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An ultrasonic diagnostic apparatus includes: a transmitting
section for driving an ultrasonic probe that sends out an
ultrasonic transmitted wave toward a vital tissue; a receiving
section for amplifying an ultrasonic reflected wave, produced
by getting the ultrasonic transmitted wave reflected by the
vital tissue and then received at the ultrasonic probe, to gen-
erate a received signal; a reference point shift measuring
section for measuring the magnitude of shift of a reference
point that has been set on the received signal; a received signal
adjusting section for adjusting the position of the received
signal in a distance direction according to the magnitude of
shift of the reference point; and a shape variation calculating
section for determining the magnitudes of positional dis-
placements at multiple measuring points that have been set in
the vital tissue by the received signal adjusted.
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ULTRASONOGRAPHIC DEVICE

TECHNICAL FIELD

[0001] The present invention relates to an ultrasonic diag-
nostic apparatus. More particularly, the present invention
relates to an ultrasonic diagnostic apparatus for inspecting the
characteristic of a vital tissue.

BACKGROUND ART

[0002] Recently, the number of people suffering from vari-
ous cardiovascular system diseases, including heart infarc-
tion and brain infarction, has been on the rise, thus making it
more and more urgent to prevent and treat these diseases.
[0003] The onset of heart or brain infarction is closely
correlated to atherosclerosis. More specifically, if an
atheroma is created on the arterial wall or if no arterial cells
are produced anymore due to various factors such as elevated
blood pressure, then the artery loses its elasticity to become
hard and fragile. Also, if the blood vessel is clogged up where
the atheroma has been created or if a vascular tissue covering
the atheroma has ruptured, then the atheroma will move itself
into the blood vessel to clog up the artery elsewhere or to
rupture the hardened portions of the artery. As a result, these
diseases are caused. That is why it is important to diagnose the
atherosclerosis as early as possible to prevent or treat these
diseases.

[0004] Inthe prior art, the lesion of atherosclerosis is diag-
nosed by directly observing the inside of the blood vessel with
a vascular catheter. However, this diagnosis needs to be car-
ried out with a vascular catheter inserted into the blood vessel
ofapatient, thus imposing a heavy load on him or her. For that
reason, the vascular catheter observation is usually adopted to
locate the lesion of atherosclerosis in a patient who is already
known to suffer from that disease but has never been used to
make a medical checkup on a supposedly healthy person.
[0005] A checkup may be easily made without imposing
excessively heavy load on a patient if the index of cholesterol,
which is one of major causes of atherosclerosis, or the blood
pressure is measured. However, none of these values directly
indicates the degree of advancement of atherosclerosis.
[0006] Also, if the atherosclerosis can be diagnosed early
enough to administer a dedicated curative medicine to its
patient, then the disease can be treated effectively. However,
it is said that once the atherosclerosis has advanced to a
certain degree, the farther advancement of that disease can be
checked with the administration of curative medicine but it is
difficult to repair the hardened artery completely.

[0007] For these reasons, a method or apparatus for diag-
nosing the atherosclerosis at an early stage of its advancement
without imposing too much load on its patient is now in high
demand.

[0008] Meanwhile, an ultrasonic diagnostic apparatus or an
X-ray diagnostic apparatus has been used in the prior art as a
noninvasive medical apparatus that imposes only a light load
on a person under test. Specifically, by irradiating the testee
with an ultrasonic wave or an x-ray that has been produced
externally, shape information or information about the varia-
tion in the shape of his or her internal body with time can be
acquired without causing too much pain to him or her. When
the information about the variation with time (i.e., mobility
information) in the shape of an object under test in his or her
body can be obtained, the characteristic information of the
object can be obtained. That is to say, the vascular elastic
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property of the organism can be known and the degree of
advancement of the atherosclerosis can be detected directly.
[0009] Among other things, the ultrasonic diagnosis is
superior to the X-ray diagnosis because the ultrasonic diag-
nosis can be made just by putting an ultrasonic probe on a
person under test. That is to say, in the ultrasonic diagnosis,
there is no need to administer a contrast medium to the person
under test and there is no concern about potential X-ray
exposure, either.
[0010] Besides, some ultrasonic diagnostic apparatuses can
recently have significantly improved measuring accuracy
thanks to remarkable advancement of electronic technolo-
gies. As a result, ultrasonic diagnostic apparatuses for mea-
suring the very small movement of a vital tissue have been
developed. For example, according to the technique disclosed
in Patent Document No. 1, vibration components of a vascu-
lar movement, having an amplitude of several micrometers
and a frequency of as high as several hundreds of Hz, can be
measured accurately. Thus, it was reported that the thickness
variation or strain of the vascular wall could be measured
highly accurately on the order of several micrometers.
[0011] By adopting such a high-accuracy measuring tech-
nique, the two-dimensional distribution of the elastic proper-
ties of the arterial wall can be plotted in detail. For example,
Non-Patent Document No. 1 shows an example of presenting
the two-dimensional distribution of the moduli of elasticity of
the carotid arterial wall as an image superimposed on a
B-mode tomogram. The hardness of the arterial wall is not
uniform but has some distribution. That is why in diagnosing
the atherosclerosis, it is important to understand properly the
local distribution of the moduli of elasticity, which are char-
acteristic quantities indicating the degree of advancement of
the atherosclerosis.
[0012] Patent Document No. 1: Japanese Patent Appli-
cation Laid-Open Publication No. 10-5226
[0013] Non-Patent Document No. 1: Hiroshi Kanai et al.,

“Elasticity Imaging of Atheroma with Transcutaneous

Ultrasound Preliminary Study”, Circulation, Vol. 107,

pp- 3018-3021, 2003

DISCLOSURE OF INVENTION
Problems to be Solved by the Invention

[0014] If the modulus of elasticity of an arterial vascular
wall is determined by such a method, the magnitude of strain
of'the arterial vascular wall needs to be obtained by measur-
ing. That is to say, the magnitude of strain is calculated as the
difference between the magnitudes of displacements at two
measuring points that have been set on the vascular wall.
[0015] Meanwhile, the arterial vascular wall repeatedly
dilates and contracts as blood is pumped out of the heart. In
that case, the overall vascular wall is displaced in the radial
direction while being strained. The present inventors discov-
ered via experiments that the overall vascular wall was dis-
placed in the radial direction by a magnitude that was about
ten times as great as that of the strain of the vascular wall
itself. The error of measurement of the magnitude of displace-
ment is proportional to the magnitude of displacement itself.
That is why according to the method disclosed in Patent
Document No. 1 or Non-Patent Document No. 1, the errors to
be caused by the radial displacement of the overall vascular
wall will accumulate when the magnitude of strain of the
arterial vascular wall is determined. Consequently, it is diffi-
cult to calculate the modulus of elasticity accurately.
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[0016] Inorder to overcome the problems described above,
the present invention has an object of providing an ultrasonic
diagnostic apparatus that can carry out measurements highly
accurately with the decrease in measuring accuracy due to
those factors minimized.

Means for Solving the Problems

[0017] An ultrasonic diagnostic apparatus according to the
present invention includes: a transmitting section for driving
an ultrasonic probe that sends out an ultrasonic transmitted
wave toward a vital tissue; a receiving section for amplifying
an ultrasonic reflected wave, produced by getting the ultra-
sonic transmitted wave reflected by the vital tissue and then
received at the ultrasonic probe, to generate a received signal;
a reference point shift measuring section for measuring the
magnitude of shift of a reference point that has been set on the
received signal; a received signal adjusting section for adjust-
ing the position of the received signal in a distance direction
according to the magnitude of shift of the reference point; and
a shape variation calculating section for determining the mag-
nitudes of positional displacements at multiple measuring
points that have been set in the vital tissue by the received
signal adjusted.

[0018] Inone preferred embodiment, the vital tissue makes
a movement in a cycle time corresponding to one cardiac
cycle, and the reference point shift measuring section deter-
mines the magnitude of the greatest shift of the reference
point within one cardiac cycle.

[0019] In this particular preferred embodiment, the trans-
mitting section and the receiving section send and receive the
ultrasonic transmitted waves a number of times every cardiac
cycle so as to scan a measuring region that has been defined in
the vital tissue, thereby generating received signals for mul-
tiple frames. The received signal adjusting section adjusts the
position of the received signal in the distance direction at least
in a frame in which the reference point has the greatest mag-
nitude of shift in each said cardiac cycle.

[0020] In a specific preferred embodiment, the received
signal adjusting section adjusts the position of the received
signal in the distance direction in the frame in which the
reference point has the greatest magnitude of shift such that
the positions of the reference point are aligned with each other
in the distance direction.

[0021] In another preferred embodiment, the transmitting
section and the receiving section send and receive the ultra-
sonic transmitted waves a number of times every cardiac
cycle so as to scan a measuring region that has been defined in
the vital tissue, thereby generating received signals for mul-
tiple frames. The reference point shift measuring section
measures the magnitude of shift of the reference point every
frame. If the magnitude of shift is at least an integral number
of times (but not zero times) as much as a predetermined
value, then the reference point shift measuring section mul-
tiplies the predetermined value by the integer and outputs the
product as the magnitude of shift to the received signal adjust-
ing section, which adjusts the position of the received signal
in the distance direction according to the magnitude of shift.
[0022] In this particular preferred embodiment, the
received signal adjusting section adjusts the position of the
received signal in the distance direction so as to cancel the
magnitude of shift.

[0023] In a specific preferred embodiment, the predeter-
mined value is equal to a sampling interval.

Jan. 21, 2010

[0024] In still another preferred embodiment, the vital tis-
sue is an arterial vascular wall, and the reference point is set
at a point on the received signal that corresponds to the
boundary between a vascular lumen and an intima.

[0025] Inyet another preferred embodiment, the vital tissue
makes a movement in a cycle time corresponding to one
cardiac cycle, and the shape variation calculating section
calculates the greatest thickness difference between two arbi-
trary points that have been set based on the multiple measur-
ing points according to the magnitudes of positional displace-
ments.

[0026] In this particular preferred embodiment, the ultra-
sonic diagnostic apparatus further includes a tissue charac-
teristic value calculating section for calculating a character-
istic property value of the tissue based on the greatest
thickness difference.

[0027] In a specific preferred embodiment, the vital tissue
is an artery and the characteristic property value is a modulus
of elasticity.

[0028] Inyet another preferred embodiment, the reference
point shift measuring section determines the magnitude of
shift by analyzing the phase at the reference point of the
received signal.

[0029] In yet another preferred embodiment, the shape
variation calculating section calculates the magnitudes of
positional displacements by analyzing the phases at the
respective measuring points of the received signal adjusted.

EFFECTS OF THE INVENTION

[0030] According to the present invention, a reference
point is set on a received signal and the magnitude of shift of
the reference point is measured, thereby determining the
magnitude of displacement of the overall vital tissue, which is
the object of measurement. And based on this magnitude of
displacement, the received signal is shifted in the distance
direction, thereby canceling the displacement of the overall
vital tissue. That is why by measuring a tiny movement of the
vital tissue using such a shifted signal, the error that would
have grown proportionally to the magnitude of shift can be
minimized and the magnitude of such a small displacement,
the variation in thickness, the magnitude of strain or the
modulus of elasticity of the vital tissue can be measured with
high accuracy.

BRIEF DESCRIPTION OF DRAWINGS

[0031] FIG. 1A schematically illustrates a cross section of
a contracted artery.

[0032] FIG. 1B schematically illustrates a cross section of a
dilated artery.

[0033] FIG. 2 is a block diagram illustrating an arrange-
ment for a situation where the ultrasonic diagnostic apparatus
of the present invention is used to inspect the tissue and
characteristic of a vascular wall.

[0034] FIG. 3isablock diagram illustrating a configuration
for an ultrasonic diagnostic apparatus as a first preferred
embodiment of the present invention.

[0035] FIG. 4 is a block diagram illustrating a detailed
configuration for the computing section of the ultrasonic
diagnostic apparatus shown in FIG. 2.

[0036] FIG. 5is a flowchart showing the major processing
steps of the measuring process of the first preferred embodi-
ment.
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[0037] FIG. 6 shows how the processing should be per-
formed in a major processing step of the measuring process of
the first preferred embodiment.

[0038] FIG. 7 shows how the processing should be per-
formed in another major processing step of the measuring
process of the first preferred embodiment.

[0039] FIG. 8 shows how the processing should be per-
formed in another major processing step of the measuring
process of the first preferred embodiment.

[0040] FIG. 9 is a block diagram illustrating a detailed
configuration for a computing section for an ultrasonic diag-
nostic apparatus as a second preferred embodiment of the
present invention.

[0041] FIG. 10 is a flowchart showing the major processing
steps of the measuring process of the second preferred
embodiment.

[0042] FIG. 11 shows how the processing should be per-
formed in a major processing step of the measuring process of
the second preferred embodiment.

[0043] FIG. 12 shows how the processing should be per-
formed in another major processing step of the measuring
process of the second preferred embodiment.

[0044] FIG. 13 shows how the processing should be per-
formed in another major processing step of the measuring
process of the second preferred embodiment.

[0045] FIG. 14 shows how the processing should be per-
formed in another major processing step of the measuring
process of the second preferred embodiment.

[0046] FIG. 15A shows the result of a measurement that
was carried out on a sample using a conventional ultrasonic
diagnostic apparatus.

[0047] FIG. 15B shows the result of a measurement that
was carried out on a sample using an ultrasonic diagnostic
apparatus according to the present invention.

[0048] FIG. 16A shows the result of a measurement that
was carried out on another sample using the conventional
ultrasonic diagnostic apparatus.

[0049] FIG. 16B shows the result of a measurement that
was carried out on another sample using the ultrasonic diag-
nostic apparatus of the present invention.

DESCRIPTION OF REFERENCE NUMERALS

[0050] 1 extravascular tissue

[0051] 2 body surface

[0052] 3 blood vessel

[0053] 4 vascular anterior wall

[0054] 5 blood

[0055] 11 ultrasonic diagnostic apparatus

[0056] 12 blood pressure manometer

[0057] 13 ultrasonic probe

[0058] 14 transmitting section

[0059] 15 receiving section

[0060] 16 time delay control section

[0061] 19 computing section

[0062] 20 computed data storage section

[0063] 21 display section

[0064] 22 electrocardiograph

[0065] 51 reference point setting section

[0066] 52,56 reference point shift measuring section
[0067] 53, 57 received signal adjusting section
[0068] 54, 58 shape variation calculating section

[0069] 55 tissue characteristic value calculating section
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BEST MODE FOR CARRYING OUT THE
INVENTION

[0070] An ultrasonic diagnostic apparatus according to the
present invention calculates the magnitude of displacement
and the greatest thickness difference, which are shape mea-
sured values of respective portions of a vital tissue as the
object of measurement, and also calculates the magnitude of
strain, the modulus of elasticity, and the coefficient of viscos-
ity thereof, which are characteristic property values. As will
be described later, in a situation where respective portions of
a tissue make tiny displacements while the overall tissue is
being displaced or moving, the present invention can be used
particularly effectively to measure the magnitudes of those
tiny displacements of the respective portions.

[0071] FIGS. 1A and 1B schematically illustrate a cross
section of the artery 3 of an organism as viewed on a plane that
is parallel to the axial direction thereof. Specifically, FIGS.
1A and 1B illustrate a contracted state and a dilated state of
the blood vessel. As shown in FIG. 1A, in a situation where
the artery 3 is contracted, the vascular lumen of the artery 3 is
supposed to have a diameter d and the vascular wall thereofis
supposed to have a thickness t. Supposing the boundary
between the vascular wall and the vascular lumen is the ori-
gin, coordinates are put in the radial direction. More specifi-
cally, measuring points x1 and x7 are set on the boundary
between the vascular wall and the vascular lumen and on the
boundary between the vascular wall and the extravascular
tissue, respectively, and the other measuring points x2
through x6 are set by equally dividing the interval between x1
and x7 into six. The interval between each adjacent pair of the
measuring points x1 through x7 is supposed to be 9.

[0072] Asshownin FIG. 1B, when blood is pumped out due
to the ejection from the heart, the vascular wall of the artery 3
comes to have a dilated vascular lumen and a reduced thick-
ness. That is to say, the dilated vascular lumen d' and the
thickness t' of the dilated vascular wall satisfy d'>d and t'<t,
respectively.

[0073] In this case, suppose the measuring points x1
through x7 that have been set on the vascular wall have moved
to x1' through x7', respectively, with the boundary between
the vascular wall and the vascular lumen of the contracted
blood vessel fixed at the origin. As can be easily from FIG.
1B, as the vascular wall dilates, the overall vascular wall
moves in the radial direction. In addition, as the vascular wall
comes to have a reduced thickness, respective portions of the
vascular wall tissue are strained, or have been compressed, so
to speak. In this case, not all of these portions have been
strained uniformly. If the distance between each adjacent pair
of the measuring points x1' through x7' is identified by 8, ,
through 9§ ;, then the magnitude of the strain of the tissue
between the measuring points x1' and x2' is calculated by
(8,,-0)/6. And the modulus of elasticity can be obtained
based on the magnitude of strain.

[0074] As disclosed in Patent Document No. 1, the magni-
tude of strain of a vascular wall tissue can be determined by
detecting the position of each displaced measuring point with
the phase difference of the received signal traced at that
measuring point and by calculating the maximum and mini-
mum values of positional differences between each pair of the
measuring points.

[0075] According to the method of Patent Document No. 1,
the positions of the respective displaced measuring points are
determined first. That is why if the magnitude of displace-
ment of each measuring point is great, then the position of
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each displaced measuring point will have a significant error
proportionally to the magnitude of displacement. As a result,
the modulus of elasticity also has an error that is proportional
to the magnitude of displacement of each measuring point for
the following reasons.

[0076] Specifically, to calculate the magnitude of displace-
ment of an object based on the phase of the received signal as
in the method disclosed in Patent Document No. 1, informa-
tion about the center frequency of ultrasonic waves is
required. If multiple objects that will scatter the ultrasonic
waves are present within the measuring region, those scat-
tered waves will interfere with each other. The ultrasonic
waves used for measuring purposes are applied as pulses,
which do not have a single frequency but a finite frequency
band. That is why ifa dip has been produced in the vicinity of
the real center frequency f0 due to the interference, then the
center frequency will change apparently. And if the center
frequency of the received wave is different from {0, the error
produced will be proportional to the magnitude of displace-
ment of the object.

[0077] As for the arterial vascular wall, the magnitude of
strain of the arterial wall due to the heartbeat is just one tenth
or less of the magnitude of positional displacement (i.e.,
translation) of the overall arterial wall. That is why the error
to be caused in the positional displacement component
becomes far greater than the one to be caused in the magni-
tude of strain that should be measured. For example, if the
center frequency changes 10%, the error caused in the posi-
tional displacement component becomes approximately
equal to the magnitude of strain itself. As a result, the mag-
nitude of strain cannot be measured accurately.

[0078] However, the measured value that is needed in cal-
culating the modulus of elasticity is the exact magnitude of
strain between two points, not the exact position of each
measuring point. That is why if a reference point is set and if
the magnitude of relative displacement of a measuring point
with respect to the reference point is measured, then the
magnitude of positional displacement of each measuring
point can be decreased and the error to be proportional to the
magnitude of displacement can be reduced.

[0079] As for the arterial vascular wall, the echo from the
lumen-intima boundary is preferably used as a reference. This
is because the sounding echo from the lumen-intima bound-
ary is hardly affected by interference and has a little variation
in center frequency.

[0080] For example, in a situation where the boundary
between the vascular wall of the dilated artery and the vascu-
lar lumen has been displaced by Ax as shown in FIG. 1B, even
if the received signal is adjusted as if x1' was never displaced,
the magnitudes of relative displacements of the other measur-
ing points x2' through x7' with respect to x1' can still be
calculated. As a result, the magnitude of displacement of each
measuring point can be reduced by Ax. That is why by can-
celing the displacement component of the vascular wall
before the phase change starts to be calculated, the error to be
proportional to the magnitude of displacement can be
reduced. By adopting this method, the present invention real-
izes an ultrasonic diagnostic apparatus that can carry out
measurements with high accuracy.

Embodiment 1

[0081] Hereinafter, a first preferred embodiment of an
ultrasonic diagnostic apparatus according to the present
invention will be described. This first preferred embodiment
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contributes to calculating the magnitude of maximum strain
of each measuring point within one cardiac cycle with high
accuracy and can be used particularly effectively to measure
the modulus of elasticity.

[0082] FIG. 2 is a block diagram showing an arrangement
for a situation where the ultrasonic diagnostic apparatus 11 of
this preferred embodiment is used to inspect the tissue and
characteristic of a vascular wall. An ultrasonic probe 13,
connected to the ultrasonic diagnostic apparatus 11, is held in
close contact with the body surface 2 of a person under test
and transmits an ultrasonic wave into a vital tissue inside an
extravascular tissue 1. The transmitted ultrasonic wave is
reflected by a blood vessel 3 and blood 5, scattered, and only
a portion of it comes back to, and is received as an echo (i.e.,
the ultrasonic reflected wave) by, the ultrasonic probe 13. The
ultrasonic diagnostic apparatus 11 performs analysis and
computations on the received signal, thereby acquiring the
shape information of the vascular anterior wall 4 and the
vascular posterior wall. In accordance with the method dis-
closed in Patent Document No. 1, for example, the ultrasonic
diagnostic apparatus 11 determines the instantaneous posi-
tion of the object by a restricted minimum square method
using both the amplitude and phase of a detection signal,
thereby performing phase tracking highly precisely (where
the magnitude of positional displacement has a measuring
accuracy of about 0.2 um) and measuring variations in the
position and thickness of a very small spot on the vascular
anterior wall 4 with time with sufficient precision. A blood
pressure manometer 12 is preferably connected to the ultra-
sonic diagnostic apparatus 11. By using the blood pressure
data obtained with the blood pressure manometer 12, the
ultrasonic diagnostic apparatus 11 can also estimate the
modulus of elasticity of a very small spot on the vascular
anterior wall 4. An electrocardiograph 22 is preferably further
connected to the ultrasonic diagnostic apparatus 11, which
receives an electrocardiogram from the electrocardiograph
22 and uses it as a trigger signal that determines the timings of
data acquisition and data resetting. The electrocardiograph 22
may be replaced with any other biomedical signal detecting
means such as a phonocardiograph or a sphygmograph. In
that case, a phonocardiogram or a sphygmogram may be used
as a trigger signal instead of the electrocardiogram.

[0083] Hereinafter, the configuration and operation of the
ultrasonic diagnostic apparatus 11 will be described in further
detail. FIG. 3 is a block diagram illustrating a configuration
for the ultrasonic diagnostic apparatus 11, which includes a
transmitting section 14, a receiving section 15, a time delay
control section 16, a computing section 19, a computed data
storage section 20, an image synthesizing section 21 and a
display section 30. The ultrasonic diagnostic apparatus 11
further includes a control section 23 for performing an overall
control on all of these sections. Using a user interface 25 such
as amouse, akeyboard or a trackball, the operator can instruct
the control section 23 how to operate the ultrasonic diagnostic
apparatus 11.

[0084] The transmitting section 14 generates a predeter-
mined drive pulse signal and outputs it to the ultrasonic probe
13. An ultrasonic transmitted wave, transmitted by the ultra-
sonic probe 13 in response to the drive pulse signal, is
reflected and scattered by a vital tissue such as the blood
vessel 3 to produce an ultrasonic reflected wave, which is then
received at the ultrasonic probe 13. The interval of application
ofthe drive pulses that generate the ultrasonic waves is deter-
mined with the depth of the object of measurement and the
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velocity ofthe ultrasonic wave into consideration such that no
ultrasonic pulses, adjacent to each other on the time axis,
overlap with each other.

[0085] The receiving section 15 receives the ultrasonic
reflected wave through the ultrasonic probe 13. The receiving
section 15 includes an A/D converting section and amplifies
the ultrasonic reflected wave, thereby generating a received
signal. And then the receiving section 15 further converts the
received signal into a digital signal. The transmitting section
14 and receiving section 15 may be made of electronic com-
ponents, for example.

[0086] Thetime delay control section 16 is connected to the
transmitting section 14 and receiving section 15 in order to
control the time delay of the drive pulse signal to be supplied
from the transmitting section 14 to a group of ultrasonic
vibrators in the ultrasonic probe 13. In this manner, an ultra-
sonic beam of the ultrasonic transmitted wave to be transmit-
ted from the ultrasonic probe 13 can have its acoustic line
directions and depths of focus changed. Furthermore, by con-
trolling the time delay of the received signal that has been
received by the ultrasonic probe 13 and then amplified by the
receiving section 15, the aperture sizes and depths of focus
can also be changed. The output of the time delay control
section 16 is passed to the computing section 19 and a tomo-
graphic image generating section 24.

[0087] The transmitting section 14 and the receiving sec-
tion 15 send and receive ultrasonic transmitted waves a num-
ber of times in every cardiac cycle so as to scan a measuring
region that has been defined in the vital tissue, thereby gen-
erating received signals for multiple frames per cardiac cycle.
[0088] The tomographic image generating section 24 gen-
erates a tomographic image based on the received signal. For
example, the tomographic image generating section 24 con-
verts the amplitude and intensity of the received signal into
information representing the luminance of an image to be
presented on the display section 30, thereby generating a
B-mode image.

[0089] FIG. 4 is a block diagram illustrating a detailed
configuration for the computing section 19, which includes a
reference point setting section 51, a reference point shift
measuring section 52, a received signal adjusting section 53,
a shape variation calculating section 54 and a tissue charac-
teristic value calculating section 55. The computing section
19 may be implemented as either a software program or as
hardware components.

[0090] The reference point setting section 51 sets a refer-
ence point on the axis of the received signal, which runs in the
distance direction, in order to determine the magnitude of
displacement of the overall vital tissue that is the object of
measurement. The reference point is preferably set at a point
on the received signal, where the amplitude is great enough to
avoid being affected by speckle or any other kind of noise
easily.

[0091] When the ultrasonic diagnostic apparatus carries out
measurements, the respective portions of the vital tissue are
located at mutually different depths as measured from the
surface of the ultrasonic probe 13. That is why the ultrasonic
reflected waves that have come from those portions of the
vital tissue have time delays that have varying lengths accord-
ing to their location in the depth direction. For that reason, the
axis of the received signal in the distance direction corre-
sponds to the distribution of the vital tissue.

[0092] Since the vascular wall of the artery is the object of
measurement according to this preferred embodiment, the
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reference point is preferably set on the axis of the received
signal in the distance direction, which is associated with the
boundary between the blood flow running through the vascu-
lar lumen and the intima, for example. This is because the
acoustic impedance changes so significantly between the
blood flow and the intima that an ultrasonic wave with rela-
tively large amplitude is reflected from their boundary and is
hardly affected by speckle noise.

[0093] The reference point on the boundary between the
blood flow and the intima may be set either manually or
automatically. If the reference point is set manually, the
operator needs to specify the boundary between the blood
flow and the intima by moving a cursor, for example, on a
B-mode tomographic image being presented on the display
section 30. Then, the reference point setting section 51 deter-
mines the point on the received signal based on the cursor
location information. On the other hand, if the reference point
is set automatically, the reference point setting section 51 sets
the reference point based on the amplitude or any other appro-
priate parameter of the received signal. The ultrasonic waves
are reflected or scattered less from the blood flow than from
inside of the vascular wall. That is why even if the boundary
between the blood flow and the intima is defined automati-
cally based on the amplitude, for example, the reference point
can still be set relatively accurately.

[0094] The reference point shift measuring section 52 mea-
sures the magnitude of shift of the reference point that has
been set. According to this preferred embodiment, to calcu-
late the modulus of elasticity of the vital tissue, among other
things, the magnitude of maximum shift ofthe reference point
is determined every cardiac cycle. Specifically, by analyzing
the phase of the received signal at the reference point by the
phase difference tracking technique disclosed in Patent
Document No. 1, for example, the magnitude of shift of the
reference point on the received signal for each frame is mea-
sured on a frame-by-frame basis, thereby determining the
magnitude of maximum shift. The magnitude of shift of the
reference point, which has been set by reference to the level of
the received signal at a point in time when the artery con-
tracted most significantly, is preferably measured.

[0095] Thereceivedsignal adjusting section 53 receives the
magnitude of maximum shift of the reference point, which
has just been measured by the reference point shift measuring
section 52, and adjusts the position in the distance direction of
the received signal that has produced the greatest shift. Spe-
cifically, the received signal adjusting section 53 generates a
signal by shifting the received signal in the distance direction
by the magnitude of maximum shift of the reference point
such that the shift of the reference point thus obtained goes
zero. In this preferred embodiment, the reference point shift
measuring section 52 determines the magnitude of maximum
shift of the reference point every cardiac cycle. Also, accord-
ing to this preferred embodiment, at least the received signal
for that frame, in which the reference point had the greatest
shift, needs to be adjusted to calculate the modulus of elas-
ticity.

[0096] The shape variation calculating section 54 calcu-
lates the magnitudes of maximum relative shifts of the mul-
tiple measuring points that have been set in the vital tissue
based on the received signal adjusted. This calculation can be
done by the phase difference tracking method disclosed in
Patent Document No. 1. Specifically, by analyzing the phases
of the received signal at respective measuring points with the
phase difference tracking method applied between the
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received signal at a point in time when the artery contracted
most and the adjusted received signal, the magnitudes of
maximum relative shifts of the respective measuring point are
obtained. Furthermore, based on the magnitudes of the maxi-
mum relative shifts of those measuring points, the shape
variation calculating section 54 also calculates the greatest
thickness difference between two arbitrary points that have
been set based on the multiple measuring points.

[0097] The tissue characteristic value calculating section
55 figures out the characteristic property value of the tissue
based on the greatest thickness difference. In calculating an
elastic property value, the tissue characteristic value calcu-
lating section 55 gets information about the highest and low-
est blood pressures within one cardiac cycle from the blood
pressure manometer 12 and calculates the modulus of elas-
ticity based on the greatest thickness difference and the infor-
mation about the blood pressures. If the measuring points are
arranged two-dimensionally within the measuring region, the
modulus of elasticity may be calculated between each pair of
the measuring points. Then, the two-dimensional distribution
of moduli of elasticity within the measuring region can be
obtained.

[0098] The image synthesizing section 21 synthesizes
together the tomographic image that has been generated by
the tomographic image generating section 24 and the two-
dimensional map data of the tissue’s characteristic properties
such as the moduli of elasticity that has been obtained by the
computing section 19, and gets the resultant synthetic image
presented on the display section 30.

[0099] Optionally, astorage section 20 may be provided for
the ultrasonic diagnostic apparatus 11 such that the digitized
received signal and/or the data that has been computed by the
computing section 19 may be stored in the storage section 20.
In that case, when the measuring process gets done, calcula-
tions may be carried out again with the positions of the ref-
erence point changed or the data stored in the storage section
20 may be presented on the display section 30.

[0100] As described above, the reference point shift mea-
suring section 52 and the shape variation calculating section
54 preferably use the phase difference tracking method to
calculate the magnitudes of shifts of the reference point and
the respective measuring points. According to the phase dif-
ference tracking method, under the restriction that the ampli-
tude does not change, but only the phase and reflection spot
change, between two received signals measured at a very
short time interval, the phase difference is calculated by a
minimum square method so as to minimize the waveform
mismatch between the two received signals as disclosed in
detail in Patent Document No. 1. The motion velocity of the
measuring point is derived from this phase difference and
then integrated, thereby obtaining the magnitude of positional
displacement. For that purpose, the reference point shift mea-
suring section 52 and the shape variation calculating section
54 subject the received signal, of which the time delay has
been controlled by the time delay control section 16, to a
quadrature detection, thereby splitting the signal into a real
part signal and an imaginary part signal. These sections 52
and 54 also filter out RF components, the components that
have not been reflected by the object of measurement and
other noise components from the real part and imaginary part
signals that have been split. In this manner, the reference point
shift measuring section 52 and the shape variation calculating
section 54 get the computations done by the phase difference
tracking method using the received signal processed. These
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sections 52 and 54 may be implemented as either a software
program or hardware components.

[0101] In this case, the received signal to be shifted by the
received signal adjusting section 53 may be either yet to be
subjected, or has already been subjected, to the quadrature
detection. If the received signal that has been subjected to the
quadrature detection is used, however, the received signal
needs to not only be shifted in the distance direction but also
have its phase rotated according to the magnitude of shift. By
calculating the greatest thickness difference Ah between two
points on a vital tissue in one cardiac cycle, the magnitude of
strain S of the tissue is given by S=Ah/H, where H is the
maximum thickness between those two points. On the other
hand, the modulus of elasticity y is calculated by %=Ap/S,
where Ap is the difference between the highest and lowest
blood pressures.

[0102] Hereinafter, major processing steps of the measur-
ing process according to this preferred embodiment will be
described in detail with reference to FIGS. 3, 4 and FIGS. 5
through 8. FIG. 5 is a flowchart showing the major processing
steps of the measuring process of this preferred embodiment.
And FIGS. 6, 7 and 8 illustrate how the measuring process
gets done in those major processing steps of this preferred
embodiment.

[0103] First of all, the ultrasonic probe 13 is driven to send
out an ultrasonic wave toward a target vital tissue and the
ultrasonic wave reflected gets detected at the receiving sec-
tion 15, thereby obtaining a received signal x (1, t) for the 1
frame in Step 100. FIG. 6 shows what waveforms received
signals will have in a situation where ultrasonic waves are
repeatedly transmitted toward the same site on the posterior
wall of the arterial vascular wall. In FIG. 6, the received signal
for an ultrasonic wave that has been transmitted for the first
time is identified by x (1, t) and the received signal for an
ultrasonic wave that has been transmitted for the second time
is identified by x (2, t), where t is the reception time that has
been counted from the transmission time and represents a
depth. In the following description, a received signal for an
ultrasonic wave that has been transmitted for the n™ time will
be referred to herein as a “received signal x (n, t) for the n”
frame”.

[0104] Next, the reference point setting section 51 sets the
depth T of the reference point on the received signal for the 1%
frame in Step 101. As described above, the reference point
may be set either automatically or manually. In FIG. 6, a
portion of each received signal with almost no waves repre-
sents a reflected wave component that has come from some-
where in the blood flow, while a portion with surging waves
represents a reflected wave component that has come from the
boundary between the blood flow and the intima. Also,
another portion with a speckle wave under those surging
waves represents a reflected wave component that has come
from the vascular wall. According to this preferred embodi-
ment, the reference point is set on the boundary between the
blood flow and the intima for the reasons described above.
That is why the reference point is located on a wave with the
greatest amplitude of the received signal x (1, t) for the 1%
frame as indicated by the solid circle @ in FIG. 6.

[0105] Subsequently, the magnitude of shift Ax (1, T) of the
reference point that has been set is reset into zero in Step 102.
That is to say, as shown in FIG. 6, the magnitude of shift Ax
(1, T) of the reference point on the received signal x (1, t) for
the 1% frame is reset into zero.
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[0106] Thereafter, another ultrasonic wave is transmitted
toward the vital tissue to obtain another received signal (i.e.,
areceived signal x (2, 1) for the 2" frame) in Step 103, where
n=2 in this case. Then, the magnitude of shift of the reference
point is calculated by the phase difference tracking method
between the received signals x (2, t) and x (1, t) for the 2" and
1% frames, thereby determining the magnitude of shift of the
reference point in the received signal for the 2¢ frame. More
specifically, the phase difference tracking method is applied
between the received signals for the 1°* and 2" frames,
thereby calculating the magnitude of shift Ax (2, T) of the
reference point in Step 104, where n=2 in this case.

[0107] Next, it is determined whether or not a heartbeat
sync signal has been detected. The heartbeat sync signal is
used as a trigger to reset the measuring count every cardiac
cycle and may be either an R wave of an electrocardiogram or
have been generated on the R wave. As described above, any
other biomedical signal such as a phonocardiogram may also
be used.

[0108] Unless the reference point shift measuring section
52 has detected the heartbeat sync signal (i.e., if the answer to
the query of Step 105 is NO), the processing steps 103 and
104 are carried out repeatedly, thereby determining the mag-
nitude of shift Ax (n, T) of the reference point in the received
signal for the n” frame.

[0109] On the other hand, if the reference point shift mea-
suring section 52 has detected the heartbeat sync signal in
Step 105, the section 52 finds not only the number N of the
frame that has produced the greatest shift of the reference
point but also the magnitude of that greatest shift Ax (N, T)
among the magnitudes of shifts of the reference point that
have ever been measured. Then, the frame number and the
magnitude of the greatest shift Ax (N, T) thus obtained are
supplied to the received signal adjusting section 53.

[0110] Thereceived signal adjusting section 53 receives the
frame number and the magnitude of the greatest shift Ax (N,
T) and shifis the received signal x (N, t) for the N frame by
—-Ax (N, T) in the depth direction, thereby generating a signal
y (1) in Step 107. As a result of this processing step, a received
signal y (t), of which the reference point is aligned with that of
the received signal for the N* frame, is obtained as shown in
FIG. 7.

[0111] The shape variation calculating section 54 receives
at least the first received signal x (1, t) and the signal y (t) that
has been obtained in the previous processing step 107 from
the received signal adjusting section and calculates the mag-
nitudes of the maximum shifts Ax' (N, t) of non-reference
measuring points in Step 108 by applying the phase differ-
ence tracking method between the first signal x (1, t) and the
signal y (t) that has been generated in Step 107 as shown in
FIG. 8, where the non-reference measuring points are indi-
cated by the open circles O. The position of the reference
point agrees between x (1, t) and y (t) and the magnitude of
shift thereof is zero. The magnitudes of maximum shifts Ax'
(N, t) to be calculated in this processing step are relative
values with respect to the magnitude of the greatest shift of
the reference point.

[0112] If the modulus of elasticity needs to be determined
by calculating the strain between measuring points, then the
difference between the magnitudes of maximum shifts Ax (N,
t) of the respective measuring points that have been calculated
in the previous processing step 108 becomes the greatest
thickness difference Ah. Thus, the tissue characteristic value
calculating section 55 may calculate the modulus of elasticity
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by receiving the greatest thickness difference Ah between the
respective measuring points and using the information about
the blood pressure provided by the blood pressure manometer
12.

[0113] Then, in Step 109, the magnitude of greatest shift Ax
(N, T) of the reference point that has been obtained in Step
106 is added to the magnitude of maximum shift Ax' (N, t) that
has just been calculated in the previous processing step 108.
In this manner, the absolute value of the maximum shift Ax
(N, t) of the non-reference measuring points can be calcu-
lated.

[0114] By performing these processing steps 100 through
108 or 109 a number of times, the modulus of elasticity can be
measured consecutively every cardiac cycle.

[0115] As described above, the ultrasonic diagnostic appa-
ratus of'this preferred embodiment sets a reference point on a
received signal and measures the magnitude of shift of that
reference point, thereby estimating the magnitude of dis-
placement of the overall vital tissue that is the object of
measurement. And by shifting the received signal in the dis-
tance direction based on that magnitude of shift, the displace-
ment of the overall vital tissue can be canceled. That is why by
measuring a tiny movement of the vital tissue using such a
shifted signal, the error that would have grown proportionally
to the magnitude of displacement can be minimized and the
magnitude of such a small displacement of the vital tissue can
be measured with high accuracy. More particularly, the mag-
nitude of the greatest shift of the reference point that has been
set on the received signal is obtained every cardiac cycle. The
received signal is shifted in the distance direction based on the
magnitude of the greatest shift thus obtained. The received
signal is adjusted such that the position of the reference point
never changes in the distance direction. And the magnitudes
of maximum relative shifts of respective measuring points are
calculated based on the received signal adjusted, thereby
obtaining the thickness difference, the magnitude of strain
and the modulus of elasticity highly accurately while prevent-
ing the error from growing proportionally to the magnitude of
shift.

Embodiment 2

[0116] Hereinafter, a second preferred embodiment of an
ultrasonic diagnostic apparatus according to the present
invention will be described. The apparatus of the first pre-
ferred embodiment described above can estimate the magni-
tude of the maximum strain of each measuring point in one
cardiac cycle highly accurately. Meanwhile, according to this
preferred embodiment, the shift of each measuring point can
be estimated highly accurately within one cardiac cycle.

[0117] FIG.9isablock diagram illustrating a configuration
for acomputing section 19' for the ultrasonic diagnostic appa-
ratus of this preferred embodiment. Except this computing
section 19', the apparatus of this second preferred embodi-
ment has the same configuration as the counterpart of the first
preferred embodiment shown in FIG. 3.

[0118] The computing section 19' includes the reference
point setting section 51, a reference point shift measuring
section 56, a received signal adjusting section 57, a shape
variation calculating section 58 and a tissue characteristic
value calculating section 55.

[0119] As in the first preferred embodiment described
above, the reference point setting section 51 sets a reference
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point on the received signal in order to determine the magni-
tude of displacement of the overall vital tissue that is the
object of measurement.

[0120] Thereference point shift measuring section 56 mea-
sures the magnitude of shift of the reference point using the
received signal for each frame. And if the magnitude of shift
is at least an integral number of times (but not zero times) as
much as a predetermined value, then the reference point shift
measuring section 56 multiplies the predetermined value by
the integer and outputs the product as the magnitude of shift
to the received signal adjusting section 57.

[0121] Thereceived signal adjusting section 57 receives the
magnitude of shift, which has just been measured by the
reference point shift measuring section 56, and adjusts the
position of the reference point on the received signal. Spe-
cifically, the received signal adjusting section 57 generates a
signal by shifting the received signal in the distance direction
(i.e., along the axis) by the magnitude of shift obtained. As for
a received signal, of which the absolute value of the shift is
less than the predetermined value, however, the position of
the reference point is not adjusted.

[0122] The shape variation calculating section 58 calcu-
lates the magnitudes of shifts of the multiple measuring
points that have been set in the vital tissue based on the
received signal adjusted. This calculation can be done by the
phase difference tracking method disclosed in Patent Docu-
ment No. 1. Specifically, by carrying out the phase difference
tracking between the received signal for the 1° frame and the
received signal adjusted or between two adjusted received
signals that are adjacent to each other on the time axis, the
magnitudes of shifts at the respective measuring points are
calculated. Furthermore, based on the magnitudes of shifts of
the respective measuring points, the shape variation calculat-
ing section 58 also calculates the greatest thickness difference
between two arbitrary points that have been set based on the
multiple measuring points.

[0123] The tissue characteristic value calculating section
55 figures out the characteristic property value (e.g., the mag-
nitude of strain in this preferred embodiment) of the tissue
based on the greatest thickness difference. If the measuring
points are arranged two-dimensionally within the measuring
region, the magnitude of strain may be calculated between
each pair of the measuring points. Then, the two-dimensional
distribution of the magnitudes of strains within the measuring
region can be obtained.

[0124] As in the first preferred embodiment described
above, the image synthesizing section 21 synthesizes together
the tomographic image that has been generated by the tomo-
graphic image generating section 24 and the two-dimensional
map data of the magnitudes of strains that have been obtained
by the computing section 19', and gets the resultant synthetic
image presented on the display section 30.

[0125] Hereinafter, major processing steps of the measur-
ing process according to this preferred embodiment will be
described in detail with reference to FIGS. 3, 9 and FIGS. 10
through 14. FIG. 10 is a flowchart showing the major pro-
cessing steps of the measuring process of this preferred
embodiment. And FIGS. 11 through 14 illustrate how the
measuring process gets done in those major processing steps
of this preferred embodiment.

[0126] First of all, the ultrasonic probe 13 is driven to send
out an ultrasonic wave toward a target vital tissue and the
ultrasonic wave reflected gets detected at the receiving sec-
tion 15, thereby obtaining a received signal x (1, t) for the 1%
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frame in Step 200. FIG. 11 shows what waveforms received
signals have in a situation where ultrasonic waves are repeat-
edly transmitted toward the same site on the posterior wall of
the arterial vascular wall. In FIG. 11, the received signal for an
ultrasonic wave that has been transmitted for the first time is
identified by x (1, t) and the received signal for an ultrasonic
wave that has been transmitted for the second time is identi-
fied by x (2, t), where t is the reception time that has been
counted from the transmission time and represents a depth. In
the following description, a received signal for an ultrasonic
wave that has been transmitted for the n” time will be referred
to herein as a “received signal x (n, t) for the n? frame.
[0127] Next, as in the first preferred embodiment described
above, the reference point setting section 51 sets the depth T
of the reference point on the received signal for the 1% frame
in Step 201. The reference point is located on a wave with the
greatest amplitude of the received signal x (1, t) for the 1%
frame as indicated by the solid circle @ in FIG. 11.

[0128] Subsequently, the magnitude of shift Ax (1, T) of the
reference point that has been set is reset into zero in Step 202.
That is to say, as shown in FIG. 11, the magnitude of shift Ax
(1, T) of the reference point on the received signal x (1, t) for
the 1* frame is reset into zero. Also, “1” representing the 1%
frame is substituted for the variable m that indicates the frame
just before the magnitudes of shifts of all measuring points
have been determined (i.e., the last frame).

[0129] Thereafter, another ultrasonic wave is transmitted
toward the vital tissue to obtain another received signal (i.e.,
areceived signal x (2, t) for the 2 frame) in Step 203, where
n=2 in this case. Then, the magnitude of shift of the reference
point is calculated by the phase difference tracking method
between the received signals x (2, t) and x (1, t) for the 2"¢ and
1% frames, thereby determining the magnitude of shift of the
reference point in the received signal for the 2" frame. More
specifically, the phase difference tracking method is applied
between the received signals for the 1% and 2"¢ frames,
thereby calculating the magnitude of shift Ax (2, T) of the
reference point in Step 204, where n=2 in this case.

[0130] Next, it is determined whether or not a heartbeat
sync signal has been detected. And it is also determined
whether or not the absolute value of the difference between
the position of a reference point for the m” frame, in which
the magnitude of shift of every measuring point has been
determined at last, and that of the reference point for the
current received signal is equal to or greater than a predeter-
mined value A in Step 205. As in the first preferred embodi-
ment described above, the heartbeat sync signal may be an R
wave of an electrocardiogram. Alternatively, a phonocardio-
gram may also be used or a sync signal may also be obtained
by analyzing the waveform representing the shift of the ref-
erence point Ax (n, T).

[0131] The predetermined value A may be determined arbi-
trarily but is preferably a sampling interval of the received
signal. If no heartbeat sync signal has been detected and if the
absolute value of the difference between the position of a
reference point for the m™ frame, in which the magnitude of
shift of every measuring point has been determined at last,
and that of the reference point for the current received signal
is less than the predetermined value A, then the processing
steps 203 and 204 are carried out repeatedly, thereby deter-
mining the magnitude of shift Ax (n, T) of the reference point
on the received signal for the n” frame.

[0132] On the other hand, if the heartbeat sync signal has
been detected or if the absolute value of the difference
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between the positions of two reference points is equal to or
greater than the predetermined value A, then a magnitude of
shift that is an integral number of times (but not zero times) as
great as A and that is closest to the magnitude of shift A x (n,
T) of the reference point is obtained as the magnitude of
discrete shift Xn in Step 206. Also, the frame number in this
processing step is substituted for the number m of the frame in
which the magnitude of shift of every measuring point has
been determined.

[0133] Next, the received signal x (n, t) for the n” frame is
shifted by —Xn in the depth direction, thereby generating a
signal y (t). As a result, a received signal, of which the refer-
ence point is aligned with that of the received signal for the
nth frame, is obtained in Step 207 as shown in FIG. 12.

[0134] Subsequently, in Step 208, the magnitudes of shifts
AX' (N, t) of non-reference measuring points are calculated by
applying the phase difference tracking method between the
signal x (m, t) for the previous frame in which the magnitude
of shift of every measuring point has been determined and y
(t) that has been obtained in Step 207 as shown in FIG. 13,
where the non-reference measuring points are indicated by
the open circles O. The position of the reference point agrees
between x (1,t) and y (t) and the magnitude of shift thereof is
zero. The magnitudes of shifts Ax' (N, t) to be calculated in
this processing step are relative values with respect to the
reference point.

[0135] Then, the magnitude of shift Ax (n, T) that has been
obtained in Step 204 is added to the magnitudes of shifts Ax'
(N, t) of the non-reference points that have just been calcu-
lated in the previous processing step 208, thereby calculating
the magnitudes of shifts Ax (N, t) of the non-reference mea-
suring points.

[0136] Subsequently, it is determined in Step 209 whether
or not the heartbeat sync signal has been detected. If the
answer is NO, then the processing steps 203 through 209 are
performed all over again. On the other hand, if the answer is
YES, the measuring process for the current cardiac cycle is
finished to start a measuring process for the next cardiac
cycle. For that purpose, the processing steps 200 through 210
are performed all over again.

[0137] FIG. 14 shows the results obtained by tracking the
shifts of the respective measuring points as described above.
As can be seen from these results, the cumulative error to be
inevitably caused by the phase difference tracking method
can be reduced and the tracking accuracy can be improved. As
shown in FIG. 14, when the magnitude of shift of the refer-
ence point exceeds the predetermined value A, the received
signal is shifted to obtain the magnitude of shift of the mea-
suring point. This magnitude of shift is calculated by the
phase difference tracking method with the magnitude of dis-
placement of the overall vital tissue subtracted, and therefore,
the error to be proportional to the magnitude of shift has
decreased. That is why the measuring point can be tracked
with higher accuracy. On top of that, the magnitude of shift
can be calculated a number of times during one cardiac cycle,
thus increasing the time resolution of the measuring process
as well.

[0138] Optionally, this preferred embodiment may be com-
bined with the first preferred embodiment. In that case, a
single reference point may also be set but the reference point
shift measuring section does not have to measure the magni-
tude of the greatest shift of the reference point and the mag-
nitude of shift for each frame independently of each other.
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[0139] In the preferred embodiment described above, the
received signal for the previous (or last) frame in which the
magnitude of shift of a measuring point has just been obtained
is used as a reference for determining the magnitude of shift
of that measuring point in each cardiac cycle. Specifically, if
the magnitude of shift from the previous frame in which the
magnitude of shift of each measuring point has just been
measured becomes equal to or greater than a predetermined
value A, the received signal is shifted an integral number of
times as much as the predetermined value A, thereby deter-
mining the magnitude of shift from the previous frame, in
which the magnitude of shift of each measuring point has just
been measured, by the phase difference tracking method.
However, the received signal for the first frame may also be
used as a reference for determining the magnitude of shift of
a measuring point in each cardiac cycle. Specifically, in that
case, if the magnitude of shift from the first frame becomes
equal to or greater than an integral number of times as much
as the predetermined value A, the received signal may be
shifted the integral number of times as much as the predeter-
mined value A, thereby determining the magnitude of shift
from the first frame by the phase difference tracking method.

Experimental Example

[0140] To confirm the effect of the present invention, the
magnitude of strain of an elastic tube was measured with the
ultrasonic diagnostic apparatus of the first preferred embodi-
ment described above. As samples for measurements, a tube
of silicone rubber with an outside diameter of 10 mm and an
inside diameter of 8 mm (which will be referred to herein as
Sample A) and a double tube consisting of an inner tube of
silicone rubber with an outside diameter of 10 mm and an
inside diameter of 8 mm and an outer tube of silicone rubber
with an outside diameter of 12 mm and an inside diameter of
10 mm (which will be referred to herein as “Sample B”) were
provided. In the Sample B tube, the inner tube had a smaller
modulus of elasticity than the outer tube.

[0141] The liquid in these samples was periodically pres-
surized with a fluid pump to contract the samples periodically
and make measurements using the ultrasonic diagnostic
apparatus of the first preferred embodiment. Also, for the
purpose of comparison, the magnitudes of strains of the same
two samples were measured by a conventional ultrasonic
diagnostic apparatus using the ordinary phase difference
tracking method.

[0142] FIGS. 15A and 15B show the results of measure-
ments that were carried out on Sample A using the conven-
tional ultrasonic diagnostic apparatus and the ultrasonic diag-
nostic apparatus of the present invention, respectively. In
FIGS. 15A and 15B, the abscissa represents the distance in
the radial direction of the tube while the ordinate represents
the magnitude of strain. The value of the magnitude of strain
is also indicated by an error bar. And the dashed curve repre-
sents the radial distribution of magnitudes of theoretical
strains that were calculated based on the modulus of elasticity
of the silicone rubber that was used as a material for the tube.
[0143] When the conventional ultrasonic diagnostic appa-
ratus was used, the average of the magnitudes of strains
calculated in the radial direction was roughly close to the
theoretical value as shown in FIG. 15A. But their distribution
was quite non-uniform. On the other hand, when the ultra-
sonic diagnostic apparatus of the present invention was used,
the average closely agreed with the theoretical value and the
degree of non-uniformity could also be reduced significantly.
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[0144] FIGS. 16A and 16B show the results of measure-
ments that were carried out on Sample B using the conven-
tional ultrasonic diagnostic apparatus and the ultrasonic diag-
nostic apparatus of the present invention, respectively.
Sample B was made up of two tubes with mutually different
hardness values. When the measuring process was carried out
with the conventional ultrasonic diagnostic apparatus, how-
ever, the difference in the magnitude of strain corresponding
to the difference in hardness could not be sensed clearly as
shown in FIG. 16A. On the other hand, when the ultrasonic
diagnostic apparatus of the present invention was used, the
magnitude of strain of the softer inner tube was found greater
than that of the harder outer tube as shown in FIG. 16B. As a
result, the difference in the magnitude of strain corresponding
to the difference in hardness could be seen clearly.

[0145] As can be seen from these results, the ultrasonic
diagnostic apparatus of the present invention can measure the
magnitude of strain with high accuracy. Among other things,
even if there is a region with a different modulus of elasticity
within the measuring region, the difference in the magnitude
of strain corresponding to the difference in the modulus of
elasticity can be sensed properly. That is why if the magnitude
of strain or the modulus of elasticity of the arterial vascular
wall of an organism is measured with the ultrasonic diagnos-
tic apparatus of the present invention, then a region with a
distinct modulus of elasticity, produced by some sort of
lesion, should be able to be located accurately. As a result, an
ultrasonic diagnostic apparatus that allows the doctor to make
a proper diagnosis on a characteristic property of a vital tissue
is realized.

INDUSTRIAL APPLICABILITY

[0146] The present invention is effectively applicable to an
ultrasonic diagnostic apparatus for evaluating the character-
istic properties of a given vital tissue and is applicable par-
ticularly effectively to an ultrasonic diagnostic apparatus for
evaluating the elastic property of a vascular wall.

1. An ultrasonic diagnostic apparatus comprising:

a transmitting section for driving an ultrasonic probe that
sends out an ultrasonic transmitted wave toward a vital
tissue;

a receiving section for amplifying an ultrasonic reflected
wave, produced by getting the ultrasonic transmitted
wave reflected by the vital tissue and then received at the
ultrasonic probe, to generate a received signal,

areference point shift measuring section for measuring the
magnitude of shift of a reference point that has been set
on the received signal;

a received signal adjusting section for adjusting the posi-
tion of the received signal in a distance direction accord-
ing to the magnitude of shift of the reference point; and

a shape variation calculating section for determining the
magnitudes of positional displacements at multiple
measuring points that have been set in the vital tissue by
the received signal adjusted.

2. The ultrasonic diagnostic apparatus of claim 1, wherein
the vital tissue makes a movement in a cycle time correspond-
ing to one cardiac cycle, and

wherein the reference point shift measuring section deter-
mines the magnitude of the greatest shift of the reference
point within one cardiac cycle.

3. The ultrasonic diagnostic apparatus of claim 2, wherein

the transmitting section and the receiving section send and
receive the ultrasonic transmitted waves a number of times
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every cardiac cycle so as to scan a measuring region that has
been defined in the vital tissue, thereby generating received
signals for multiple frames, and

wherein the received signal adjusting section adjusts the

position ofthe received signal in the distance direction at
least in a frame in which the reference point has the
greatest magnitude of shift in each said cardiac cycle.

4. The ultrasonic diagnostic apparatus of claim 3, wherein
the received signal adjusting section adjusts the position of
the received signal in the distance direction in the frame in
which the reference point has the greatest magnitude of shift
such that the positions of the reference point are aligned with
each other in the distance direction.

5. The ultrasonic diagnostic apparatus of claim 1, wherein
the transmitting section and the receiving section send and
receive the ultrasonic transmitted waves a number of times
every cardiac cycle so as to scan a measuring region that has
been defined in the vital tissue, thereby generating received
signals for multiple frames, and

wherein the reference point shift measuring section mea-

sures the magnitude of shift of the reference point every
frame, and if the magnitude of shift is at least an integral
number of times (but not zero times) as much as a pre-
determined value, then the reference point shift measur-
ing section multiplies the predetermined value by the
integer and outputs the product as the magnitude of shift
to the received signal adjusting section, and

wherein the received signal adjusting section adjusts the

position of the received signal in the distance direction
according to the magnitude of shift.

6. The ultrasonic diagnostic apparatus of claim 5, wherein
the received signal adjusting section adjusts the position of
the received signal in the distance direction so as to cancel the
magnitude of shift.

7. The ultrasonic diagnostic apparatus of claim 6, wherein
the predetermined value is equal to a sampling interval.

8. The ultrasonic diagnostic apparatus of claim 1, wherein
the vital tissue is an arterial vascular wall, and wherein the
reference point is set at a point on the received signal that
corresponds to the boundary between a vascular lumen and an
intima.

9. The ultrasonic diagnostic apparatus of claim 1, wherein
the vital tissue makes a movement in a cycle time correspond-
ing to one cardiac cycle, and

wherein the shape variation calculating section calculates

the greatest thickness difference between two arbitrary
points that have been set based on the multiple measur-
ing points according to the magnitudes of positional
displacements.

10. The ultrasonic diagnostic apparatus of claim 9, further
comprising a tissue characteristic value calculating section
for calculating a characteristic property value of the tissue
based on the greatest thickness difference.

11. The ultrasonic diagnostic apparatus of claim 10,
wherein the vital tissue is an artery and wherein the charac-
teristic property value is a modulus of elasticity.

12. The ultrasonic diagnostic apparatus of claim 1, wherein
the reference point shift measuring section determines the
magnitude of shift by analyzing the phase at the reference
point of the received signal.

13. The ultrasonic diagnostic apparatus of claim 1, wherein
the shape variation calculating section calculates the magni-
tudes of positional displacements by analyzing the phases at
the respective measuring points of the received signal
adjusted.
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