of elasticity with high reliability
and high precision.

[0111] Also, since the modulus of elasticity that has been calculated based on an index indicating the degree of
matching between the reference waveform and the thickness change waveform has its reliability determined, a highly
reliable modulus of elasticity can be obtained.

[0112] 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.

[0113] Besides, since the viscosity coefficient is estimated by comparing the thickness change waveform to the ref-
erence waveform, the difference in the subject’s tissue can be sensed based on the estimated viscosity coefficient.
Consequently, even a tissue that has been hard to identify by a modulus of elasticity can now be identified.

BRIEF DESCRIPTION OF DRAWINGS

[0114] FIG. 1is ablock diagram showing a first preferred embodiment of an ultrasonic diagnostic apparatus according
to the present invention.

FIG. 2 shows a reference waveform generated by the reference waveform generating section of the ultrasonic diagnostic
apparatus shown in FIG. 1.

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

FIG. 4 shows information contained in the thickness change waveform.

FIG. 5 is a block diagram showing a second preferred embodiment of an ultrasonic diagnostic apparatus according to
the present invention.

Portions (a), (b) and (c) of FIG. 6 show an electrocardiogram provided by a period detecting section, a thickness change
waveform figured out by a thickness change waveform calculating section, and a reference waveform figured out by a
reference waveform generating section in the second preferred embodiment.

FIG. 7 is a block diagram showing a modified example of the second preferred embodiment of the ultrasonic diagnostic
apparatus according to the present invention.

FIG. 8 is a block diagram showing a third preferred embodiment of an ultrasonic diagnostic apparatus according to the
present invention.

Portions (a) and (b) of FIG. 9 show an electrocardiogram provided by a period detecting section and a thickness change
waveform provided by a period adjusting section in the third preferred embodiment.

FIG. 10 is a block diagram showing a fourth preferred embodiment of an ultrasonic diagnostic apparatus according to
the present invention.

FIG. 11 schematically illustrates a cross section of a subject under measurement with a probe.

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

FIG. 13 shows a thickness change waveform output by a thickness change waveform calculating section in the fourth

10



10

15

20

25

30

35

40

45

50

55

EP 1 889 571 A1

preferred embodiment.

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

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

FIG. 16 shows an example of a blood pressure waveform for use in the sixth preferred embodiment.

FIG. 17 is a block diagram showing a seventh preferred embodiment of an ultrasonic diagnostic apparatus according
to the present invention.

FIG. 18 is a flowchart showing how the reliability determining section of the seventh preferred embodiment operates.
FIG. 19 is a block diagram showing an eighth preferred embodiment of an ultrasonic diagnostic apparatus according to
the present invention.

FIGS. 20(a) and 20(b) show how to calculate the average of thickness change waveforms.

FIG. 21 is a flowchart showing how the reliability determining section of the eighth preferred embodiment operates.
FIG. 22 is a block diagram showing a ninth preferred embodiment of an ultrasonic diagnostic apparatus according to
the present invention.

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

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

FIG. 25 is a flowchart showing how a tissue identifying section operates.

FIG. 26 shows an example of a two-dimensional map image representing moduli of elasticity on animage display section.
FIG. 27 shows another example of a two-dimensional map image representing moduli of elasticity on the image display
section.

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

FIG. 29 shows how to calculate a viscosity coefficient.

FIG. 30 is a block diagram showing an alternative configuration for the tenth preferred embodiment.

FIG. 31 is a block diagram showing another alternative configuration for the tenth preferred embodiment.

FIG. 32 shows how to track the motions of a tissue based on the phase difference of an ultrasonic echo signal.

FIG. 33 schematically illustrates a cross section of a subject under measurement with a probe.

FIG. 34 shows how to calculate the magnitude of strain based on the tracking waveform of a subject tissue.

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

[0115]

11 atheroma

12 subject

31 vessel anterior wall

32 vascular lumen

33 vessel posterior wall

100 control section

101 probe

102 transmitting section

103 receiving section

104 tomographic image generating section

105 image synthesizing section

106 image display section

115 displacement waveform calculating section
116 thickness change waveform calculating section
117A through 117H reference waveform generating section
118, 118’, 118" thickness change estimating section
119 blood pressure manometer

120 modulus of elasticity calculating section

121 viscosity coefficient determining section

125 comparing section

140 period adjusting section
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141 period detecting section

142 vascular diameter calculating section

151 computing section

170 averaging section

171, 171’ reliability determining section

172 tissue identifying section

201 through 210, 210’, 210" ultrasonic diagnostic apparatus

BEST MODE FOR CARRYING OUT THE INVENTION

(EMBODIMENT 1)

[0116] Hereinafter, afirst preferred embodiment of an ultrasonic diagnostic apparatus according to the presentinvention
will be described. FIG. 1 is a block diagram showing 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.

[0117] 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
ultrasonic wave. The ultrasonic wave thus transmitted soon reaches a subject being deformed periodically under stress
and is reflected inside the subject. In this preferred embodiment, 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.

[0118] The receiving section 103 receives an echo, reflected from the subject, at the probe 101, converts the echo
into an electrical signal, and then ampilifies the electrical signal, thereby generating a received echo signal. The receiving
section 103 also converts the received echo signal into a digital signal.

[0119] The transmitting section 102 and the receiving section 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.

[0120] 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 figures out a displacement waveform, representing the dis-
placements of multiple measuring points xi on the subject, by Equations (1) and (2). The thickness change waveform
calculating section 116 figures out a thickness change waveform, representing a variation in distance between two points
that have been selected arbitrarily from those measuring points xi, by calculating the difference between the displacement
waveforms of the two measuring points.

[0121] 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 ultrasonic
beam, the displacement waveforms of respective measuring points, which are arranged two-dimensionally, can be
obtained.

[0122] 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 generating 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.

[0123] As will also be described in detail later, 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 117A, thereby getting information about the subject’s internal
tissue. More specifically, the thickness change estimating section 118 calculates the greatest variation in the thickness
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change waveform. 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.

[0124] The ultrasonic diagnostic apparatus 201 preferably further includes a modulus of elasticity calculating section
120 for calculating a modulus of elasticity based on the greatest variation obtained. The modulus of elasticity calculating
section 120 receives information about the stress applied to the subject (e.g., the blood pressure difference A P between
the highest and lowest blood pressures) from the blood pressure manometer 119, for example. And the modulus of
elasticity calculating section 120 calculates the modulus of elasticity Er based on the blood pressure difference A P and
the greatest thickness change A W by Equation (6). In this case, the reference thickness Ws is the distance (e.g., 400
pwm) 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.

[0125] The modulus of elasticity thus obtained is preferably displayed along with the tomographic image of the subject
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 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 a tomographic image representing the subject’s internal structure.

[0126] 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 tomographic image. Then, the image display section 106 presents the synthesized image thereon.

[0127] Hereinafter, it will 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
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 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(t).

[0128] A W, which is the amplitude of the reference waveform M(t), has been normalized to be a reference value of
1 wm, 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.

[0129] FIG. 3 shows the thickness change waveform y(t) obtained by the thickness change waveform calculating
section 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.

[0130] 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 product 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).

[0131]

R-= 2 (M(t) - k- y(t))’ (7)

[0132] If Equation (7) is subjected to partial differentiation using the coefficient k as a variable and if the resultant
equation becomes equal to zero, then the squared difference R will be minimum:
[0133]

%ﬁf = 22(-M(t)ya) +k(y(t)*) =0 ®)
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[0134] By resolving Equation(8) with respect to k, the following Equation (9) is obtained.
[0135]

N-1

M(t)y(r)

k= lj\’wl
2 ()’

©)

[0136] The value of the coefficient k obtained by Equation (9) means that if the thickness change waveform y(t) 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 the following Equation (10).

[0137]

A=1/k (Mm) (10)

[0138] Alternatively, it may also be calculated by the same method as that described above 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 a and if the residual is
R’, then the residual R’ can be calculated by the following Equation (11).

[0139]

N-1

R'= };(0 "M (1) - y(1))’ 1

[0140] If R’ is supposed to be zero when subjected to partial differentiation with the coefficient a as in the following
Equation (12) and if R’ is resolved with respect to a, then the following Equation (13) is obtained.
[0141]

oK 22 (@(M () - M(@O)y(t) =0 (12)

a
[0142]

N-1

M (1) y(t)
a= (13)

N-1

;(M (®)°

[0143] In that case, the coefficient a means that if the reference waveform with an amplitude of 1 wm 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 waveform y(t)
can be calculated by the following Equation (14).

[0144]
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A'=a (Mm) (14)

[0145] As described above, the thickness change estimating 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 further
calculates the greatest thickness change as the amplitude of the thickness change waveform.

[0146] FIG. 4 schematically shows portions of thickness change waveforms y,(t) and y,4(t) that were figured out on
blood vessel walls with mutually different moduli of elasticity 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 vibration
of the heart, which is a variation in the stress applied to the subject, is ideally substantially constant irrespective of the
hardness of the blood vessel.

[0147] As shown in FIG. 4, to calculate the greatest thickness difference of the thickness change waveform by a
conventional 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.

[0148] 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).
However, the gradients of curved portions a1, a2 and a3 of the thickness change waveform between the maximum and
minimum values Wmax and Wmin thereof change with the maximum and minimum values Wmax and Wmin. In other
words, the gradients of the curved portions a1, 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 a1, a2 and a3, unless the
superposed noise deforms the thickness change waveform significantly.

[0149] 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.

[0150] As is clear from the foregoing description, since the curved portions a1, a2 and a3 contain information about
the maximum and minimum values Wmax and Wmin, 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 reference waveform. This can be stated in the following way
using Equation (13). Specifically, 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:

[0151]

N-1

M(0)s(t) + NZIM(t)n(t)

a=- = (13"
S )y’

=0

[0152] 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(t)) 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").

[0153]
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SHOsO) S aM )
a= {;21 = %4 —=a (13")

SMOF S ooy

=0

[0154] Consequently, the true coefficient a’ can be estimated. 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.

[0155] According to the present invention, the greatest thickness change and the modulus of elasticity are calculated
based on the reference waveform and actually measured values. 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 measuring
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 provided 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 thickness
change can be estimated even more precisely.

[0156] 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 accordance with the operator’s instruction. Then,
the thickness change can be estimated even more accurately.

(EMBODIMENT 2)

[0157] Hereinafter, a second preferred embodiment of an ultrasonic diagnostic apparatus according to the present
invention will be described. FIG. 5 is a block diagram showing 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 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 201 of the first preferred embodiment.

[0158] The period adjusting section 140 adjusts the period of the reference waveform such that the period of the
reference waveform generated by the reference waveform generating 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, electrocardiogram
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.

[0159] Portions (a), (b) and (c) of FIG. 6 show the electrocardiogram 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 generating 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.

[0160] 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).

[0161] Toresolvethedisagreementin 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 waveform generating section 117A along the time axis. The
reference waveform M’(t) that has been extended or shrunk along the time axis may be given by the following Equation
(1.5).

[0162]
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M"(t)=M(t"* Ty/Tm) (15)

[0163] 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 proximity could be used as an alternative value.

[0164] 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
appropriately shifting the timing of reading the reference waveform from the reference waveform generating section
117A, for example.

[0165] After the period of the 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 preferred embodiment.

[0166] 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.

[0167] Inthe 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.
[0168] If the 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
respective 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, supposing the shortest cardiac cycle is T, the period
adjusting section 140 may extract data during that period T i, 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.

[0169] 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
different 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)

[0170] Hereinafter, a third preferred embodiment of an ultrasonic diagnostic apparatus according to the present in-
vention will be described. FIG. 8 is a block diagram showing the configuration of the ultrasonic diagnostic apparatus
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 transmitting 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 ultrasonic diagnostic apparatus 202’ of the second
preferred embodiment.

[0171] 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
deformation 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(t) and y’2(t) of the thickness change waveform y’(t), of which the period has been
adjusted by the period adjusting section 140.

[0172] 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 calculated by the following Equation (16).
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[0173]

YO 30 16)

[0174] Here, y'(t) represents the thickness change waveform of the it 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 thickness 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.

[0175] The number 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
calculated.

[0176] According to this preferred embodiment, the random 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)

[0177] Hereinafter, a fourth preferred embodiment of an ultrasonic diagnostic apparatus according to the present
invention will be described. FIG. 10 is a block diagram showing the configuration of an ultrasonic diagnostic apparatus
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
section 117B for generating a reference waveform based on a displacement waveform supplied from a displacement
waveform calculating section 115.

[0178] 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, 20b 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.

[0179] As the pressure of blood flowing through the vascular 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
distance 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 p1 and p2.

[0180] FIG. 12(a) shows the displacement waveform n(t) of the intima-side end 22a, for example, which has been
figured out by the displacement waveform calculating section 115. On the other hand, FIG. 12(b) 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 corre-
sponding 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).

[0181]
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1
M(t)=r-&‘-.—"f’l(t) (17)

max min

[0182] As aresult, the reference waveform M(t) becomes a waveform that is proportional to the waveform n(t) of the
intima-side end 22a and that has an amplitude of one.

[0183] FIG. 13 shows a portion of a thickness change waveform y(t) that was actually measured for one cardiac cycle
and output from the thickness change waveform calculating section 116. This thickness change waveform y(t) may be
obtained as a difference between the displacement waveforms at the measuring points p1 and p2 shown in FIG. 11,
for example.

[0184] 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
waveform n(t). As shown in FIG. 12(a), the displacement waveform 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).

[0185] Therefore, if the thickness change estimating section 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 can be calculated highly accurately
without being affected by suddenly produced noise such as spike noise. Particularly, according to this preferred embod-
iment, 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 addition, since no external signal rep-
resenting the subject’s stress variation period needs to be provided by an electrocardiograph or a blood pressure ma-
nometer, for example, the measurements can be done easily.

(EMBODIMENT 5)

[0186] Hereinafter, afifth preferred embodiment of an ultrasonic diagnostic apparatus according to the presentinvention
will be described. FIG. 14 is a block diagram showing 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.

[0187] The vascular diameter calculating section 142 receives a displacement waveform from the displacement wave-
form calculating section and figures out a waveform representing the inside or outside vascular caliber of the arterial
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 22b 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 L(t) is given by the following
Equation (18).

[0188]

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

[0189] 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.

[0190] The reference waveform generating section 117 receives the vascular caliber waveform L(t) and uses the
vascular caliber waveform L(t) in place of the displacement waveform n(t) in Equation (17), thereby generating areference
waveform M(t). In this manner, either the greatest thickness change or the modulus of elasticity can be calculated as in
the fourth preferred embodiment described above.
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[0191] 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.

[0192] Specifically, the intima-side ends 22a and 22b that define the vascular caliber move in opposite directions
under the blood pressure, and therefore, the amplitude of the vascular 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. Con-
sequently, the thickness change and modulus of elasticity can be calculated even more accurately.

(EMBODIMENT 6)

[0193] Hereinafter, a sixth preferred embodiment of an ultrasonic diagnostic apparatus according to the present in-
vention will be described. FIG. 15 is a block diagram showing the configuration of an ultrasonic diagnostic apparatus
206. In the fourth preferred embodiment described above, the reference waveform generating section 117B generates
a reference waveform based on the displacement waveform. According to this preferred embodiment, the reference
waveform generating section 117C receives a blood pressure waveform from an external device and generates a
reference waveform based on the blood pressure waveform.

[0194] The blood pressure waveform supplied to the reference waveform generating section 117C represents a var-
iation in the blood pressure of the arterial canal of the subject and is provided by the real-time blood pressure manometer
150, for example.

[0195] FIG. 16 shows an exemplary blood pressure waveform. 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 waveform M(t) by Equation (17). The thickness change, rep-
resenting 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, by using the reference waveform thus generated,
the thickness change and modulus of elasticity can be calculated even more accurately.

(EMBODIMENT 7)

[0196] Hereinafter, a seventh preferred embodiment of an ultrasonic diagnostic apparatus according to the present
invention will be described. FIG. 17 is a block diagram showing 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 section 118’ and a reliability determining section 171. The
ultrasonic diagnostic apparatus 207 also includes a control section 100 for controlling all of these components of its own.
[0197] The transmitting section 102 and the receiving section 103 function in the same way as the counterparts 102
and 103 of the first 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 ultrasonic wave. The ultrasonic wave thus transmitted soon
reaches a subject being deformed periodically under stress and is reflected inside the subject. In this preferred embod-
iment, 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 periodically under the stress caused by the blood flow.

[0198] 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.
[0199] The transmitting section 102 and the receiving section 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.

[0200] The computing section 151 also operates in the same way as the counterpart 151 of the first preferred embod-
iment 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 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 dis-
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placement waveform calculating section 115 receives the received echo signal and figures out a displacement waveform,
representing the displacements of multiple measuring points on the subject, by Equations (1) and (2). The thickness
change waveform calculating section 116 figures out a thickness change waveform, representing a variation in distance
between two points that have been selected arbitrarily from those measuring points, by calculating the difference between
the displacement waveforms of the two measuring points.

[0201] 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 ultrasonic
beam, the displacement waveforms of respective measuring points, which are arranged two-dimensionally, can be
obtained.

[0202] 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.

[0203] Asalready described for the first preferred embodiment, 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
indicating 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 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 thickness change in the thickness change waveform.
[0204] 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.

[0205] The ultrasonic diagnostic apparatus 207 preferably further includes a modulus of elasticity calculating section
120 for calculating a modulus of elasticity based on the greatest thickness change obtained. The modulus of elasticity
calculating section 120 receives information about the stress applied to the subject (e.g., the blood pressure difference
A P between the highest and lowest blood pressures) from the blood pressure manometer 119, for example. And the
modulus of elasticity calculating section 120 calculates the modulus of elasticity Er based on the blood pressure difference
A P and the greatest thickness change A W by Equation (6). In this case, the reference thickness Ws is the distance
(e.g., 400 wm) 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.

[0206] The modulus of elasticity thus obtained is preferably displayed along with the tomographic image of the subject
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 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 a tomographic image representing the subject’s internal structure.

[0207] 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 tomographic 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 elasticity from the reliability determining section 171
and presents 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.

[0208] Hereinafter, it will be described in further detail how the reference waveform generating section 117D, the
thickness change estimating section 118’ and the reliability determining section 171, which are the core sections of the
present invention, operate.

[0209] As already described for the first preferred embodiment, 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

21



10

15

20

25

30

35

40

45

50

55

EP 1 889 571 A1

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 reference waveform M(t).

[0210] A W, which is the amplitude of the reference waveform M(t), has been normalized to be a reference value of
1 wm, 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.

[0211] According to the present invention, the greatest thickness change and the modulus of elasticity are calculated
based on the reference waveform and actually measured values. 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 measuring
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 provided for
the intima, media, and adventitia of the vessel wall, respectively. By storing sets of reference waveform data in 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.

[0212] 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 accordance with the operator’s instruction. Then,
the thickness change can be estimated even more accurately.

[0213] As already described for the first preferred embodiment, FIG. 3 shows the thickness change waveform y(t)
obtained by the thickness change waveform calculating section 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.

[0214] As also described for the first preferred embodiment, 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 product 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 Equation (7) that has been described for the first preferred embodiment.
[0215] If Equation (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.

[0216] 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 reference waveform M(t) with an amplitude of 1
pm 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 Equation (10).

[0217] The thickness change estimating section 118’ further 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 following Equation (19).

[0218]

min- min

5
N-1 -

N M (1)y()
R, = 2 M (1) - 55— y(t) 19)

Z y(O)

[0219] R, represents a difference between the reference waveform M(t) and the thickness change waveform y(t)
multiplied by the coefficient k.

[0220] As already described for the first preferred embodiment, 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 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.

[0221] If R is supposed to be zero when subjected to partial differentiation with the coefficient a as in Equation (13)
and if R’ is resolved with respect to a, then Equation (14) is obtained. In that case, the coefficient a means that if the
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reference waveform with an amplitude of 1 wm 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 waveform y(t) can be calculated by Equation (15).

[0222] Also, the difference R’min is calculated by the following Equation (20).

[0223]

5
N -1 -

oo Smanw
mm ?/ M(t) - y(t) (20)

2 M@)f

[0224] As described above, the thickness change estimating 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’ further
calculates the greatest thickness change as the amplitude of the thickness change waveform. Furthermore, the thickness
change estimating section 118’ also calculates the difference R;,, of R’imin by Equation (19) or (20) and then outputs
it to the reliability determining section 171.

[0225] The reason 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 reference to FIG. 4. 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.
[0226] As also described for the first preferred embodiment, 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 reference waveform.

[0227] The reliability determining section 171 receives the difference R, or R’ @nd determines, by the value of
the difference Ry, or R'min, 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 Ry, As
shown in FIG. 18, the reliability determining section 171 receives the difference R, to start a reliability determining
operation in Step 301. First, the reliability determining section 171 compares 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 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 determined to be low in Step 305.
[0228] On the other hand, if the difference Ry,;,, 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 waveform 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 k from the thickness change estimating section 118’ and determines 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.

[0229] 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-dimensionally, 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.
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[0230] 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 displayed in a contrasting color shade that is clearly different
from any of these grayscale tones or color shades. Alternatively, 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.

[0231] The ultrasonic diagnostic apparatus 207 estimates the greatest thickness change by comparing the reference
waveform and the thickness change waveform to each other. For that reason, even if suddenly produced noise is
superposed on the thickness change waveform, the greatest thickness 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 diagnostic 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 likelihood.

(EMBODIMENT 8)

[0232] Hereinafter, an eighth preferred embodiment of an ultrasonic diagnostic apparatus according to the present
invention will be described. FIG. 19 is a block diagram showing 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 preferred embodiment.

[0233] 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 thickness
change waveform calculating section 116 matches that of the reference waveform generated by the reference waveform
calculating section 117D. For that purpose, the ultrasonic 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, electrocardiogram 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.

[0234] Portions (a), (b) and (c) of FIG. 7 show the electrocardiogram 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 generating 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 (c) 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).

[0235] Toresolvethe disagreementin 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
about the period of the subject’s stress variation provided by the period detecting section 141. In this preferred embod-
iment, 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).

[0236]

y' (t)=M(t - Tm/Ty) (21)
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[0237] In this case, unless t X Tm/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
proximity could be used as an alternative value.

[0238] 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 waveform u,(t) can be calculated by the following Equation (22).
[0239]

L+m-1

4 0= 3 (22)

[0240] Here, y'(t) represents a thickness change waveform, of which the ith period has been adjusted, and L represents
the number of cardiac cycles to be averaged. Equation (22) indicates that the thickness change waveform of the mth
period is obtained. On the other hand, if the average is calculated every Lt period as shown in FIG. 20(b), then the
averaged thickness change waveform vm(t) can be calculated by the following Equation (23).

[0241]

1 (m+hxl-1

0= S (23)

{=prxl,

[0242] The number 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 average 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 thickness 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).

[0243] The averaging section 170 further calculates the variance 6,2 of the signal over the multiple periods, in which
the average has been calculated, by one of the following Equations (24) and (25).

[0244]

o 2(%2 (y}(j)—um(jﬁ) (24

[=m

[0245]

(8]

S
i

N-1 maDxL -1 R
Z(f D (y;<,~)_v,,,<,-)}J (29)

)= L i=mxL

[0246] The variance c,,2 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
6,2 is input to the reliability determining section 171°.

[0247] 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(t)) instead of y(t).

[0248] 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
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the variance 6,,2. FIG. 21 is a flowchart showing how the reliability determining section 171’ operates on receiving the
difference Rp,j, and the variance 6,,2. As shown in FIG. 21, the reliability determining section 171’ receives the difference
Rpnin @and the variance c,,,2 to start a reliability determining operation in Step 311. First, the reliability determining section
171’ compares the variance 6,2 to a predetermined threshold value TH1 in Step 312. If the variance 6,,,2 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 reliability
of the modulus of elasticity obtained is determined to be low in Step 316.

[0249] Ontheotherhand, ifthe variance 6,,2 is smaller than the predetermined threshold value TH1, then the difference
Rpin i8 compared to a predetermined threshold value TH2 in Step 313. If the difference R, is not smaller than the
predetermined threshold value TH2, then it means that the reference 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 determined to be low in Step 317.

[0250] However, if the difference Ry, is smaller than the predetermined threshold value TH2, it means that the
reference waveform M(t) agrees well with the thickness change waveform y(t) multiplied by the coefficient k. Neverthe-
less, as described for the first preferred embodiment, the difference Ry, 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 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.

[0251] 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.

[0252] 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.

[0253] In this preferred embodiment, the reliabilities of the greatest thickness change and the modulus of elasticity
are determined by the difference between the reference waveform and the thickness change waveform and by the
variance of the thickness change waveform. Alternatively, the reliabilities 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 waveform 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.

[0254] Inthe 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)

[0255] Hereinafter, a ninth preferred embodiment of an ultrasonic diagnostic apparatus according to the present
invention will be described. FIG. 22 is a block diagram showing 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 section 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.

[0256] The transmitting section 102, the receiving section 103 and the computing section 151 of the ultrasonic diag-
nostic 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 ultrasonic wave. The ultrasonic wave thus transmitted soon reaches a subject being deformed periodically
under stress and is reflected inside the subject. In this preferred embodiment, the subject includes the vessel wall of an
arterial canal and the ultrasonic diagnostic apparatus 209 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
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deformed periodically under the stress caused by the blood flow.

[0257] 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.
[0258] The transmitting section 102 and the receiving section 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.

[0259] 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 figures out a displacement waveform, representing the dis-
placements of multiple measuring points on the subject, by Equations (1) and (2). The thickness change waveform
calculating section 116 figures out a thickness change waveform, representing a variation in distance between two points
that have been selected arbitrarily from those measuring points, by calculating the difference between the displacement
waveforms of the two measuring points.

[0260] 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 ultrasonic
beam, the displacement waveforms of respective measuring points, which are arranged two-dimensionally, can be
obtained.

[0261] 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.

[0262] As already described for the eleventh and seventh preferred embodiments, 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 117E, thereby calculating the
greatest thickness change in the thickness change waveform. The thickness change estimating section 118" also cal-
culates an index indicating 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 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 thickness change in the thickness
change waveform. The greatest thickness change and the difference for each of those reference waveforms are output
to the tissue identifying section 172.

[0263] 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 produced the thickness change waveform corresponds. More particularly, the tissue identifying section 172
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.

[0264] The ultrasonic diagnostic apparatus 209 preferably further includes a modulus of elasticity calculating section
120 for calculating a modulus of elasticity based on the greatest thickness change provided by the tissue identifying
section 172. The modulus of elasticity calculating section 120 receives information about the stress applied to the subject
(e.g., the blood pressure difference A P between the highest and lowest blood pressures) from the blood pressure
manometer 119, for example. And the modulus of elasticity calculating section 120 calculates the modulus of elasticity
Er based on the blood pressure difference A P and the greatest thickness change A W by Equation (6). In this case, the
reference thickness Ws is the distance (e.g., 400 wm) 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.
[0265] The modulus of elasticity thus obtained is preferably displayed along with the tomographic image of the subject
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 generating section 104, an image processing 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
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an image signal as a tomographic image representing the subject’s internal structure.

[0266] 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
tomographic 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 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 accurately 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.

[0267] Hereinafter, it will be described in further detail how the reference waveform generating section 117E, the
thickness 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 illustrates 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.

[0268] FIGS. 24(a), 24(b) and 24(c) respectively show the reference waveforms M,(t) to M3(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).

[0269] A W, which is the amplitude of the reference waveforms M,(t) through Ms(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.

[0270] 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
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 accord-
ance with the operator’s instruction. Then, the thickness change can be estimated even more accurately.

[0271] Asalreadydescribed forthe 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.

[0272] The thickness change estimating section 118" receives the reference waveforms M,(t) through M3(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 reference waveforms M,(t)
through M;(t). If the coefficients to be multiplied by y(t) are k, through k3 and the square of the difference between M,
(t) and k4 - y(t) is Ry, then R; is given by the following Equation (26).

[0273]
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R - 2<M1<r) k() (26)

[0274] If Equation (7) is subjected to partial differentiation using the coefficient k4 as a variable and if the resultant
equation becomes equal to zero as in the following Equation (27), then the squared difference R4 will be minimum.
[0275]

i_ z§< ~M(0)y(t) +k,(y())*) = 0 (27)

[0276] By resolving Equation (27) with respect to k4, the following Equation (28) is obtained.
[0277]

ZM )y ()

2 ()

[0278] The value of the coefficient ky obtained by Equation (9) means that if the thickness change waveform y(t)
calculated is multiplied by k4, then the square of the difference from the reference waveform M,(t) with an amplitude of
1 wm will be minimum and the two waveforms will match most closely to each other. That is why the amplitude A4 of
the thickness change waveform y(t) measured can be calculated by the following Equation (29).

[0279]

(28)

A1=1/ky (H4m) (29)

[0280] The thickness change estimating section 118" further substitutes the k; value calculated by Equation (28) into
Equation (26) to figure out R,. Since k, is determined so as to minimize the squared difference Ry, this R, will be referred
to herein as Ry,,,. That is to say, Ry, is calculated by the following Equation (30).

[0281]

-
N-1 “

N-1 ZMl(t))’(t)
R, = Ml(t)—TT“‘_“Y(f) (30)
y(t)

[0282] R, represents a difference between the reference waveform M,(t) and the thickness change waveform y(t)
multiplied by the coefficient k.

[0283] 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’4, then the residual R’y can be calculated by the following Equation (31).

[0284]
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N -1

R, =2(k'1 "M (1) = y(t))” &D)

[0285] If R’y is supposed to be zero when subjected to partial differentiation with k’; as in the following Equation (32)
and if R’y is resolved with respect to k’y, then the following Equation (33) is obtained.
[0286]

R’ - 5
. = 22, (GO =M@ (0) =0 (32)

[0287]

2M1<r)y(r>
b= (33)
> (4,0

[0288] In that case, the coefficient k’y means that if the reference waveform with an amplitude of 1 um is multiplied
by K’4, 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).

[0289]

A'";=k"; (Mm) (34)

[0290] Also, the difference R’4,, is calculated by the following Equation (35).
[0291]

N-1 2

N-l ZMl(f)Y(l‘)
Ry= )55 M@O-y0) (35)

Z(Mxr))z

™

[0292] As for the other reference waveforms My(t) and Ms(t), the coefficients k,, ki, the amplitudes A,, A3, and the
differences Ry, R3y, are calculated in the same way by Equations (28) to (30), respectively. The coefficients k’,, K’3,
the amplitudes A’,, A’3, and the differences R’,,, R’3,, may be calculated as described above.

[0293] As described above, the thickness change estimating section 118" receives the reference waveforms M,(t) to
M,(t) and the thickness change waveform y(t) and calculates the amplitudes A4 to Az and the differences Ry, to R3p,
that would minimize the differences between the reference waveforms M,(t) to M;(t) and the thickness change waveform
y(t) by Equations (28) and (29). Then, the thickness change estimating section 118" outputs them to the tissue identifying
section 172.

[0294] The reason why the greatest thickness change can be obtained by comparing the reference waveforms M(t)
to M3(t) and the thickness change waveform y(t) to each other has already been described for the first preferred em-
bodiment with reference to FIG. 4. Consequently, according to the present invention, the greatest thickness change or
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the modulus of elasticity can be calculated highly accurately without being affected by suddenly produced noise such
as spike noise.

[0295] As also described for the first preferred embodiment, 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 reference waveform.

[0296] As described above, the variation pattern of a thickness 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.

[0297] FIG. 25 is a flowchart showing how the tissue identifying section 172 operates. After having started its tissue
identifying operation in Step 301, the tissue identifying section 172 receives amplitudes Ay, A, and Az and differences
Rims Rom and Rs,,, in Step 302. Alternatively, the tissue identifying section 172 may have received the amplitudes A,,
A, and A, and differences Ry, Ry, @and Ry, in advance and may start its identifying operation in accordance with the
instruction given by the control section 100. First, the tissue identifying section 172 compares the differences Ry, Rom
and R, to a predetermined threshold value Ryy in Step 303. If all of these differences Ry, Roy, and Ry, are greater
than the threshold value Ryy, then it means that the thickness change waveform y(t) is not similar to any of the reference
waveforms M,(t) to M;(t) and a portion of the tissue where the thickness change waveform y(t) was obtained is not
associated with any of the reference waveforms M,(t) through Ms(t). In that case, the tissue identifying section 172
substitutes zero for the decision result S and for the amplitude A in Step 304.

[0298] On the other hand, if at least one of the differences Ry,,, Ry @and Ry, is smaller than the threshold value Ryy,
the smallest one of the differences Ry,,, Ry, and Rs,, needs to be found. If the difference Ry, 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 § and A, is substituted for the amplitude A.

[0299] In the same way, 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 My(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 waveform y(t) is most similar to the reference waveform M3(t) and that a portion of the tissue where the thickness
change waveform y(t) was obtained is associated with the reference waveform Ms(t). That is why three is substituted
for the decision result S and A5 is substituted for the amplitude A. In this manner, the tissue identifying section 172
completes its identifying 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.

[0300] The tissue identifying section 172 outputs these decision results to the modulus of elasticity calculating section
120 and the image processing section 105. Specifically, the tissue identifying section 172 outputs the amplitude A, for
which A4, A,, Az 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.

[0301] Inthis preferred embodiment, after the differences Ry, Ry, @and Rs,, have been compared to the predetermined
threshold value Ryy, the smallest one of the differences Ry, Ror, and Ry, is found. Alternatively, the smallest difference
R1m» Ram Or R, may be found first, and then compared to the threshold value Rpy.

[0302] The modulus of elasticity calculating section 120 calculates a modulus of elasticity using the received amplitude
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 modulus of elasticity calculated properly (e.g., zero) may be
substituted for the modulus of elasticity, too.

[0303] The image processing section 105 receives the modulus of elasticity from the modulus of elasticity calculating
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 information about the tissue identification and the information about
the modulus of elasticity are preferably displayed.

[0304] 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 a luminance associated with its value. On the image display section 106, presented is a tomographic
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image 50 that has been generated by the tomographic image generating 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 FIG. 26, the intima 33 and the media 34 could be shown with similar luminances and could not be distinguished
from each other so easily.

[0305] 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 reference 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 Ms(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 FIG. 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.

[0306] 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-dimensional
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.

[0307] AsshowninFIG. 26, the moduli of elasticity of respective tissues are displayed in different colors, and therefore,
it can be seen easily that the region 57 with a high modulus of elasticity is located within the media. Consequently, 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
FIG. 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.

[0308] As described above, according to the present invention, the greatest thickness change is estimated by com-
paring 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 calculated 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)

[0309] Hereinafter, a tenth preferred embodiment of an ultrasonic diagnostic apparatus according to the present
invention will be described. FIG. 28 is a block diagram showing 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
additional 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 ultrasonic diagnostic apparatus 210 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.

[0310] The transmitting section 102, the receiving section 103 and the computing section 151 of the ultrasonic diag-
nostic apparatus 210 function in the same way as the counterparts of the first preferred embodiment described above.
[0311] 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 ultrasonic wave. The ultrasonic wave thus transmitted soon reaches a subject being deformed periodically
under stress and is reflected inside the subject. In this preferred 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
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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.

[0312] The receiving section 103 receives an echo, reflected from the subject, at the probe 101, converts the echo
into an electrical signal, and then ampilifies the electrical signal, thereby generating a received echo signal. The receiving
section 103 also converts the received echo signal into a digital signal.

[0313] The transmitting section 102 and the receiving section 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.

[0314] 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 figures out a displacement waveform, representing the dis-
placements of multiple measuring points on the subject, by Equations (1) and (2). The thickness change waveform
calculating section 116 figures out a thickness change waveform, representing a variation in distance between two points
that have been selected arbitrarily from those measuring points, by calculating the difference between the displacement
waveforms of the two measuring points.

[0315] 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 ultrasonic
beam, the displacement waveforms of respective measuring points, which are arranged two-dimensionally, can be
obtained.

[0316] The reference waveform generating section 117F generates an elastic property reference waveform and a
plurality of viscosity property reference waveforms. As will be described in detail later, these reference waveforms are
used as a reference for the thickness change waveform to be figured out by the comparing section 125. In this preferred
embodiment, 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 waveforms are also generated based on the blood
pressure waveform. 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.

[0317] 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 waveform supplied from the thickness change waveform
calculating 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 comparing 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.

[0318] The comparing section 125 of this preferred embodiment not only performs the function of the thickness change
estimating section 118 described above but also compares each of multiple viscosity property reference waveforms 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 coefficient.
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 viscosity
property indices. The comparing section 125 calculates the modulus of elasticity and estimates the viscosity coefficient
every period of the thickness change waveform.

[0319] 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
waveforms have been calculated on the supposition that the viscosity coefficient has a predetermined value, that value
of the viscosity coefficient that the viscosity property reference waveform determined is supposed to have becomes the
viscosity coefficient at a site of the subject where the estimated thickness change waveform was obtained.

[0320] The ultrasonic diagnostic apparatus 210 preferably further includes a modulus of elasticity calculating section

33



10

15

20

25

30

35

40

45

50

55

EP 1 889 571 A1

120 for calculating a modulus of elasticity based on the greatest 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
A P 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 A P and the greatest thickness change A W by Equation (6). In this case, the reference thickness Ws 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.

[0321] The modulus of elasticity and viscosity coefficient thus obtained are preferably displayed along with the tom-
ographic 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 a tomographic image representing the subject’s internal structure.
[0322] Theimage synthesizing section 105 receives the image signal, the data about the modulus of elasticity supplied
from the modulus of elasticity calculating section 120 and the data about the viscosity coefficient supplied from the
viscosity coefficient determining section 121, and synthesizes 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-
graphicimage. 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 tomographic 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.

[0323] Hereinafter, it will 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.

[0324] One period of the elastic property reference waveform M(t) output by the reference waveform generating section
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(t), has been normalized to be a reference value of 1 pm,
for example.

[0325] 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.

[0326] Justlike the thickness change estimating section 118 that has been described for the first preferred embodiment,
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(t) 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.

[0327] If Equation (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
Equation (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 pm 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 Equation (10).

[0328] As already described for the first preferred embodiment, 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 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). If R’ 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.

[0329] In that case, the coefficient a means that if the elastic property 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 match most closely to each other. That is why the amplitude A’ of the thickness change
waveform y(t) can be calculated by Equation (14).

[0330] As described above, the comparing section 125 receives the elastic property reference waveform M(t) and the
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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
Equation (9) or Equation (13). Then, based on the coefficient k or a thus calculated, the comparing section 125 further
calculates the greatest thickness change as the amplitude of the thickness change waveform.

[0331] The reason why the greatest thickness change can be obtained by comparing the elastic property reference
waveform 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 modulus of elasticity can be calculated highly accurately without being affected by suddenly produced noise such
as spike noise.

[0332] As also described for the first preferred embodiment, 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 reference waveform.

[0333] According to this preferred embodiment, the greatest thickness change and the modulus of elasticity are cal-
culated 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 superposed on the blood pressure waveform
is small. Thatis why it is effective to use the elastic property reference waveform, generated based on the blood pressure
waveform, as a reference for the thickness change waveform to be affected by noise. What is more, as the elastic
property reference waveform is generated based on the subject’s blood pressure waveform, the individual difference of
the subject can be reflected on the elastic property reference waveform.

[0334] Next, a method of estimating the viscosity coefficient 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 ¢ i(t), generated on various moduli
of elasticity Ei and viscosity coefficients ni assumed, should agree with the strain waveform ¢ (t)=y(t)/Ws, obtained based
on the thickness change waveform y(t) measured, and the residual between € (t) and € i(t) should be zero, provided that
the modulus of elasticity Ei and viscosity coefficient 1 i 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 n i that would
minimize the residual.

[0335] In this preferred embodiment, a waveform representing the strain of the vessel wall is selected as the reference
waveform. Supposing the viscosity coefficients at measuring sites are identified by n 1, 1 2 and 1 3 and vessel wall
strain waveform is generated based on the blood pressure waveform, waveforms such as those identified by €1(t), €2
(t) and €3(t) in FIG. 29 are obtained. Having different viscosity coefficients, 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(t) match most closely to each other although their amplitudes are different. That is why the viscosity coefficient
assumed with € 2(t) is estimated to be the viscosity coefficient at the measuring site.

[0336] Hereinafter, the measuring method will be described specifically. First, suppose the subject’s blood pressure
waveform is identified by p(t) and the vessel wall strain waveform is identified by € (t). Supposing the Laplace transforms
of p(t) and € (t) are identified by p(w) and € (), respectively, and the transfer function of the vessel wall is identified by
B(w), the blood pressure waveform p() is given by the following Equation (36).

[0337]

p(w)=B(w) & (w) (36)

[0338] 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).
[0339]
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B(w)=E'+ jwn" (37)

[0340] Here, E’ is the static modulus of elasticity and 1’ is the viscosity coefficient. The modulus of elasticity EO
calculated based on the elastic property reference waveform satisfies the following Equation (38).
[0341]

E0 =|B(w)| = EO\(E* +(wn)’ (38)

[0342] where E'=EO - E and on’ = EO - o). That is why the viscosity coefficient is estimated on the supposition that E
= E’/EQ =1. Specifically, n valuesn1,1n2, 13, n, ... ni, ... NN, which increase from zero regularly so as to include all values
that are assumed to be the viscosity coefficients of the subject, are set and are substituted for E and 1 of Equation (37),
thereby calculating transfer functions B1(w), B2(®) , B3(w), ... Bi(w), ... BN(®w) when the viscosity coefficients are sup-
posed to be respective values. Furthermore, the transfer function Bi(w) that has been obtained with the assumed viscosity
coefficient n i is substituted into the following Equation (39).

[0343]

€i(w)=p(w)/Bi(w) (39)

[0344] In this manner, € i(w), i = 1, 2, ... N are 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 ¢ i(t), the respective viscosity coefficients are assumed to be n1, 12,3, 1, ... ni, ... nN.
[0345] 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).

[0346]

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

[0347] Even so, the transfer function Bi(w) when the n values are also supposed to be 1,12 ,1n3 , n, ... i, ... NN is
calculated by Equation (37) to obtain the following Equation (41).
[0348]

€i(w)=log(p(w))/Bi(w) (41)

[0349] By subjecting Equation (41) to inverse Fourier transform, strain waveformsei(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 ¢ i(t)
may be obtained by performing a convolutional integration on either p(t) or log(p(t)) and bi(t).

[0350] The comparing 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 € i(t), i = 1, 2, ... N or the
thickness change waveform y(t) that has been multiplied by the coefficient and the other waveform. More specifically,
in Equations (7) and (9), the viscosity property reference waveforms ¢ i(t), i=1, 2, ... N are 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).
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[0351]

Ry = Set)=F——y(0) (42)

[0352] The viscosity coefficient determining section 121 receives the differences Ry, Ropys -« Ry, from the comparing
section 125 to determine the viscosity coefficient 1 i that is supposed for the viscosity property reference waveform
resulting in the smallest difference, and then outputs the viscosity coefficient determined. The viscosity coefficient de-
termined 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.

[0353] Inthis 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 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 modulus of elasticity generated or calculated by a conventional
ultrasonic diagnostic apparatus can be recognized by calculating the modulus of elasticity and viscosity coefficient, and
diagnosis can be made more accurately.

[0354] 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
information 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.
[0355] Forexample, the ultrasonic diagnostic apparatus 210’ shown in FIG. 30 includes a vascular diameter calculating
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 reference waveform. Also, the reference waveform
generating section 117G corrects the vascular caliber variation waveform with the highest and lowest blood pressure
values received from the blood pressure manometer 119, thereby generating a blood pressure waveform p’(t). Further-
more, 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.

[0356] On the other hand, in the ultrasonic diagnostic apparatus 210" shown in FIG. 31, the reference waveform
generating section 117F receives a waveform representing a variation 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 normalizes the waveform such that its amplitude becomes 1 um, for example, 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). Further-
more, based on the blood pressure waveform p’(t), the reference waveform generating section 117F also generates
viscosity property reference waveforms ei(t), i=1, 2, ... N as described above.

[0357] 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
waveforms and viscosity property reference waveforms are generated based on these waveforms, the modulus of
elasticity and the viscosity coefficient can also be calculated just as described above.

[0358] 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
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points that are in proximity of the vascular lumen of the intima of the blood vessel. In that case, such a velocity difference
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 alternative, the
velocity difference waveform may also be figured out by differentiating the blood pressure waveform with respect to time.
[0359] In the preferred embodiment described above, the ultrasonic diagnostic apparatus calculates both the modulus
of elasticity and the viscosity coefficient. However, to recognize a difference between tissues, it is not always necessary
to calculate the modulus of elasticity.

[0360] Also, in the preferred embodiments described above, a waveform representing a variation in distance (or
thickness) between two arbitrary measuring points on a subject is supposed to be used as a reference waveform.
However, the same effects are achievable even if a waveform representing 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 subjects. Or the velocity difference waveform may
also be figured 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

[0361] 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.

Claims
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

a reference waveform generating section for outputting a reference waveform,

wherein the apparatus obtains subject’s internal information 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 reference waveform to each other.

3. The ultrasonic diagnostic apparatus of claim 2, wherein the thickness change estimating section calculates a coef-
ficient 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
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
average 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
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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.

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.

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 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.

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

a calculating section for figuring out the thickness change waveform between the two measuring points based
on the displacement waveform.

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

The ultrasonic diagnostic apparatus of claim 10, further comprising a vascular diameter calculating section for figuring
out a waveform representing a variation in the vascular caliber of the subject based on the displacement waveform,
wherein the reference waveform generating section generates the reference waveform based on the vascular caliber
variation waveform.

The ultrasonic diagnostic apparatus of claim 2, wherein the reference waveform generating section generates the
reference waveform based on a waveform representing a variation in the blood pressure of the subject.

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.

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 waveform and the reference waveform by comparing the
reference waveform and the thickness change waveform to each other, and

areliability determining section for determining the reliability of the greatest thickness change based on the index.

The ultrasonic diagnostic apparatus of claim 15, wherein the thickness 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 multiplying the other waveform by
the coefficient, and

wherein the thickness change estimating section also calculates 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.

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

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.

The ultrasonic diagnostic apparatus of claim 18, further comprising a period adjusting section for adjusting the period
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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.

The ultrasonic diagnostic apparatus of claim 19, further comprising 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 coefficient, the difference and the greatest thickness
change based on the averaged thickness change waveform.

The ultrasonic diagnostic apparatus of claim 20, wherein the averaging section calculates the variance of the thick-
ness change waveform based on the average, and

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

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

An ultrasonic diagnostic apparatus 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 section 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 reliability of the greatest thickness change based on the
variance.

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 calculates the greatest thickness change in the thickness
change waveform based on the coefficient and the amplitude of the reference waveform.

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

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 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 determining section.

The ultrasonic diagnostic apparatus of claim 1, wherein the reference waveform generating section outputs multiple
reference waveforms, and
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.

The ultrasonic diagnostic apparatus of claim 27, wherein the thickness change estimating section calculates a
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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, and

wherein the thickness change estimating section also calculates the greatest thickness 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.

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.

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 thickness change that has been output by the tissue identifying
section.

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

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.

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.

The ultrasonic diagnostic apparatus of claim 29, wherein 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.

The ultrasonic diagnostic apparatus, wherein the reference waveform generating section outputs a plurality of vis-
cosity 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
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.

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 outputs the viscosity coefficient associated with the viscosity
property reference waveform in which the smallest one of the viscosity property indices is obtained.

The ultrasonic diagnostic apparatus of claim 36, wherein 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 one
of the thickness change and each said viscosity property reference waveforms and a waveform obtained by multi-
plying the other waveform by a first coefficient.

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.

The ultrasonic diagnostic apparatus of claim 37, wherein the computing section includes
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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 figuring out the thickness change waveform between the
two measuring points based on the displacement waveform.

The ultrasonic diagnostic apparatus of claim 39, further comprising a vascular diameter calculating section for 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.

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
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.

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 thickness change in the thickness change waveform by
comparing the elastic property reference waveform and the thickness change waveform to each other.

The ultrasonic diagnostic apparatus of claim 42, wherein the comparing section determines a second coefficient 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 coefficient and the other waveform, and calculates the greatest thick-
ness change based on the second coefficient and the amplitude of the elastic property reference waveform.

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.

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.

A method for controlling an ultrasonic diagnostic apparatus 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 wave-
form to each other.

A method for controlling an ultrasonic diagnostic apparatus 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, representing a variation in distance between two arbitrary meas-
uring 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.
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The method of claim 47, wherein the step (E) includes calculating 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 calculating the greatest variation in the thickness change waveform
based on the coefficient and the amplitude of the reference waveform.

The method of claim 47, 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.

The method of claim 47, further comprising the step of adjusting the period of the reference waveform to one
deformation period of the subject,

wherein the step (E) includes calculating 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.

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

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.

The method of claim 47, wherein 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 measuring points based on the displacement
waveform.

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

The method of claim 53, further comprising the step of figuring out a waveform representing a variation in the vascular
caliber of the subject based on the displacement waveform,
wherein the step (D) includes generating the reference waveform based on the vascular caliber variation waveform.

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.

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
variation.

A method for controlling an ultrasonic diagnostic apparatus 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, representing a variation in distance between two arbitrary meas-
uring points on the subject, 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.
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The method of claim 58, wherein 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, 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 reference waveform, thereby outputting the difference as the index.

The method of claim 59, 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.

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

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.

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.

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.

A method for controlling an ultrasonic diagnostic apparatus 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.

The method of claim 65, wherein the step of calculating the greatest thickness change includes calculating 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 also includes calculating the
greatest thickness change in the thickness change waveform based on the coefficient and the amplitude of the
reference waveform.

The method of claim 66, wherein the step of determining includes determining the reliability of the greatest thickness
change based on the variance and the coefficient.

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 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.
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A method for controlling an ultrasonic diagnostic apparatus 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
different tissues and that is deformed periodically under stress, at the probe;

(C) figuring out a thickness change waveform, representing a variation in distance between two arbitrary meas-
uring 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 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.

The method of claim 69, wherein 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, and also includes calcu-
lating the greatest thickness change in the thickness change waveform for use of each said reference waveform
based on the coefficient and the amplitude of the reference waveform.

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 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 outputting the greatest thickness change that has been calculated based on the reference waveform.

The method of claim 71, further comprising 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).

The method of claim 69, 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.

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).

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.

A method for controlling an ultrasonic diagnostic apparatus 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, representing a variation in distance between two arbitrary meas-
uring 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 viscosity property reference waveform, by comparing the viscosity property reference
waveform and the thickness change waveform to each other, and

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

The method of claim 76, 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 step (G) includes outputting the viscosity coefficient associated with the viscosity property reference
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waveform in which the smallest one of the viscosity property indices is obtained.

The method of claim 77, wherein the step (F) includes outputting, as the viscosity property 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 reference waveforms and a waveform obtained by multiplying the other waveform
by a first coefficient.

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

The method of claim 78, wherein 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 measuring points based on the displacement
waveform.

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.

The method of claim 78, wherein 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

wherein the step (D) includes correcting 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.

The method of claim 77, wherein the step (D) includes further generating an elastic property reference waveform, and
wherein the step (F) includes calculating the greatest thickness change in the thickness change waveform by
comparing the elastic property reference waveform and the thickness change waveform to each other.

The method of claim 83, wherein 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 waveforms
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.

The method of claim 84, further comprising the step (l) 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.

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.
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FIG.25
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