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ULTRASONIC DIAGNOSTIC APPARATUS

TECHNICAL FIELD

[0001] This invention relates to an ultrasonic diagnostic
apparatus for measuring the shape characteristic or the prop-
erty characteristic of body tissue using ultrasonic waves.

BACKGROUND ART

[0002] A technique of discriminating and identifying body
tissue using a difference in the elastic modulus caused by
elastic fiber, collagen fiber, fat, a thrombus, etc., making up
tissue in a biological body is known as one of means for
discriminating and identifying the properties of tissue in a
biological body; a technique of measuring strain occurring
when stress is applied to tissue in a biological body and
finding a compressive elastic modulus from the relationship
between the stress and the strain as shown in patent document
1 and a technique of finding the propagation characteristic of
an elastic wave propagating in body tissue and finding
mechanical impedance or elastic modulus from the propaga-
tion characteristic as shown in patent document 2, non-patent
document 1, non-patent document 2, and non-patent docu-
ment 3 are known.

[0003] Ifnoise is contained in the motion velocity or move
displacement of any of plural interest points or interest
regions, the effect of the noise also appears in the calculated
elastic modulus. Thus, a technique of removing noise if the
target signal contains noise and interpolating with values at
the times before and after the noise occurrence time or pro-
viding an ideal signal to approximate the signal, for example,
as shown in patent document 3, patent document 4, and patent
document 5 is known.

[0004] Patent document 1: JP-A-10-5226

[0005] Patent document 2: JP-A-62-172946

[0006] Patent document 3: JP-A-11-151242

[0007] Patent document 4: JP-A-2000-201932

[0008] Patent document 5: JP-A-2003-275211

[0009] Non-patent document 1: H. L. Oestreicher, “Field

and Impedance of an Oscillating Sphere in a Viscoelastic
Medium with an Application to Biophysics,” The Journal of
the Acoustical Society of America, Vol. 23, No. 6, 1951.
[0010] Non-patent document 2: Y. Yamakoshi, J. Sato, T
Sato, “Ultrasonic Imaging of Internal Vibration of Soft Tissue
under Forced Vibration,” IEEE Trans. UFFC, Vol. 37, No. 2,
1990.

[0011] Non-patent document 3: K. Sunagawa, H. Kanai, Y.
Koiwa, M. Tanaka, “Time-Frequency Analysis of Vibration
Propagation from Intima to Adventitia of Arterial Wall,” 2002
TEEE Ultrasonics Symposium Proceedings, Vol. 2, 2002.

DISCLOSURE OF THE INVENTION
Problems to be Solved by the Invention

[0012] The technique of finding an elastic modulus or a
compressive elastic modulus from strain occurring when
stress is applied to tissue in a biological body requires a
plurality of measurement means including strain measure-
ment means with an ultrasonic diagnostic apparatus and
stress measurement means with a sphygmomanometer as
shown in patent document 1, for example, to find the com-
pressive elastic modulus of an arterial wall; the parts that can
be measured with the plurality of measurement means are
limited, particularly the parts of a biological body to which a
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sphygmomanometer can be applied are limited to an upper
arm, etc., and the measurement parts of the stress and strain
need to be the same parts and thus the strain measurement
parts using ultrasonic waves are limited to the parts to which
a sphygmomanometer can be applied.

[0013] In the technique of finding the propagation charac-
teristic of an elastic wave propagating in body tissue with a
transfer function and finding an elastic modulus or a shear
elastic modulus from the propagation characteristic as shown
in patent document 2, periodical motion involving strain
caused by pulsation of the heart exists in the parts of an
arterial wall, a cardiac muscle wall, etc., and thus may be
unable to be separated from motion caused by an elastic wave
generated in body tissue using a vibrator, etc.

[0014] In the technique of providing an ideal signal for
comparison to determine noise as for the target signal as
shown in patent document 3 or 4, an enormous ideal signal
needs to be provided and the circuit scale becomes large
because the motion state of body tissue varies from one speci-
men to another and further the state of body tissue also
changes in the same specimen from moment to moment.
[0015] To find an elastic modulus using both of the motion
of body tissue relative to the stress of the body tissue and the
motion caused by elastic wave propagation, it is necessary to
provide an ideal signal combining the motion of body tissue
relative to the stress of the body tissue with the motion caused
by elastic wave propagation.

[0016] Itistherefore anobject of the invention to provide an
ultrasonic diagnostic apparatus that can conduct elastic
modulus measurement with high accuracy without enlarging
the circuit scale.

Means For Solving the Problems

[0017] Generally, the nature of motion of an elastic body
like body tissue depends on the elastic modulus, the viscosity,
the density, the shape, etc., of the elastic body. The motion of
the elastic body is occurrence of strain accompanying blood
pressure change, propagation of vibration from a vibration
source inside or outside the biological body (occurrence of an
elastic wave), etc., for example, as an arterial wall. For
example, for the arterial wall, motion involving strain caused
by blood pressure change and vibration caused by flow of
blood into the lumen of artery exist at the same time.

[0018] FIG. 4(a) is a schematic drawing to show power
spectra of the motion velocities of the intima and adventitia of
an arterial wall, and FIG. 4(b) is a schematic drawing to show
the power difference between both power spectra.

[0019] As shown in FIG. 4(a), the power spectrum of the
motion velocity of the intima of the arterial wall and the
power spectrum of the motion velocity of the adventitia of the
arterial wall have nature that the power becomes the maxi-
mum in a frequency band of several ten Hz from direct current
accompanying pulsation of the heart mainly and decreases
with an increase in the frequency. The vibration caused by
blood pressure change of arterial wall vibration involves
strain of the arterial wall and a vibration component ampli-
tude difference occurs between the intima and the adventitia
of the arterial wall. It is known that the frequency component
of the motion involving strain of the arterial wall caused by
blood pressure change is a frequency band of about several
ten Hz from direct current. In FIG. 4, the frequency compo-
nent of the vibration of the arterial wall caused by blood
pressure change is indicated as frequency band A.
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[0020] The vibration caused by flow of blood into the
lumen of artery has a minute amplitude as compared with the
motion involving strain of the arterial wall caused by blood
pressure change and is a frequency band often and several Hz
to about hundred Hz. In FIG. 4, the frequency component of
the vibration caused by flow of blood into the lumen of artery
is indicated as frequency band B.

[0021] The minute vibration component occurring in the
intima of the arterial wall propagates as a shear elastic wave
from the intima to the adventitia of the arterial wall. It is
known that attenuation o is expressed as a function of fre-
quency f, and phase § also changes. There is a relationship
among the attenuation a., the phase f3, and the elastic charac-
teristic of body tissue, and the attenuation o of the shear
elastic wave in the body tissue and the phase (§ are found
according to (expression 1) from shear elastic modulus u,,
shear viscosity [1,, body tissue density p, and angular fre-
quency o (non-patent document 1, non-patent document 2).

[Number 1]
1 (Expression 1)
2
pwz(\/ 1+ ors - /Jl)
o= 244 + w4s3)

2p4f + i)

1
[pwz(\/ 1+ R+ /Jl)]z
Ay =| — o

[0022] Where the angular frequency w is provided by con-
verting the frequency f into the dimension of angle and is
found as w=2xf. = is the circle ratio.

[0023] The shear elastic modulus 1, and the shear viscosity
1, of the body tissue are found according to (expression 2)
from the attenuation o of the shear elastic wave in the body
tissue and the phase f§ (non-patent document 1, non-patent
document 2).

[Number 2]
puff? - ) (Expression 2)
| = ————
(@2 + By
_ 2pwap
@+

]

[0024] Since the attenuation o of the shear elastic wave
increases with an increase in the frequency, the difference
between the power spectrum of the motion velocity of the
intima of the arterial wall and the power spectrum of the
motion velocity of the adventitia of the arterial wall increases
with an increase in the frequency (see the frequency band B).
[0025] Using the fact that the attenuation o of the shear
elastic wave increases with an increase in the frequency, the
shear elastic modulus 1, and the shear viscosity i, of the body
tissue can be found approximately from the attenuation a.

[0026] That is, if both sides of the expression of the attenu-
ation o in (expression 1) are squared, the result becomes as in
(expression 3) and approximation can be made using (expres-
sion 4) in the frequency band where the square value becomes

WH>>H.
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[Number 3]
| sz(m—#l) (Expression 3)
ater= 204 + i)
Ao P Py (Expression 4)
dw)" = 2#2w 2
[0027] Here, assuming that the body tissue density p, the

shear elastic modulus 1;, and the shear viscosity 1, are con-
stant independently of the frequency, (expression 4) can be
represented by a linear function concerning o as shown in
(expression 5).

[Number 4]

&(w)z =Aw+B (Expression 5)

14 Py
where A= — B=-—
2 T,
[0028] Usinginclination A andintercept B, the shear elastic

modulus p, and the shear viscosity 1, can be found according
to (expression 6) (see non-patent document 3).

[Number 5]
2/,&%3 (Expression 6)
fy=——
P
b =L
Hy 74
[0029] FIG. 7 shows the frequency characteristic of the

square value of the attenuation of a shear elastic wave when
the density of general body tissue (p=1.1x10* kg), shear elas-
tic modulus (u,=2.5 kPa), and shear viscosity (j1,=15 Pa-s)
and the frequency characteristic approximated by a linear
fanction.

[0030] As seen in FIG. 7, the frequency characteristic of
elastic wave attenuation can be approximated by a linear
function in a frequency band of about 50 Hz or more in body
tissue, and the technique makes it possible to estimate the
shear elastic modulus and the shear viscosity of the body
tissue from the frequency characteristic of only the attenua-
tion of the shear elastic wave.

[0031] On the other hand, in the frequency band where the
square value becomes wu,<<y,, the square value of the
attenuation of the shear elastic wave is represented by (ex-
pression 7) and the angular frequency w0 of the inflection
point transiting from (expression 7) to (expression 4) is rep-
resented by (expression 8).

[Number 6]

M) =0 (Expression 7)

wo = Tt} (Expression §)
M2
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[0032] The frequency spectrum of white noise of general
noise is constant independently of the frequency and if the
power spectrum of the motion velocity of the intima of the
arterial wall and the power spectrum of the motion velocity of
the adventitia of the arterial wall approach a noise level, the
difference between the power spectrum of the motion veloc-
ity of the intima of the arterial wall and the power spectrum of
the motion velocity of the adventitia of the arterial wall
decreases with an increase in the frequency as shown in FIG.
4(b). The frequency component of mainly a noise component
is indicated as frequency band C in FIG. 4(5).

[0033] As shown in FIG. 4(b), in the power spectrum dif-
ference of the motion velocities between two interest points,
an inflection point exists on the boundary between the fre-
quency bands A and B and the boundary between the fre-
quency bands B and C and thus it is made possible to separate
the frequency bands A, B, and C by finding the inflection
points. The inflection point can be found by differentiating the
power spectrum difference and detecting the frequency at
which a peak occurs. In the peak detection, one threshold
value may be preset.

[0034] The power spectrum difference of motion velocity
or move displacement between two interest points has almost
no inclination in the frequency band A, has a negative incli-
nation in the frequency band B, and has a positive inclination
in the frequency band C and thus the inclination of the power
vector difference of motion velocity or move displacement
between two interest points with respect to the frequency is
found and the frequency at which the inclination changes is
detected, whereby it is made possible to separate the fre-
quency bands A, B, and C.

[0035] Inthe description, the motion velocity of the arterial
wall is taken as an example, but the similar result of the
frequency characteristic is also obtained in the move dis-
placement of the arterial wall of the time integration of the
motion velocities of the arterial wall.

[0036] An ultrasonic diagnostic apparatus of the invention
is an ultrasonic diagnostic apparatus for measuring the shape
characteristic or the property characteristic of body tissue and
includes either of a velocity calculator which calculates a
motion velocity of body tissue and a move displacement
calculator which calculates a move displacement of the body
tissue; a strain variation calculator which calculates the strain
variation of the body tissue based on the motion velocity or
the move displacement; a stress variation detector which
detects a stress variation applied to the body tissue; a fre-
quency analyzer which conducts frequency analysis on at
least one of the motion velocity and the move displacement;
a strain induced by stress and elastic wave separator which
separates a strain induced by stress component based on
motion of the body tissue caused by stress change of the body
tissue motion and an elastic wave component based on an
elastic wave propagation characteristic propagating in the
body tissue, from at least one of the motion velocity, the move
displacement, the strain variation, and the stress variation;
and an elastic modulus calculator which calculates a com-
pressive elastic modulus based on motion of the body tissue
caused by stress change based on the strain variation and the
stress variation and also calculating at least one of shear
elastic modulus and shear viscosity based on the elastic wave
propagation characteristic.

[0037] Theultrasonic diagnostic apparatus of the invention
contains an ultrasonic diagnostic apparatus wherein the
velocity calculator, the move displacement calculator, and the
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strain variation calculator have functions of finding spatial
distributions of the motion velocity, the move displacement,
and the strain variations on a plurality of interest points or
interest regions set in the body tissue.

[0038] Theultrasonic diagnostic apparatus of the invention
contains an ultrasonic diagnostic apparatus wherein the
velocity calculator, the move displacement calculator, and the
strain variation calculator have functions of finding spatial
average values of the motion velocities, the move displace-
ments, and the strain variations.

[0039] Theultrasonic diagnostic apparatus of the invention
contains an ultrasonic diagnostic apparatus wherein the fre-
quency analyzer has a function of calculating the frequency
characteristic of a transfer function on at least one of the
motion velocity and the move displacement between at least
two or more interest points in the body tissue.

[0040] Theultrasonic diagnostic apparatus of the invention
contains an ultrasonic diagnostic apparatus wherein the fre-
quency analyzer has a function of calculating a power spec-
trum difference or the square value of the attenuation on at
least one of the motion velocity and the move displacement
between at least two or more interest points in the body tissue
and further calculating an inclination relative to the power
spectrum difference or the frequency of the square value of
the attenuation.

[0041] Theultrasonic diagnostic apparatus of the invention
contains an ultrasonic diagnostic apparatus wherein the strain
induced by stress and elastic wave separator separates the
strain induced by stress components and the elastic wave
components of the motion velocity, the move displacement,
the strain variation, and the stress variation based on the
inclination relative to the power spectrum difference or the
frequency of the square value of the attenuation and further
removes a noise component.

[0042] Theultrasonic diagnostic apparatus of the invention
contains an ultrasonic diagnostic apparatus wherein the strain
induced by stress and elastic wave separator is implemented
as a band-pass filter and/or a band limiting filter.

[0043] An ultrasonic diagnostic apparatus of the invention
is an ultrasonic diagnostic apparatus for measuring the shape
characteristic or the property characteristic of body tissue and
includes either of a velocity calculator which calculates the
motion velocity of body tissue and a move displacement
calculator which calculates the move displacement of the
body tissue; a frequency analyzer which conducts frequency
analysis on at least one of the motion velocity and the move
displacement; a strain induced by stress and elastic wave
separator which separates a strain induced by stress compo-
nent based on motion of the body tissue caused by stress
change of the body tissue motion and an elastic wave com-
ponent based on an elastic wave propagation characteristic
propagating in the body tissue, from at least one of the motion
velocity and the move displacement; and an elastic modulus
calculator for calculating at least either of shear elastic modu-
lus and shear viscosity based on the elastic wave propagation
characteristic.

[0044] Theultrasonic diagnostic apparatus of the invention
contains an ultrasonic diagnostic apparatus further including
a display for displaying information based on the calculation
result of the elastic modulus calculator.

ADVANTAGES OF THE INVENTION

[0045] According to the invention, there can be provided an
ultrasonic diagnostic apparatus that can conduct elastic
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modulus measurement with high accuracy without enlarging
the circuit scale. Further, according to the invention, the shear
elastic modulus and the shear viscosity can be measured at the
same time and more detailed discrimination and identifica-
tion of the body tissue can be realized, for example, as dis-
tinguishing between fat and a thrombus with almost the same
compressive elastic modulus and shear elastic modulus.

BRIEF DESCRIPTION OF THE DRAWINGS

[0046] FIG.1isablockdiagram of an ultrasonic diagnostic
apparatus of an embodiment of the invention;

[0047] FIG. 2 is a block diagram to show the configuration
of a calculator of the ultrasonic diagnostic apparatus of the
embodiment of the invention;

[0048] FIG. 3 is a schematic drawing to show how an ultra-
sonic wave is transmitted and received with an ultrasonic
probe, move displacement of an arterial wall is measured, and
strain change is calculated,

[0049] FIG.41isaschematic drawing to show power spectra
of the motion velocities of the intima and adventitia of an
arterial wall and the power difference between both power
spectra;

[0050] FIG. 51s a drawing to show an example of the filter
characteristic of a filter for implementing a strain induced by
stress and elastic wave separator of the ultrasonic diagnostic
apparatus of the embodiment of the invention;

[0051] FIG. 6 is a block diagram to show the configuration
of an elastic modulus calculator of the ultrasonic diagnostic
apparatus of the embodiment of the invention;

[0052] FIG. 7 is a drawing to show the frequency charac-
teristic of the square value of the attenuation of a shear elastic
wave of an example of general body tissue and the frequency
characteristic approximated by a linear function; and

[0053] FIG. 8 is a drawing to show the frequency charac-
teristic of the square value of the attenuation of vibration
propagation from the intima to the adventitia of the rear wall
of the carotid wall of an able-bodied male being 28 years old
and the frequency characteristic approximated by a linear
function.

DESCRIPTION OF REFERENCE NUMERALS

AND SIGNS
[0054] 1 Ultrasonic probe
[0055] 2 Receiver-transmitter
[0056] 3 Calculator
[0057] 4 Frequency analyzer
[0058] 5 Corrector
[0059] 6 Elastic modulus calculator
[0060] 7 Display
[0061] 31 Motion velocity calculator
[0062] 32 Move displacement calculator
[0063] 33 Strain variation calculator
[0064] 61 Compressive elastic modulus calculator
[0065] 62 Shear elastic modulus calculator
[0066] 104 Controller
[0067] 105 Memory unit
[0068] 106 Stress detector
[0069] 201 Body tissue surface
[0070] 202 Arterial wall
[0071] 301 Ultrasonic beam
[0072] 401a Move displacement waveform of intima of

arterial wall
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[0073] 4015 Move displacement waveform of adventitia of
arterial wall
[0074] 402 Strain change waveform of arterial wall

BEST MODE FOR CARRYING OUT THE
INVENTION

[0075] An embodiment of the invention will be discussed
with the accompanying drawings.

[0076] FIG. 1isablock diagram of an ultrasonic diagnostic
apparatus of an embodiment of the invention. An ultrasonic
diagnostic apparatus 20 in FIG. 1 measures the shape char-
acteristic or the property characteristic of a biological body
using an ultrasonic probe 1 and particularly is used suitably to
measure the elastic modulus of body tissue. Here, the shape
characteristic of a biological body refers to the motion veloc-
ity of body tissue based on the shape of the body tissue or time
change of the shape, move displacement of the integral value
of the motion velocities, the strain variation between two
points set in the body tissue, etc. The property characteristic
of a biological body refers to the elastic modulus of body
tissue, etc. The ultrasonic diagnostic apparatus 20 includes a
receiver-transmitter 2, a calculator 3, a frequency analyzer 4,
a strain induced by stress and elastic wave separator 5, an
elastic modulus calculator 6, a display 7, a controller 104, and
a memory unit 105.

[0077] The ultrasonic probe 1 is used to transmit an ultra-
sonic wave to body tissue to be measured and receive an
ultrasonic echo provided by reflecting the transmitted ultra-
sonic wave on the body tissue. The receiver-transmitter 2
generates a predetermined drive pulse signal for driving the
ultrasonic probe 1 and outputs the drive pulse signal to the
ultrasonic probe 1 and also delays and combines the ultra-
sonic echo received at the ultrasonic probe 1.

[0078] The calculator 3 uses the delayed and combined
signal in the receiver-transmitter 2 to calculate the motion
velocity of body tissue or the move displacement and the
strain variation. The frequency analyzer 4 conducts frequency
analysis of the motion velocity of the body tissue and the
move displacement found in the calculator 3.

[0079] The strain induced by stress and elastic wave sepa-
rator 5 separates the frequency component with strain of an
arterial wall caused by blood pressure change caused by
pulsation of the heart, the frequency component of vibration
caused by flow of blood into the lumen of artery, and the
frequency component of noise based on the determination
result of the frequency analyzer 4. The elastic modulus cal-
culator 6 calculates the elastic modulus of the body tissue
based on the calculation result of the motion of the body tissue
obtained in the calculator 3, etc. The display 7 displays the
elastic characteristic of the body tissue calculated in the elas-
tic modulus calculator 6.

[0080] The controller 104 controls the receiver-transmitter
2, the calculator 3, the frequency analyzer 4, the strain
induced by stress and elastic wave separator 5, the elastic
modulus calculator 6, and the display 7. Various pieces of
information for the controller 104 to perform control are
stored in the memory unit 105.

[0081] A stress detector 106 detects stress applied to the
point of interest or the region of interest in the body tissue. To
measure the stress applied to an arterial wall as in a measure-
ment example shown in FIG. 3, a sphygmomanometer is
preferred. To apply stress from the surface of body tissue, a
pressure sensor may be installed on the surface of the body
tissue.
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[0082] To use the ultrasonic diagnostic apparatus 20 to
measure the shape characteristic or the property characteristic
of an arterial wall of an example of body tissue, an ultrasonic
wave is transmitted and received with the ultrasonic probe 1,
the move displacement of the arterial wall is measured, and
strain change is calculated as shown in FIG. 3. FIG. 3 is a
schematic drawing to show how interest points are set in the
intima and the adventitia of the arterial wall and move dis-
placement and strain accompanying the cardiac beat are mea-
sured, move displacement of the intima and the adventitia of
the arterial wall, and strain amount change of the arterial wall.
[0083] Specifically, an ultrasonic wave is transmitted from
the ultrasonic probe 1 installed on a body tissue surface 201 to
an arterial wall 202 in the body tissue, and an ultrasonic echo
produced on the arterial wall 202 is received at the ultrasonic
probe 1. The transmitted ultrasonic wave and the received
ultrasonic wave form an ultrasonic beam 301. If the interest
points are set in the intima and the adventitia of the arterial
wall positioned on the ultrasonic beam 301, the calculator 3
can find the difference between a move displacement wave-
form 4014 of the intima and a move displacement waveform
4015 of theadventitia and can find a strain variation 402 of the
arterial wall accompanying blood pressure change caused by
the cardiac beat.

[0084] FIG. 2 is a block diagram of the calculator 3. The
calculator 3 is connected to the frequency analyzer 4 and the
strain induced by stress and elastic wave separator 5, and
includes either of a motion velocity calculator 31 and a move
displacement calculator 32 and a strain variation calculator
33.

[0085] The motion velocity calculator 31 uses the ultra-
sonic echo obtained from within the body tissue through the
receiver-transmitter 2 to find the motion velocity of the point
of interest or the region of interest set in the body tissue. To
detect the motion velocity of the point of interest or the region
of interest setinthe body tissue, any technique suchas an FFT
Doppler method or an autocorrelation method generally used
may be used or the motion velocity may be found by differ-
entiating the move displacement obtained in the move dis-
placement calculator 32. Since at least two interest points or
two interest regions are set, a spatial distribution of the motion
velocities can be found. It is also preferred to detect the
motion velocities in the proximities of the interest points or
the interest regions at the same time and find a mean value of
the motion velocities.

[0086] Themove displacement calculator 32 uses the ultra-
sonic echo obtained from within the body tissue through the
receiver-transmitter 2 to find the move displacement of the
point of interest or the region of interest set in the body tissue.
To detect the move displacement of the point of interest or the
region of interest in the move displacement calculator 32, any
technique such as an FFT Doppler method or an autocorrela-
tion method generally used may be used or the move displace-
ment may be found by integrating the motion velocities
obtained in the motion velocity calculator 31. Since at least
two interest points or two interest regions are set, a spatial
distribution of the move displacements can be found. It is also
preferred to detect the move displacements in the proximities
of the interest points or the interest regions at the same time
and find a mean value of the move displacements.

[0087] The strain variation calculator 33 finds the strain
variation by integrating the differences between the motion
velocities of at least two or more interest points or two or more
interest regions set on the ultrasonic beam 301, obtained from
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the motion velocity calculator 31 or using the move displace-
ments of at least two or more interest points or two or more
interest regions set on the ultrasonic beam 301, obtained from
the move displacement calculator 32. To calculate the strain
variation in the strain variation calculator 33, it is also pre-
ferred to detect the strain variations in the proximities of the
interest points or the interest regions at the same time and find
amean value of the strain variations. A spatial distribution of
the strain variations may be found.

[0088] The frequency analyzer 4 conducts frequency
analysis of the motion velocity of the body tissue and the
move displacement found in the calculator 3. The frequency
analyzer 4 includes a frequency analysis calculation function
of finding the frequency spectrum of biosignals of the motion
velocity of the body tissue, the move displacement, etc.
[0089] The operation of the frequency analyzer 4 will be
discussed below with FIG. 4:

[0090] The frequency analyzer 4 calculates the power spec-
trum difference of motion velocity or move displacement
between at least two interest points from the intima to the
adventitia of the arterial wall. Based on the nature of the
power spectrum difference described above, the frequency
component with strain of the arterial wall caused by blood
pressure change caused by pulsation of the heart in a fre-
quency band A, the frequency component of vibration caused
by flow of blood into the lumen of artery in a frequency band
B, and the frequency component ofnoise in a frequency band
C are separated as shown in FIG. 4.

[0091] Specifically, the frequency analyzer 4 finds an
inflection point of the boundary between the frequency bands
A and B of the power vector difference and an inflection point
of the boundary between the frequency bands B and C,
thereby separating the frequency bands A, B, and C. As shown
in FIG. 4, the power spectrum difference of motion velocity or
move displacement between two interest points has almost no
inclination in the frequency band A, has a negative inclination
in the frequency band B, and has a positive inclination in the
frequency band C. Therefore, the frequency analyzer 4 can
find the inclination of the power vector difference of motion
velocity or move displacement between two interest points
with respect to the frequency, thereby separating the fre-
quency bands A, B, and C. That is, in the frequency axis in the
direction in which the frequency increases from direct cur-
rent, the inflection point where the inclination changes to
negative is determined the boundary between the frequency
bands A and B, the direct current to the inflection point is set
to the frequency band A, and subsequently the inflection point
where the inclination changes from negative to positive is
determined the boundary between the frequency bands B and
C, the inflection point of the frequency bands A and B to the
inflection point of the frequency bands B and C is set to the
frequency band B, and the inflection point of the frequency
bands B and C to the higher frequency band is determined the
frequency band C.

[0092] The inflection point can also be found by differen-
tiating the power spectrum difference and detecting the fre-
quency at which a peak occurs. In this case, the boundary
between the frequency bands A and B is found by detecting a
negative peak and the boundary between the frequency bands
B and C is found by detecting a positive peak.

[0093] The strain induced by stress and elastic wave sepa-
rator 5 separates the frequency component with strain of the
arterial wall caused by blood pressure change caused by
pulsation of the heart, the frequency component of vibration
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caused by flow of blood into the lumen of artery, and the
frequency component of noise based on the determination
result of the frequency analyzer 4. The strain induced by
stress and elastic wave separator 5 is implemented as a filter
and the constant of the filter is automatically set according
mainly to the determination result of the frequency analyzer
4.

[0094] FIG. 5 shows an example of the filter characteristic.
FIG. 5(a) is for separating the frequency component with
strain of the arterial wall caused by blood pressure change
caused by pulsation of the heart, and FIG. 5(b) is for separat-
ing the frequency component of vibration caused by flow of
blood into the lumen of artery.

[0095] The constant of the filter may be able to be set as
desired by the user; further, preferably a plurality of filter
constants may be preset so that the operation can select any
one of the filter constants.

[0096] To filter the motion velocity of body tissue and the
move displacement in the strain induced by stress and elastic
wave separator 5, the filter characteristic is determined using
the determination result of the frequency analyzer 4 in the
cardiac cycle preceding the target cardiac cycle. Such a tech-
nique of filtering the target cardiac cycle data involves short
calculation delay time and thus is made possible in a short
filtering time in real time and thus is preferred.

[0097] Further, the technique of filtering the motion veloc-
ity of body tissue and the move displacement in the cardiac
cycle using the determination result of the frequency analyzer
4 in the target cardiac cycle in the strain induced by stress and
elastic wave separator 5 involves a small data amount
required for calculation and thus optimum filtering in real
time for making it possible to conduct diagnosis in a short
time is made possible and thus the technique is preferred.
[0098] FIG. 6 is a block diagram of the elastic modulus
calculator 6. The elastic modulus calculator 6 calculates the
elastic modulus of the body tissue from the calculation result
of the motion of the body tissue obtained in the calculator 3
and includes a compressive elastic modulus calculator 61 and
a shear elastic modulus calculator 62.

[0099] The compressive elastic modulus calculator 61
divides the strain variation of at least two or more interest
points or two or more interest regions set in the body tissue by
the stress variation at the identical time using the frequency
component with strain of the arterial wall caused by pulsation
of the heart to find a compressive elastic modulus. The gen-
eral compressive elastic modulus of body tissue is calculated
from the maximum strain variation and the maximum stress
variation; for the arterial wall, the compressive elastic modu-
lus is calculated from the strain variation in one cardiac period
and the pulse pressure value (maximal blood pressure—mini-
mal blood pressure). The strain variation is found in the strain
variation calculator 33 and is provided by removing the fre-
quency component of vibration caused by flow of blood into
the lumen of artery and the noise component in the strain
induced by stress and elastic wave separator 5. The stress
variation is detected in the stress detector 106 and is provided
by removing the frequency component of vibration caused by
flow of blood into the lumen of artery and the noise compo-
nent in the strain induced by stress and elastic wave separator
5.

[0100] The shear elastic modulus calculator 62 finds a
transfer function H(k) between move displacement of intima
of arterial wall 4014 and move displacement of adventitia of
arterial wall 4015 using the frequency component of a shear
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elastic wave that small oscillation caused by flow of blood
into the lumen of artery propagates from the intima to the
adventitia of the arterial wall, and finds a shear elastic modu-
lus u, and/or a shear viscosity 1, from the gain characteristic
and the phase characteristic of the transfer function H(k). The
transfer function H(k) can be calculated according to (expres-
sion 9) using a cross spectrum method.

[Number 7]
Hk) = w (Expression 9)
EIX: (k)2
[0101] Where Xi(k)is afrequency spectrum of input signal,

namely, a frequency spectrum of the move displacement of
intima of arterial wall 401a and Yi(k) is a frequency spectrum
of output signal, namely, a frequency spectrum of the move
displacement of adventitia of arterial wall 4015. i denotes the
ith cardiac period of M cardiac periods and takes a value 1 . .
.i...M. k means a discrete frequency, * means a complex
conjugate, and E means average operation of the cardiac
periods.

[0102] Thetransfer function H(k) is a complex number and
attenuation (gain) characteristic a and phase characteristic f3
are found by assigning exp(jw) to k of the transfer function
H(k), finding real part component Re{H(jw)} and imaginary
part component Im{H(jm)}, and calculating absolute value
IH(jow)! and angle 2 H(jw) using (expression 10) and (expres-
sion 11).

[Number 8]

& = [H(je)| = \ RelH(jw)P + Ln{H(jo)}? (Expression 10)

Imi{H (jw)}
Re{H(jw)}

B = LH(jw) = arclan (Expression 11)

[0103] Further, the shear elastic modulus calculator 62
finds the shear elastic modulus i1, and/or the shear viscosity L,
using (expression 2) described above from the attenuation o
and the phase  found from the gain characteristic of the
transfer function H(k) found using (expression 9) to (expres-
sion 11).

[0104] As described above, the shear elastic modulus cal-
culator 62 finds the shear elastic modulus 11, and/or the shear
viscosity W, from the attenuation o and the phase § found
from the transfer function H(k), so that it is made possible to
keep track of the viscoelasticity of the body tissue simply by
measuring vibration of any desired frequency (single fre-
quency).

[0105] The display 7 displays information based on the
elastic modulus calculation result the elastic modulus calcu-
lator 6, namely, the elastic characteristic of the body tissue
obtained in the elastic modulus calculator 6. Preferably, the
elastic modulus is displayed corresponding to the biological
body position indicated by a B mode tomographic image of a
display function of a general ultrasonic diagnostic apparatus.
At the time, the elastic modulus may be displayed in a
numeric value or may be displayed with display color
changed in response to the value. The information indicating
the elastic modulus may be superposed on a B mode tomo-
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graphic image for display or may be displayed as another
image. Ifan ultrasonic beam is scanned and the elastic moduli
of a plurality of interest points or interest regions are found, it
is also preferable to convert the elastic moduli into colors and
superpose the colors on a B mode tomographic image for
display. As the displayed elastic modulus, the compressive
elastic modulus found from strain of the arterial wall caused
by pulsation of the heart and either of the shear elastic modu-
lus found according to the propagation characteristic of the
shear elastic wave propagating from the intima to the adven-
titia of the arterial wall and the shear viscosity may be dis-
played in an overlap manner or only either of the shear elastic
modulus and the shear viscosity may be displayed.

[0106] In the description given above, to find the shear
elastic modulus 1, and/or the shear viscosity [1,, the shear
elastic modulus calculator 62 uses the attenuation o and the
phase f found from the transfer function H(k), but can also
use only the attenuation a to find the shear elastic modulus 1,
and/or the shear viscosity |,. This calculation uses the fact
that approximation can be made to a linear function as shown
in (expression 3) to (expression 6) in the frequency band
where the square value of the attenuation o of the shear elastic
wave becomes w[L,>>|l;.

[0107] The shear elastic modulus calculator 62 estimates a
linear line based on the frequency of the square value of the
attenuation o of the shear elastic wave from the power vector
difference of the vibration velocity of tissue between the
move displacement of intima of arterial wall 401a and the
move displacement of adventitia of arterial wall 4015, and
finds the shear elastic modulus 1, and/or the shear viscosity 1,
using (expression 5) and (expression 6) described above. To
thus estimate the shear elastic modulus p, and the shear vis-
cosity |, of body tissue using only the attenuation o, the
calculation amount can be lessened.

[0108] The attenuation o of the shear elastic wave may be
found from the square value of the absolute value of the
transfer function H(k) shown in (expression 10) as in the first
embodiment. To find the linear line from the power vector
difference or the transfer function H(k), preferably a least
squares method is used.

[0109] FIG. 8 shows the frequency characteristic of the
square value of the attenuation of vibration propagation
(mainly, shear elastic wave propagation is the main factor)
from the intima to the adventitia of the rear wall of the carotid
wall of an able-bodied male being 28 years old and the fre-
quency characteristic approximated by a linear function.
From FIG. 8, it is seen that the square value of the attenuation
of vibration propagation increases linearly with an increase in
the frequency in a frequency band of about 30 to 100 Hz.
[0110] An approximated line is found from the result
shown in FIG. 8 and the shear elastic modulus ., and the shear
viscosity L, are found based on (expression 4). The results are
1, =22 kPa and j1,=156 Pa-s. It is seen that angular frequency
w, of the inflection point transiting from (expression 7) to
(expression 4) exists in the vicinity of 23 Hz from the ratio
between the shear elastic modulus 1, and the shear viscosity
.

[0111] In the ultrasonic diagnostic apparatus described
above, the compressive elastic modulus found from strain of
the arterial wall caused by pulsation of the heart and stress
change and either of the shear elastic modulus based on the
propagation characteristic of the elastic wave and the shear
viscosity are calculated, but only either of the shear elastic
modulus and the shear viscosity may be calculated without
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calculating the compressive elastic modulus. In this case, the
stress detector 106 shown in FIG. 1, the strain variation cal-
culator 33 shown in FIG. 2, and the compressive elastic
modulus calculator shown in FIG. 6 are not required.

[0112] While the invention has been described in detail
with reference to the specific embodiments, it will be obvious
to those skilled in the art that various changes and modifica-
tions can be made without departing from the spirit and the
scope of the invention.

[0113] This application is based on Japanese Patent Appli-
cation (No. 2005-345772) filed on Nov. 30, 2005, which is
incorporated herein by reference.

INDUSTRIAL APPLICABILITY

[0114] The invention is used preferably for an ultrasonic
diagnostic apparatus for measuring the shape characteristic or
the property characteristic of body tissue. Particularly, the
invention is used preferably for an ultrasonic diagnostic appa-
ratus that can make a diagnosis of the body tissue by measur-
ing the elastic modulus of the body tissue of an arterial wall,
etc.

1. An ultrasonic diagnostic apparatus for measuring the
shape characteristic or the property characteristic of body
tissue, comprising:

either of a velocity calculator which calculates a motion
velocity of the body tissue and a move displacement
calculator which calculates a move displacement of the
body tissue;

a strain variation calculator which calculates a strain varia-
tion of the body tissue based on the motion velocity or
the move displacement;

a stress variation detector which detects a stress variation
applied to the body tissue;

a frequency analyzer which conducts frequency analysis
on at least one of the motion velocity and the move
displacement;

astrain induced by stress and elastic wave separator which
separates a strain induced by stress component based on
motion of the body tissue caused by stress change of the
body tissue motion and an elastic wave component
based on an elastic wave propagation characteristic
propagating in the body tissue, from at least one of the
motion velocity, the move displacement, the strain varia-
tion, and the stress variation; and

an elastic modulus calculator which calculates a compres-
sive elastic modulus based on motion of the body tissue
caused by stress change based on the strain variation and
the stress variation, and also calculates at least one of
shear elastic modulus and shear viscosity modulus based
on the elastic wave propagation characteristic.

2. The ultrasonic diagnostic apparatus as claimed in claim

1, wherein:

the velocity calculator, the move displacement calculator,
and the strain variation calculator have functions of find-
ing spatial distributions of the motion velocity, the move
displacement, and the strain variation on a plurality of
interest points or interest regions set in the body tissue.

3. The ultrasonic diagnostic apparatus as claimed in claim
1, wherein:

the velocity calculator, the move displacement calculator,
and the strain variation calculator have functions of find-
ing spatial average values of the motion velocities, the
move displacements, and the strain variations.
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4. The ultrasonic diagnostic apparatus as claimed in claim
1, wherein:
the frequency analyzer has a function of calculating fre-
quency characteristic of a transfer function on at least
one of the motion velocity and the move displacement
between at least two or more interest points in the body
tissue.
5. The ultrasonic diagnostic apparatus as claimed in claim
1, wherein:
the frequency analyzer has a function of calculating a power
spectrum difference or the square value of the attenuation on
at least one of the motion velocity and the move displacement
between at least two or more interest points in the body tissue,
and further calculating an inclination relative to the power
spectrum difference or the frequency of the square value of
the attenuation.
6. The ultrasonic diagnostic apparatus as claimed in claim
5, wherein:the strain induced by stress and elastic wave sepa-
rator separates the strain induced by stress components and
the elastic wave components of the motion velocity, the move
displacement, the strain variation, and the stress variation
based on the inclination relative to the power spectrum dif-
ference or the frequency of the square value of the attenuation
and further removes a noise component.
7. The ultrasonic diagnostic apparatus as claimed claim 6,
wherein:
the strain induced by stress and elastic wave separator is
implemented as a band-pass filter and/or a band limiting
filter.
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8. An ultrasonic diagnostic apparatus for measuring the
shape characteristic or the property characteristic of body
tissue, comprising:

either of a velocity calculator which calculates a motion
velocity of the body tissue and a move displacement
calculator which calculates a move displacement of the
body tissue;

a frequency analyzer which conducts frequency analysis
on at least one of the motion velocity and the move
displacement;

astrain induced by stress and elastic wave separator which
separates a strain induced by stress component based on
motion of the body tissue caused by stress change of the
body tissue motion and an elastic wave component
based on an elastic wave propagation characteristic
propagating in the body tissue, from at least one of the
motion velocity and the move displacement; and

an elastic modulus calculator which calculates at least one
of shear elastic modulus and shear viscosity modulus
based on the elastic wave propagation characteristic.

9. The ultrasonic diagnostic apparatus as claimed in claim

1, further comprising:

a display for displaying information based on the calcula-
tion result of the elastic modulus calculator.

10. The ultrasonic diagnostic apparatus as claimed in claim

8, further comprising:

a display for displaying information based on the calcula-

tion result of the elastic modulus calculator.
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