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FIG.3

FIG.4
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ULTRASOUND DIAGNOSTIC APPARATUS
AND METHOD

BACKGROUND OF THE INVENTION

[0001] The present invention relates to an ultrasound diag-
nostic apparatus and an ultrasound diagnostic method and
particularly to an ultrasound diagnostic apparatus and an
ultrasound diagnostic method for measuring the elastic char-
acteristics of a vascular wall.

[0002] Conventionally, ultrasound diagnostic apparatus
using ultrasound images are employed in the medical field. In
general, this type of ultrasound diagnostic apparatus com-
prises an ultrasound probe having a built-in transducer array
and an apparatus body connected to the ultrasound probe. The
ultrasound probe transmits ultrasonic waves toward a subject,
receives ultrasonic echoes from the subject, and the apparatus
body electrically processes the reception signals to generate
an ultrasound image and obtain various information on dis-
eases.

[0003] The site of a subject to be ultrasonically examined
varies with the kind of disease: in the case of a circulatory
disease such as cerebral infarction, for example, carotid arter-
ies are tentatively examined because plaques are liable to
develop there. In such ultrasonic diagnosis of carotid arteries,
the thickness of a plaque and the elastic characteristics of a
vascular wall are measured to obtain information on, for
example, the degree to which blood vessel stenosis has pro-
gressed and the ease with which the plaque may rupture. In
order to obtain such information accurately, an ultrasonic
beam is preferably allowed to enter a vascular wall at right
angles thereto to accurately detect small changes occurring in
the vascular wall as the heart beats. However, because the
carotid arteries often do not lie parallel to the body surface in
places where plaques tend to develop (where a common
carotid artery divides into an internal carotid artery and en
external carotid artery), allowing the ultrasonic beam to enter
a vascular wall at right angles thereto was a difficult task.
[0004] JP 2001-299752 A, for example, describes an ultra-
sound diagnostic apparatus wherein an ultrasonic beam is
steered to transmit the ultrasonic beam in various directions in
order to select a direction in which a reflected ultrasonic echo
exhibits the maximal amplitude as a direction in which the
ultrasonic beam enters a vascular wall at right angles.
[0005] JP2005-074146 A describes an ultrasound diagnos-
tic apparatus wherein an ultrasonic beam is steered to pass
through the center of a blood vessel so that the ultrasonic
beam intersects the blood vessel at right angles.

SUMMARY OF THE INVENTION

[0006] Theultrasound diagnostic apparatus described in JP
2001-299752 A judges whether an ultrasonic beam enters a
vascular wall at right angles from the attained maximal ampli-
tude and therefore permits accurate selection ofa direction in
which the ultrasonic beam enters a blood vessel at right angles
where the blood vessel has a consistent wall thickness. How-
ever, where the blood vessel thickness is not consistent
because of, for example, plaques, an inclined plane is formed
in the vascular wall around the plaques, and the ultrasonic
echo resulting from the ultrasonic beam entering the inclined
plane at right angles also exhibits the maximal amplitude. As
a result, high-accuracy measuring of the elastic characteris-
tics of the vascular wall based on the echo from the carotid
artery may be made impossible.
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[0007] Theultrasound diagnostic apparatus described in JP
2005-074146 A determines the center of a blood vessel by
approximating the vascular wall with circles in contact with
the vascular wall. Accordingly, an ultrasonic beam can be so
directed to intersect the vascular wall at right angles where the
blood vessel has a consistent wall thickness. However, in a
vascular wall whose thickness is not consistent or in a cross
section taken along the central axis of the blood vessel, deter-
mining the center of the blood vessel is difficult and, there-
fore, elastic characteristics of the vascular wall may not be
accurately measured based on echoes from a carotid artery.
[0008] An object of the present invention is to provide an
ultrasound diagnostic apparatus and method that resolve such
problems of the past, and can measure the elastic character-
istics of a vascular wall with high accuracy.

[0009] Anultrasound diagnostic apparatus according to the
present invention comprises:

[0010] an ultrasound probe;

[0011] atransmitter/receiver for transmitting and receiving
an ultrasonic beam to and from a subject through the ultra-
sound probe;

[0012] an image producer for producing an ultrasound
image based on reception signals outputted from the ultra-
sound probe;

[0013] a vascular wall expansion/contraction direction
detector for detecting a direction of radial expansion/contrac-
tion of a vascular wall associated with a heartbeat in a long-
axis image of the vascular wall based on amplitude informa-
tion of the reception signals outputted from the ultrasound
probe when afirst ultrasonic beam is transmitted and received
to and from a blood vessel of the subject through the ultra-
sound probe;

[0014] a transmission/reception controller for controlling
the transmitter/receiver so as to transmit and receive a second
ultrasonic beam parallel to the vascular wall expansion/con-
traction direction detected by the vascular wall expansion/
contraction direction detector through the ultrasound probe;
[0015] a vascular wall tracker for tracking a movement of
the vascular wall using amplitude information and phase
information of the reception signals outputted from the ultra-
sound probe when the second ultrasonic beam is transmitted
and received; and

[0016] a vascular wall elastic characteristics calculator for
calculating elastic characteristics of the vascular wall based
on the vascular wall movement tracked by the vascular wall
tracker.

[0017] An ultrasound diagnostic method according to the
present invention comprises the steps of:

[0018] transmitting and receiving through an ultrasound
probe a first ultrasonic beam to and from a blood vessel of a
subject;

[0019] detecting a direction of radial expansion/contrac-
tion of a vascular wall associated with a heartbeat in a long-
axis image of the vascular wall based on amplitude informa-
tion of reception signals outputted from an ultrasound probe
when the first ultrasonic beam is transmitted and received;
[0020] transmitting and receiving through the ultrasound
probe a second ultrasonic beam parallel to the detected vas-
cular wall expansion/contraction direction to and from the
blood vessel of the subject;

[0021] tracking a movement of the vascular wall using
amplitude information and phase information of the reception
signals outputted from the ultrasound probe when the second
ultrasonic beam is transmitted and received; and
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[0022] calculating elastic characteristics of the vascular
wall based on the tracked vascular wall movement.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] FIG. 11is a block diagram illustrating an ultrasound
diagnostic apparatus according to Embodiment 1 of the
invention.

[0024] FIG. 2 is a flow chart representing the operation of
the ultrasound diagnostic apparatus according to Embodi-
ment 1.

[0025] FIG. 3 is a view illustrating how the first ultrasonic
beam is transmitted to an expanding and contracting vascular
wall.

[0026] FIG. 4 is a view illustrating how the second ultra-
sonic beam is transmitted in a direction in which a vascular
wall expands and contracts.

[0027] FIG. 5 is a graph illustrating positional variation of
reflection points in one heartbeat.

[0028] FIG. 6A is a graph illustrating variation in thickness
between reflection points R1 and R2 in one heartbeat, and
FIG. 6B is a graph illustrating variation in thickness between
reflection points R2 and R3 in one heartbeat.

[0029] FIG. 7 is a view illustrating an image of a strain
caused by a plaque.

[0030] FIG. 8is a block diagram illustrating an ultrasound
diagnostic apparatus according to Embodiment 2.

[0031] FIG. 9 is a view illustrating how a first ultrasonic
beam and a second ultrasonic beam are transmitted in
Embodiment 3.

DETAILED DESCRIPTION OF THE INVENTION

[0032] Embodiments of the present invention will be
described below based on the appended drawings.

Embodiment 1

[0033] FIG. 1 illustrates a configuration of the ultrasound
diagnostic apparatus according to Embodiment 1 of the
invention. The ultrasound diagnostic apparatus comprises an
ultrasound probe 1 for transmission and reception of ultra-
sonic waves and a diagnostic apparatus body 2 connected to
the ultrasound probe 1. The diagnostic apparatus body 2
controls transmission and reception of ultrasonic waves by
the ultrasound probe 1, produces image data representing an
ultrasound image based on acquired reception signals, calcu-
lates elastic characteristics of a vascular wall, and displays a
strain image.

[0034] The ultrasound probe 1 is a probe of, for example,
convex scan type, linear scan type, or sector scan type,
brought into contact with a subject. The ultrasound probe 1
comprises a plurality of ultrasound transducers arranged one-
dimensionally or two-dimensionally. The ultrasound trans-
ducers transmit ultrasonic waves toward a subject based on
applied actuation signals and receives ultrasonic echoes
bounced off the subject to output reception signals.

[0035] Each of the ultrasound transducers is composed of
an oscillator including a piezoelectric body made of, for
example, a piezoelectric ceramic typified by PZT (lead zir-
conate titanate) or a piezoelectric polymer typified by PVDF
(polyvinylidene difluoride) and an electrode provided on both
ends of the piezoelectric body. Application of a pulsed or
continuous-wave voltage to electrodes of the oscillators
causes the piezoelectric bodies to contract. The contraction
causes the oscillators to produce pulsed or continuous-wave

May 10, 2012

ultrasonic waves, which are combined to form an ultrasonic
beam. Upon reception of propagating ultrasonic waves, the
oscillators contract to produce electric signals. The electric
signals are outputted as reception signals of ultrasonic waves.
[0036] The diagnostic apparatus body 2 comprises a trans-
mitter/receiver 3 connected to the ultrasound probe 1. The
transmitter/receiver 3 is connected to a tomographic image
producer 4, which in turn is connected via a display controller
5 to a monitor 6. The tomographic image producer 4 is con-
nected to a transmission/reception controller 11 via a vascular
wall detector 7, a portion-wise vascular wall movement direc-
tion detector 8, a vascular wall expansion/contraction direc-
tion detector 9, and a beam bearing setter 10 in order. The
transmission/reception controller 11 is connected to the trans-
mitter/receiver 3. The transmitter/receiver 3 is also connected
to a phase information calculator 12, a vascular wall tracker
13, and a vascular wall elastic characteristics calculator 14 in
order. The vascular wall elastic characteristics calculator 14 is
connected to the display controller 5.

[0037] The transmission/reception controller 11 sets direc-
tions of ultrasonic beam transmission and ultrasonic echo
reception by the ultrasound probe 1 in sequence and has a
transmission control function for selecting a transmission
delay pattern according to a set transmission direction and a
reception control function for selecting a reception delay
pattern according to a set reception direction.

[0038] The transmission delay pattern is a pattern of delay
times allotted to actuation signals for the respective ultra-
sound transducers to form an ultrasonic beam in a desired
direction with ultrasonic waves transmitted from a plurality
of ultrasound transducers of the ultrasound probe 1; the
reception delay pattern is a pattern of delay times allotted to
reception signals for the respective ultrasound transducers to
extract ultrasonic echoes traveling from a desired direction
with ultrasonic waves received by a plurality of ultrasound
transducers. A plurality of transmission delay patterns and a
plurality of reception delay patterns are stored in a storage
unit in the transmission/reception controller 11 and selected
and used as appropriate.

[0039] The transmitter/receiver 3 incorporates a transmis-
sion circuit and a reception circuit. The transmission circuit
comprises a plurality of channels and produces a plurality of
actuation signals applied to the plurality of ultrasound trans-
ducers of the ultrasound probe 1. In that process, the actuation
signals can be given respective delays based on the transmis-
sion delay pattern selected by the transmission/reception con-
troller 11. The transmission circuit may adjust the delay
amounts of the actuation signals before supplying the signals
to the ultrasound probe 1 so that the ultrasonic waves supplied
from the plurality of ultrasound transducers form an ultra-
sonic beam or may supply a plurality of actuation signals to
the ultrasound probe 1 so that the ultrasonic waves transmit-
ted all at once from the plurality of ultrasound transducers
reach the entire imaged region of the subject.

[0040] The reception circuit of the transmitter/receiver 3
comprises a plurality of channels to receive and amplify a
plurality of analog reception signals outputted from the plu-
rality of respective ultrasound transducers and convert the
signals into digital reception signals. In that process, the
transmitter/receiver 3 provides the plurality of reception sig-
nals with respective delays based on the reception delay pat-
tern selected by the transmission/reception controller 11 and
adds up the reception signals to perform reception focusing
processing. By this reception focusing processing, a sound
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ray signal (sound ray data) in which the focal points of the
ultrasonic echoes are made to converge is generated.

[0041] Next, the sound ray data undergoes envelop detec-
tion processing by means of, for example, low pass filter
processing, followed by attenuation correction according to
the distance depending on the depth of the ultrasonic wave
reflection position using STC (Sensitivity Time gain Con-
trol).

[0042] The sound ray data thus processed are sequentially
stored in a data memory having a sufficient memory capacity
for accumulating sound ray data for a plurality of frames.
Having an image data producing function, the reception cir-
cuit is inputted with sound ray data directly supplied in a live
mode and sound ray data supplied from the data memory in a
freeze mode, and performs pre-processing such as Log com-
pression and gain adjustment on these sound ray data to
produce image data, which are outputted to the tomographic
image producer 4.

[0043] The tomographic image producer 4 converts the
image data of an ultrasound image supplied from the recep-
tion circuit of the transmitter/receiver 3 into image data com-
patible with the ordinary television signal scanning method
through raster conversion and performs necessary image pro-
cessing such as gradation processing before supplying the
data to the display controller 5. Further, the tomographic
image producer 4 supplies the image data of the ultrasound
image to the vascular wall detector 7.

[0044] The display controller 5 causes the monitor 6 to
display an ultrasound diagnostic image based on the image
data supplied from the tomographic image producer 4. The
monitor 6 includes a display device such as an LCD, for
example, and displays an ultrasound diagnostic image under
the control by the display controller 5.

[0045] The vascular wall detector 7 detects the position of
a vascular wall by, for example, image-processing the image
data supplied from the tomographic image producer 4. The
portion-wise vascular wall movement direction detector 8
divides the vascular wall in an ultrasound image detected by
the vascular wall detector 7 into a plurality of portions and
detects the direction in which each of the vascular wall por-
tions moves in association with the heartbeat based on the
position of each of the divided portions varying from frame to
frame. The movement direction of each of the vascular wall
portions is detected by, for example, the pattern matching
method. The vascular wall expansion/contraction direction
detector 9 detects the direction of expansion/contraction of a
vascular wall in a radial direction associated with the heart-
beat based on the movement direction of each of the vascular
wall portions detected by the vascular wall movement direc-
tion detector 8. The beam bearing setter 10 sets the bearing of
the ultrasonic beam so that the ultrasonic beam is transmitted
parallel to the direction of the vascular wall expansion/con-
traction direction detected by the vascular wall expansion/
contraction direction detector 9.

[0046] The transmission/reception controller 11 sets a
transmission delay pattern such that the ultrasound probe 1
transmits an ultrasonic beam in a direction set by the beam
bearing setter 10 and outputs the transmission delay pattern to
the transmitter/receiver 3. The ultrasound probe 1 transmits
the ultrasonic beam parallel to the vascular wall expansion/
contraction direction based on the transmission delay pattern
set by the transmission controller 11.

[0047] The phase information calculator 12 is inputted via
the transmitter/receiver 3 with the reception signals from the
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ultrasound probe 1 that were produced in transmission and
reception of an ultrasonic beam parallel to the vascular vessel
expansion/contraction direction. The phase information cal-
culator 12 calculates phase information based on the recep-
tion signals from the transmitter/receiver 3.

[0048] The vascular wall tracker 13 uses amplitude infor-
mation and the phase information of the reception signals
entered via the phase information calculator 12 to accurately
track the movement of the vascular wall. The tracking may be
performed by, for example, a method described in JP
3652791B.

[0049] The vascular wall elastic characteristics calculator
14 calculates the elastic characteristics of a vascular wall
based on the vascular wall movement tracked by the vascular
wall tracker 13, produces strain image data, and allows the
monitor 6 to display a strain image through the display con-
troller 5.

[0050] Next, the operation of Embodiment 1 will be
described referring to the flowchart of FIG. 2.

[0051] First, as illustrated in FIG. 3, upon being placed in
contact with a body surface S in step S1, the ultrasound probe
1 transmits a first ultrasonic beam in response to the actuation
signals from the transmission circuit of the transmitter/re-
ceiver 3 of the diagnostic apparatus body 2 in a direction
perpendicular to the body surface S. The first ultrasonic beam
transmitted from the ultrasound probe 1 enters a blood vessel
V along the long axis thereof and is reflected by the vascular
wall so that the ultrasonic echoes thereof are received by the
plurality of ultrasound transducers of the ultrasound probe 1.
The reception signals corresponding to the received ultra-
sonic echoes are outputted from the ultrasound probe 1 to the
reception circuit of the transmitter/receiver 3 and digitalized
by the reception circuit, whereupon image data of the tomo-
graphic image along the long axis of the blood vessel V are
produced based on the intensity (amplitude) of the digital
signals in each frame. The image data of a tomographic image
thus produced are outputted from the transmitter/receiver 3 to
the tomographic image producer 4.

[0052] Instep S2, the image data along the long axis of the
blood vessel V entered into the tomographic image producer
4 undergo necessary image processing such as gradation pro-
cessing and are outputted to the display controller 5 so that the
monitor 6 displays a long-axis tomographic image of the
blood vessel V. The tomographic image producer 4 outputs
the image data of the long-axis tomographic image to the
vascular wall detector 7. In step S3, the vascular wall detector
7 uses the difference in amplitude between the vascular wall
and the blood vessel lumen in the image data of the entered the
long-axis tomographic image to recognize the position of the
vascularwall, and in step S4. sets a region of interest (ROI) for
pattern matching in the recognized position of the vascular
wall. Specifically, after converting the long-axis tomographic
image into a blurred image, the vascular wall detector 7
performs binarization processing based on the fact that the
amplitude in a blood vessel lumen is smaller than in the
vascular wall in the long-axis tomographic image and sets a
region of interest in each frame considering a depth range of,
say, about 2 mm from the black and white edge portion as the
vascular wall.

[0053] Theimage data of the long-axis tomographic image
in which a region of interest has been set are outputted from
the vascular wall detector 7 to the portion-wise vascular wall
movement direction detector 8. As illustrated in FIG. 3, the
portion-wise vascular wall movement direction detector 8
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uses the long-axis tomographic image in which a region of
interest has been set to divide the region of interest into a
plurality of portions P. The portions P in the region of interest
vary in position in each frame as the vascular wall expands
and contracts radially in association with the heartbeat. In
step S5, the portion-wise vascular wall movement direction
detector 8 detects the motion vector of each portion P in the
region of interest varying in each frame by pattern matching
method. In other words, the portion-wise vascular wall move-
ment direction detector 8 obtains the direction of positional
variation of each portion P associated with the heartbeat as
motion vector.

[0054] The portion-wise vascular wall movement direction
detector 8 outputs the motion vector of each portion P of the
vascular wall to the vascular wall expansion/contraction
direction detector 9. In step S6, the vascular wall expansion/
contraction direction detector 9 averages the motion vectors
of the portions P of the vascular wall or use some other
method to obtain the radial vascular wall expansion/contrac-
tion direction associated with the heartbeat. The vascular wall
expansion/contraction direction thus obtained is outputted
from the vascular wall expansion/contraction direction detec-
tor 9 to the beam bearing setter 10, whereupon the beam
bearing setter 10 sets the direction of the second ultrasonic
beam so that the ultrasound probe 1 transmits the second
ultrasonic beam parallel to the expansion/contraction direc-
tion. The set bearing of the second ultrasonic beam is output-
ted from the beam bearing setter 10 to the transmission/
reception controller 11, which in turn sets a transmission
delay pattern based on the bearing of the second ultrasonic
beam. The transmission delay pattern is outputted from the
transmission controller 11 to the transmission circuit of the
transmitter/receiver 3, and the transmission circuit supplies
the ultrasound probe 1 with actuation signals based on the
transmission delay pattern. Thus, in step S7, the ultrasound
probe 1 transmits the second ultrasonic beam steered in a
direction parallel to the vascular wall expansion/contraction
direction as illustrated in FIG. 4.

[0055] Thus, because the bearing in which the second ultra-
sonic beam is transmitted is set so as to be parallel to the
vascular wall expansion/contraction direction based on the
vascular wall amplitude information obtained using the first
ultrasonic beam, the second ultrasonic beam can be steered
parallel to the vascular wall expansion/contraction direction
even when the vascular thickness is inconsistent because of,
for example, a plaque.

[0056] The second ultrasonic beam transmitted from the
ultrasound probe 1 steered parallel to the vascular wall expan-
sion/contraction direction is reflected off a reflection point
that is located in, for example, an interface between tissues
having different characteristics such as elastic characteristics
in a vascular wall. Suppose, for example, that, as illustrated in
FIG. 4 the second ultrasonic beam entering a plaque formed
in a vascular wall on the farther side from the ultrasound
probe 1 is reflected off the reflection points R1 to RS in the
vascular wall, the ultrasonic echoes from the reflection points
R1 to RS are received by the ultrasound probe 1. The recep-
tion signals corresponding to the ultrasonic echoes from the
reflection points R1 to R5 received by the ultrasound probe 1
are outputted from the ultrasound probe 1 to the reception
circuit of the transmitter/receiver 3, whereupon the reception
circuit digitalizes the reception signals and obtains the ampli-
tude information thereof, which is outputted from the trans-
mitter/receiver 3 to the phase information calculator 12. The
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phase information calculator 12 calculates the phase infor-
mation of the reception signals corresponding to the ultra-
sonic echoes from the reflection points R1 to R5 and supplies
the amplitude information and the phase information to the
vascular wall tracker 13. The vascular wall tracker 13 accu-
rately tracks the inter-frame movements of the reflection
points R1 to RS in the vascular wall in step S8. By the
tracking, the variations in position of the reflection points R1
to R5 in, for example, one heartbeat are obtained as illustrated
in FIG. 5.

[0057] The tracked movements of the reflection points R1
to R5 in the vascular wall are outputted from the vascular wall
tracker 13 to the vascular wall elastic characteristics calcula-
tor 14, which extracts the differences in position (phase)
between adjacent reflection points based on the tracked
movements of the reflection points R1 to R5 in the vascular
wall to calculate the thicknesses and obtain time-varying
thickness waveforms. As illustrated in FIG. 6A, for example,
a positional difference between the reflection points R1 and
R2 for one heartbeat is used to obtain a waveform represent-
ing a variation in thickness over time between these reflection
points, and, as illustrated in FIG. 6B, a positional difference
between the reflection points R2 and R3 for one heartbeat is
used to obtain a waveform representing a variation in thick-
ness over time between these reflection points. Based on the
obtained waveforms each representing a time-varying thick-
ness between adjacent reflection points, an amount of strain e,
occurring between adjacent reflection points in a vascular
wall radius direction is computed using the following formula

M

€; :Ah;/hdi (1)

[0058] wherein h is a thickness between adjacent reflec-
tion points toward the end of a heart expansion period when
the vascular wall is thickest; Ah, is a maximum of variation in
thickness between adjacent reflection points in a heart con-
traction period when the thickness is smallest during one
heartbeat. Based on the formula (1), comparison of Ah,
between the reflection points R1 and R2 of FIG. 6A with Ah,
between the reflection points R2 and R3 of FIG. 6B shows
that Ah,, is greater than Ah |, suggesting that the tissue between
the reflection points R1 and R2 is harder than the tissue
between the reflection points R2 and R3. Thus, the amount of
strain is calculated as vascular wall elastic characteristics by
the vascular wall elastic characteristics calculator 14 in step
S9.

[0059] Subsequently. through image processing whereby
the amounts of strain between adjacent reflection points in the
blood vessel V are assigned corresponding colors in a color
map, a strain image is displayed on the monitor 6 through the
intermediary of the display controller 5 in step S10. A strain
image as illustrated in FIG. 7, for example, contains a portion
C having a great strain at the center of a plaque, suggesting
that the central portion C in the plaque contains much lipid
that is softer than the portion around it.

[0060] This embodiment, whereby the second ultrasonic
beam is allowed to enter a blood vessel parallel to the vascular
wall, enables a high-accuracy measuring of a small phase
change. Further, accurate elastic characteristics obtained pro-
vide useful information for clinical medicine that cannot be
known from tomographic images.

[0061] Elastic characteristics that may be obtained include
elastic modulus, strain rate, and stiffness parameter, and the
strain image may contain any of these.
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[0062] Theelastic modulus, which may be an elastic modu-
lus E , in the radial direction of a blood vessel or an elastic
modulus Eg, in the circumferential direction, is obtained
using, for example, the following formulae (2) and (3).

E=Ap/(Ahih ) @
Eo=(ro/h A )Ap/2(AR /D z) €}
[0063] wherein r, is the inner radius of the blood vessel

toward the end of a heart expansion period, h, is a vascular
wall thickness toward the end of a heart expansion period, h
is a thickness between adjacent reflection points toward the
end of a heart expansion period, Ah, is a maximum of varia-
tion in thickness between adjacent reflection points in a heart
contraction period, A,, is a difference between a blood pres-
sure in a heart contraction period and a blood pressure toward
the end of a heart expansion period.

[0064] A strainrate SR, may beobtained from the following
formula (4) using Ah,, a maximum of variation in thickness
between adjacent reflection points in a heart contraction
period and AT, time from close to the end of a heart expansion
period to a heart contraction period.

SR=Ah/AT *

[0065] To obtain a stiffness parameter 3, first a maximum
blood vessel diameter Ds and a minimum blood vessel diam-
eter Dd are obtained as a blood vessel diameter D changes,
and a maximum Ps and a minimum Pd of blood pressure
reading are obtained by measuring the blood pressure and
these values are substituted in a formula (5) below.

p={Log(Ps/Pd)}/(Ds/Dd-1) (3)
Embodiment 2
[0066] FIG. 8 illustrates a configuration of the ultrasound

diagnostic apparatus according to Embodiment 2. This ultra-
sound diagnostic apparatus uses a diagnostic apparatus body
21 instead of the diagnostic apparatus body 2 of Embodiment
1 illustrated in FIG. 1. In the diagnostic apparatus body 21, a
vascular wall boundary detector 22 and a vertical vector cal-
culator 23 are provided between the tomographic image pro-
ducer 4 and the vascular wall expansion/contraction direction
detector 9 in order instead of the vascular wall detector 7 and
the portion-wise vascular wall movement direction detector 8
provided in the diagnostic apparatus body 2 in Embodiment
1

[0067] Asin Embodiment 1, the ultrasound probe 1 trans-
mits and receives the first ultrasonic beam to and from a blood
vessel of a subject, and the tomographic image producer 4
inputs the image data of a long-axis tomographic image pro-
duced based on the reception signals outputted from the ultra-
sound probe 1 to the vascular wall boundary detector 22. The
vascular wall boundary detector 22 uses the difference in
amplitude between blood vessel lumen and vascular wall in
the entered image data of the long-axis tomographic image to
detect the boundary between them and sets a plurality of
points on the detected boundary. The image data of the long-
axis tomographic image having the points set on the boundary
are outputted to the vertical vector calculator 23, which then
calculates unit vectors vertical to the boundary at the points
set on the boundary. The vascular wall expansion/contraction
direction detector 9 adds up the unit vectors at the points set
on the boundary calculated by the vertical vector calculator
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23 and obtains a direction substantially perpendicular to the
boundary to detect the vascular wall expansion/contraction
direction.

[0068] Based on the blood vessel expansion/contraction
direction thus detected, the bearing of the second ultrasonic
beam is set, and the second ultrasonic beam is transmitted
from and received by the ultrasound probe 1. Subsequently,
based on the reception signals from the reception points in the
vascular wall obtained using the second ultrasonic beam, the
vascular wall tracker 13 accurately tracks the movements of
the reflection points in the vascular wall to obtain the posi-
tional variations of the reflection points in the vascular wall
associated with the heartbeat. Based on the positional varia-
tions of the reflection points, the vascular wall elastic char-
acteristics calculator 14 calculates each thickness between
adjacent reflection points and calculates time-varying wave-
forms to obtain vascular wall elastic characteristics using the
time-varying waveforms.

[0069] This embodiment is capable of accurately measur-
ing a small phase change and obtaining useful information for
clinical medicine that cannot be exactly known from tomo-
graphic images. Further, because the vascular wall expan-
sion/contraction direction is detected by adding up the unit
vectors vertical to the boundary, an accurate detection of the
vascular wall expansion/contraction direction is possible
even when the movement of a vascular wall caused by the
heartbeat is not vertical to the vascular wall.

Embodiment 3

[0070] When, as illustrated in FIG. 9, the vascular wall
expands and contracts in the radial direction and also moves
in a direction perpendicular to the expansion/contraction
direction as the heart beats, the tracking of the vascular wall
may be achieved by obtaining the vascular wall expansion/
contraction direction using the ultrasound diagnostic appara-
tus according to Embodiment 2 and using the amplitude infor-
mation and the phase information of the reception signals
corresponding to the positions preceding and following the
movement.

[0071] First, as in Embodiment 2, the ultrasound probe 1
transmits and receives the first ultrasonic beam to and from
the blood vessel V of the subject, and the vascular wall bound-
ary detector 22 detects the boundary between the blood vessel
lumen and the vascular wall based on the amplitude informa-
tion of the reception signals outputted from the ultrasound
probe 1 and sets a plurality of points on the boundary. Sub-
sequently, the vertical vector calculator 23 calculates unit
vectors at the points on the boundary that are vertical to the
boundary while the vascular wall expansion/contraction
direction detector 9 adds up the unit vectors at the points on
the boundary to detect the vascular wall expansion/contrac-
tion direction.

[0072] Based on the vascular wall expansion/contraction
direction thus detected, the bearing of the second ultrasonic
beam is set, whereupon the ultrasound probe 1 transmits the
second ultrasonic beam composed of a plurality of scan lines
parallel to the vascular wall expansion/contraction direction.
Suppose that, as illustrated in FIG. 9, the vascular wall
expands/contracts and also moves in the longitudinal direc-
tion as the heart beats and, accordingly, a given portion of the
vascular wall moves from a position P1 to aposition P2 so that
the position P1 preceding the movement is located on a scan
line L1 of the second ultrasonic beam and the position P2
following the movement is located on a scan line L2 of the
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second ultrasonic beam. The ultrasonic echoes reflected off
the given portion of the vascular wall before and after the
movement are received by the ultrasound probe 1, which
supplies the vascular wall tracker 13 with the reception sig-
nals corresponding to the ultrasonic echoes through the trans-
mitter/receiver 3 and the phase information calculator 12.
[0073] The vascular wall tracker 13 accurately tracks the
vascular wall movement based on the amplitude information
and the phase information acquired from the reception signals
to obtain the positional variation of the vascular wall associ-
ated with the heartbeat. The inter-frame movement of the
given position of the vascular wall illustrated in FIG. 9, for
example, is accurately tracked based on the amplitude infor-
mation and the phase information acquired from the reception
signals to obtain the position P1 and the position P2 preceding
and following the movement respectively, while the scan
lines L1 and L2 respectively passing through the positions P1
and P2 out of the scan lines of the second ultrasonic beam are
obtained. Subsequently, based on the reception signal
obtained from the scan line L1 of the second ultrasonic beam
and the reception signal obtained from the scan line L.2 of the
second ultrasonic beam, the positional variation occurting in
the expansion/contraction direction between the points P1
and P2 is calculated from the phase difference between the
position P1 ofthe given portion ofthe vascular wall preceding
the movement and the position P2 of the given portion of the
vascular wall following the movement. Thus, the vascular
wall tracker 13 calculates the positional variation in the vas-
cular expansion/contraction direction associated with the
heartbeat based on the phases of the reception signals
obtained from the scan lines corresponding to the respective
positions of the portions in the vascular wall preceding and
following the movement out of the scan lines of the second
ultrasonic beam. The same tracking is carried out for a plu-
rality of reflection points in the vascular wall to obtain the
positional variation occurring in the expansion/contraction
direction of the reflection points corresponding to, say, one
heartbeat.

[0074] Based on the positional variations of the reflection
points occurring in the vascular wall expansion/contraction
direction obtained by the vascular wall tracker 13, the vascu-
lar wall elastic characteristics calculator 14 calculates each
thickness between adjacent reflection points and calculates
time-varying waveforms to obtain vascular wall elastic char-
acteristics using the time-varying waveforms.

[0075] This embodiment enables a high-accuracy measur-
ing of'a small phase change even when a vascular wall moves
in the axial direction of the blood vessel.

What is claimed is:

1. An ultrasound diagnostic apparatus comprising:

an ultrasound probe;

a transmitter/receiver for transmitting and receiving an
ultrasonic beam to and from a subject through the ultra-
sound probe;

an image producer for producing an ultrasound image
based on reception signals outputted from the ultrasound
probe;

a vascular wall expansion/contraction direction detector
for detecting a direction of radial expansion/contraction
of a vascular wall associated with a heartbeat in a long-
axis image of the vascular wall based on amplitude
information of the reception signals outputted from the
ultrasound probe when a first ultrasonic beam is trans-
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mitted and received to and from a blood vessel of the
subject through the ultrasound probe;

a transmission/reception controller for controlling the
transmitter/receiver so as to transmit and receive a sec-
ond ultrasonic beam parallel to the vascular wall expan-
sion/contraction direction detected by the vascular wall
expansion/contraction direction detector through the
ultrasound probe;

a vascular wall tracker for tracking a movement of the
vascular wall using amplitude information and phase
information of the reception signals outputted from the
ultrasound probe when the second ultrasonic beam is
transmitted and received; and

a vascular wall elastic characteristics calculator for calcu-
lating elastic characteristics of the vascular wall based
on the vascular wall movement tracked by the vascular
wall tracker.

2. The ultrasound diagnostic apparatus according to claim

1, wherein the vascular wall expansion/contraction direction
detector detects the vascular wall expansion/contraction
direction by tracking the vascular wall movement based on
the amplitude information of the reception signals outputted
from the ultrasound probe when the first ultrasonic beam is
transmitted and received by the transmitter/receiver.

3. The ultrasound diagnostic apparatus according to claim

1, wherein the vascular wall expansion/contraction direction
detector detects a boundary between a blood vessel lumen and
the vascular wall based on the amplitude information of the
reception signals outputted from the ultrasound probe when
the first ultrasonic beam is transmitted and received by the
transmitter/receiver and detects a direction substantially per-
pendicular to the detected boundary as the vascular wall
expansion/contraction direction.

4. The ultrasound diagnostic apparatus according to claim

1, wherein when the vascular wall moves in a direction per-
pendicular to the vascular wall expansion/contraction direc-
tion associated with a heartbeat, the vascular wall tracker
tracks the vascular wall movement using the amplitude infor-
mation and the phase information of the reception signals
corresponding to respective positions preceding and follow-
ing the movement.

5. An ultrasound diagnostic method comprising the steps

of:

transmitting and receiving through an ultrasound probe a
first ultrasonic beam to and from a blood vessel of a
subject;

detecting a direction of radial expansion/contraction of a
vascular wall associated with a heartbeat in a long-axis
image of the vascular wall based on amplitude informa-
tion of reception signals outputted from an ultrasound
probe when the first ultrasonic beam is transmitted and
received;

transmitting and receiving through the ultrasound probe a
second ultrasonic beam parallel to the detected vascular
wall expansion/contraction direction to and from the
blood vessel of the subject;

tracking a movement of the vascular wall using amplitude
information and phase information of the reception sig-
nals outputted from the ultrasound probe when the sec-
ond ultrasonic beam is transmitted and received; and

calculating elastic characteristics of the vascular wall
based on the tracked vascular wall movement.

6. The ultrasound diagnostic method according to claim 5,

wherein the vascular wall expansion/contraction direction is
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detected by tracking the vascular wall movement based on the
amplitude information of the reception signals outputted
from the ultrasound probe when the first ultrasonic beam is
transmitted and received.

7. The ultrasound diagnostic method according to claim 5,
wherein the vascular wall expansion/contraction direction is
detected by detecting a boundary between a blood vessel
lumen and the vascular wall based on the amplitude informa-
tion of the reception signals outputted from the ultrasound
probe when the first ultrasonic beam is transmitted and
received and detecting a direction substantially perpendicular
to the detected boundary as the vascular wall expansion/
contraction direction.
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8. The ultrasound diagnostic apparatus according to claim
5, wherein when the vascular wall moves in a direction pet-
pendicular to the vascular wall expansion/contraction direc-
tion associated with a heartbeat, the vascular wall movement
is tracked using the amplitude information and the phase
information of the reception signals corresponding to respec-
tive positions preceding and following the movement.

9. The ultrasound diagnostic apparatus according to claim
5, wherein an ultrasound image is produced based on the
reception signals outputted from the ultrasound probe when
the first ultrasonic beam is transmitted and received.
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