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An ultrasound diagnostic apparatus with which elastic modu-
lus can be measured when measuring elastic modulus using
shear wave generation. The ultrasound diagnostic apparatus
includes an ultrasound probe that sends and receives echo
signals, a strain-computing unit that receives an echo signal
from the body by radiating a first displacement-detecting
beam and computes strain information in a Region 1, a mea-
surement position-selecting unit that selects a Region 2,
within Region 1, based on the strain information, a displace-
ment-generating unit that radiates a focused beam into the
body and displaces the tissue, an elastic modulus-computing
unit that receives an echo signal from the body by radiating a
second displacement-detecting beam, detects the shear wave
displacement that results from the focused beam, and com-
putes the elastic modulus in Region 2, and a display unit that
displays the strain image that is based on the strain informa-
tion in Region 1 and the elastic modulus.
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ULTRASOUND DIAGNOSTIC APPARATUS
AND METHOD

TECHNICAL FIELD

[0001] The present invention relates to an ultrasound diag-
nostic apparatus which diagnoses a test body by sending and
receiving ultrasonic waves, and more particularly, the present
invention relates to an ultrasound diagnostic technique which
detects the difference in stiffness inside the test body.

BACKGROUND ART

[0002] There has been employed a method of diagnosing
the stiffness (strain, elastic modulus and the like) inside the
test body based on an ultrasonic echo signal (elastography
technique) as a diagnostic method of breast cancer, liver
cirrhosis, and angiopathy of a living body as the test body
instead of palpation given by a doctor. When diagnosing the
stiffness using the elastography technique, the practitioner
tightly contacts an ultrasound probe with the test body surface
so as to generate displacement in the tissue inside the body
(this method will be referred to as a general method). Based
on the echo signals before and after the pressure contact of the
tissue of the body, the displacement in the compression direc-
tion is estimated so that the strain as the spatial differentiating
amount of the displacement is obtained and imaged. This
method is extremely effective for the substance to be imaged,
that is, the organ (for example, mammary gland) that exists at
the position which can be easily pressed from the body sur-
face. However, it is not effective for all the substances to be
imaged. For example, a slip plane exists as an intervening
layer between the body surface and the liver, and it is difficult
to apply the pressure to generate sufficient displacement.
FHstimation of the elastic modulus using the general method
requires boundary conditions. In this case, however, the slip
plane may make the boundary conditions more complicated,
resulting in difficult estimation of the elastic modulus.
[0003] Alternatively, the technique of diagnosing the stiff-
ness has been introduced by using the focused beam as a
displacement generating transmission beam for applying the
radiation pressure to the inside ofthe testbody, and displacing
the target tissue while suppressing the influence of the inter-
vening layer. Patent Literature 1 discloses ARFI (Acoustic
Radiation Force Impulse) imaging, for example. The tech-
nique images the displacement amount of the tissue generated
in the moving direction of the focused beam, and measures
and images the elastic modulus as the average shear elastic
modulus (hereinafter referred to as the elastic modulus) in the
shear wave propagation region based on the estimation of the
propagation speed of the shear wave generated in the direc-
tion vertical to the advancing direction of the focused beam in
association with the tissue displacement at the focal point.
Use of the elastic modulus measurement technique through
generation of the shear wave provides the effect of allowing
the ultrasonic waves to displace the tissue in addition to
reduction of the influence of the intervening layer such as the
slip plane as described above. This technique is expected to
allow the diagnosis to be less dependent on the procedure.
[0004] Patent Literature 2 discloses the method capable of
imaging the dense elastic modulus distribution by measuring
the elastic modulus at a plurality of positions within the image
pickup field, and correlating the dense strain distribution
(relative value of stiffness) derived from the general method
to the rough elastic modulus (absolute value of stiffness).
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Generally, the term “absolute value” may refer to an unsigned
value indicating the distance from 0, or the term as an ant-
onym of the “relative value”. The term “absolute value”
herein will be mainly used as the antonym of the term “rela-
tive value”.

CITATION LIST

Patent Literature

[0005] Patent Literature 1: Publication of US patent appli-
cation No. 2004/068184

[0006] Patent Literature 2: JP-A-2009-201989
SUMMARY OF INVENTION
Technical Problem
[0007] Generally, attenuation of the shear wave is larger

than that of the longitudinal wave. When irradiating the single
focal point with the focused beam for measuring the elastic
modulus by the shear wave generation at the single point, the
region where the elastic modulus can be measured is limited
to be in the range of the shear wave propagation distance
(approximately 5 to 10 mm). When measuring the elastic
modulus in the wider region, the elastic modulus has to be
measured by generating the shear waves at a plurality of
points inside the desired region. Meanwhile, when measuring
the elastic modulus by generating the shear wave at each
point, the focused beam radiation time (several hundreds s to
1 ms) is longer than the ultrasonic beam radiation time used
for a B mode image by several hundreds to several thousands
times. The temperature rise of the body tissue and the ultra-
sound probe is proportional to the radiation time. Compared
with measurement of the B mode image, safety with respect
to the temperature rise may be deteriorated. The time interval
of the elastic modulus measurement may be increased (by 1 to
2 seconds) sufficiently for the purpose of safely measuring the
elastic modulus while suppressing the temperature rise in the
wider region. Increase in the time interval of the elastic modu-
lus measurement reduces the frame rate (the number of updat-
ings of the screen per unit of time). If the frame rate is
reduced, the influence of the body motion of the test body
becomes significant. This may deteriorate accuracy of the
elastic modulus measurement owing to shifting of the fault
planes and the strain owing to compression. As described
above, measurement of the elastic modulus by generating the
shear wave requires the technique that allows measurement of
the elastic modulus in the wider range while suppressing
decrease in the frame rate so as to ensure safety.

[0008] The technique disclosed in Patent Literature 2 may
improve safety, and ensures measurement of the elastic
modulus over a wide range. However, Patent Literature 2 does
not disclose the method of selecting the position at which the
elastic modulus is measured (the position at which the shear
wave 1s generated). If a plurality of stiffness parts exists in the
region at the single position where the elastic modulus is
measured, the measured elastic modulus may be provided as
the average value, thus deteriorating the measurement accu-
racy. The number of elastic modulus measurement positions
has to be increased for improving the measurement accuracy.
The increase in the measurement points may deteriorate the
frame rate. As described above, the elastic modulus has to be
measured the number of times as small as possible by select-
ing the position optimal for the elastic modulus measurement
with high accuracy.
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[0009] 1In view of the aforementioned problems, it is an
object of the present invention to provide an ultrasound diag-
nostic apparatus and an ultrasound display method capable of
improving accuracy of the elastic modulus measurement by
preliminarily selecting the position optimal for measuring the
elastic modulus of the test body so as to measure the elastic
modulus.

Means for Solving the Problem

[0010] In order to achieve the object, the present invention
provides an ultrasound diagnostic apparatus using an ultra-
sound probe for transmitting an ultrasonic beam to a test body
and receiving an echo signal, which includes a strain comput-
ing unit which radiates a first displacement detection beam,
and computes strain information in a region 1 based on the
echo signal from the test body that receives the first displace-
ment detection beam, a displacement generating unit which
radiates a focused beam to an inside of the test body to
displace a tissue in the test body, an elastic modulus comput-
ing unit which radiates a second displacement detection
beam, and detects a shear wave displacement generated by the
focused beam based on the echo signal from the test body that
receives the second displacement detection beam for detect-
ing an elastic modulus in a region 2 included in the region 1,
and a display unit which displays a strain image based on the
strain information and the elastic modulus.

[0011] In order to achieve the object, the present invention
provides an ultrasound diagnostic apparatus using an ultra-
sound probe for transmitting an ultrasonic beam to a test body
and receiving an echo signal, which includes a strain comput-
ing unit which radiates a first displacement detection beam,
and computes strain information in a region 1 based on the
echo signal from the test body that receives the first displace-
ment detection beani, a measurement position selecting unit
which selects a region 2 included in the region 1 based on the
strain information, a displacement generating unit which dis-
places a tissue inside the test body by radiating a focused
beam to the inside of the test body, and an elastic modulus
computing unit which radiates a second displacement detec-
tion beam, and detects a shear wave displacement generated
by the focused beam based on the received echo signal from
the test body so as to detect the elastic modulus in the region
2.

[0012] In order to achieve the object, the present invention
provides an ultrasound display method of displaying an
image on a display unit using an ultrasound probe for trans-
mitting an ultrasound beam to a test body and receiving an
echo signal from the test body based on the received echo
signal. The method includes the steps of computing strain
information in a first region by radiating a first displacement
detection beam and receiving the echo signal from the test
body, displaying a strain image based on the computed strain
information on the display unit, displacing a tissue of the test
body by radiating a focused beam in the test body; radiating
the second displacement detection beam and receiving the
echo signal from the test body to detect a shear wave displace-
ment generated by the focused beam, computing an elastic
modulus in the second region included in the first region
based on the shear wave displacement, and the computed
elastic modulus is displayed on the display unit.

Advantageous Effects of Invention

[0013] The present invention provides the ultrasound diag-
nostic apparatus with high accuracy and a method of hybrid
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type for displaying a combined image of the strain image
generated based on the strain information and the elastic
modulus derived from the shear wave generation. The single
position is set as the elastic modulus measurement point
through generation of the shear wave. This makes it possible
to provide the significantly safe ultrasound diagnostic device
and the ultrasound display method.

BRIEF DESCRIPTION OF DRAWINGS

[0014] FIG. 1is a view showing an overall system structure
of an ultrasound diagnostic apparatus according to a first
example.

[0015] FIG. 2 is an explanatory view showing a method of
displaying a strain image based on strain information accord-
ing to the first example.

[0016] FIG. 3 is a view showing a flowchart of the process
executed using a hybrid method according to the first
example.

[0017] FIGS. 4A and 4B are explanatory views showing a
method of selecting an elastic modulus measurement position
according to the first example.

[0018] FIGS.5A and 5B are explanatory views showing an
ultrasonic beam forming according to the first example.
[0019] FIG. 6 is a view showing a measurement performed
by an ultrasound probe according to the first example.
[0020] FIG. 7 is an explanatory view showing a method of
estimating a shear wave propagation speed according to the
first example.

[0021] FIG. 8 is a view showing a relationship between the
elastic modulus and the strain.

[0022] FIG. 9 is an explanatory view showing a method of
displaying the elastic modulus image according to the first
example.

[0023] FIG. 10 is a view showing an overall system struc-
ture of the ultrasound diagnostic apparatus according to a
second example.

[0024] FIG. 11 is a view showing a measurement using the
ultrasound probe according to the second example.

[0025] FIG. 12 is an explanatory view showing a sequence
of sending and receiving ultrasound waves according to the
second example.

[0026] FIG. 13 is a view showing a shear wave penetration
according to the second example.

[0027] FIG. 14 is an explanatory view showing a direction
of the shear wave displacement and a direction of the shear
wave propagation according to the second example.

[0028] FIG. 15 is an explanatory view showing a relation-
ship of a distance between two focal points, and a temperature
rise according to the second example.

[0029] FIGS. 16A-16D are conceptual views showing an
emphasis on sensitivity and safety derived from a burst-chirp
method according to the second example.

[0030] FIG. 17 is a flowchart of the process executed using
the hybrid method according to the second example.

[0031] FIG. 18 is an explanatory view showing a selected
elastic modulus measurement position according to a fourth
example.

[0032] FIGS. 19A and 19B are explanatory views showing
each size of a kernel and a filter according to a fifth example.
[0033] FIG. 20 is aview showing a relationship between the
elastic modulus and the strain according to the fifth example.
[0034] FIG. 21 is a view showing an overall structure of an
ultrasound diagnostic system according to a first modified
example of the first example.
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[0035] FIGS. 22A and 22B are explanatory views showing
radiation of displacement generating ultrasound waves in the
ultrasound diagnostic apparatus according to a second modi-
fied example of the first example.

[0036] FIG. 23 is a view showing an overall structure of the
ultrasound diagnostic system according to the second modi-
fied example of the first example.

DESCRIPTION OF EMBODIMENT

[0037] Examples of an embodiment according to the
present invention will be described. Hereinafter, various
functional programs executed by the processing part of the
computer will be expressed by functions, means and units.
For example, the program for computing the elastic modulus
will be referred to as an elastic modulus computing function,
elastic modulus computing means, an elastic modulus com-
puting unit, or the like. As described above, the process of
combining the strain image based on strain information and
the elastic modulus measured through shear wave generation
will be referred to as the hybrid method.

First Example

[0038] A first example relates to an ultrasound diagnostic
apparatus using an ultrasound probe for transmitting an ultra-
sonic beam to a test body and receiving an echo signal, which
includes a strain computing unit 24 which radiates a first
displacement detection beam, and computes strain informa-
tion in a region 1 based on the echo signal from the test body
that receives the first displacement detection beam, a dis-
placement generating unit 10 which radiates a focused beam
to an inside of the test body to displace a tissuein the test body,
an elastic modulus computing unit 34 which radiates a second
displacement detection beam, and detects a shear wave dis-
placement generated by the focused beam based on the echo
signal from the test body that receives the second displace-
ment detection beam for detecting an elastic modulus in a
region 2 included in the region 1, and a display unit 7 which
displays a strainimage based on the strain information and the
elastic modulus.

[0039] Theultrasound diagnostic apparatus of this example
includes a measurement position selecting unit 40 which
selects at least one elastic modulus detection position at
which the elastic modulus is detected based on the strain
information. At least one focal point position irradiated by the
focused beam is determined from at least the one elastic
modulus detection unit selected by the measurement position
selecting unit 40. The measurement position selecting unit 40
allows the operator to select the elastic modulus detection
position while observing the image displayed on the display
unit 7. The display unit 7 displays the color scale indicating
the elastic modulus in the display range of the strain image to
be displayed.

[0040] The example relates to an ultrasound diagnostic
apparatus using an ultrasound probe for transmitting an ultra-
sonic beam to a test body and receiving an echo signal, which
includes a strain computing unit 24 which radiates a first
displacement detection beam, and computes strain informa-
tion in a region 1 based on the echo signal from the test body
that receives the first displacement detection beam, a mea-
surement position selecting unit 40 which selects a region 2
included in the region 1 based on the strain information, a
displacement generating unit 10 which displaces a tissue
inside the test body by radiating a focused beam to the inside
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of the test body, and an elastic modulus computing unit 34
which radiates a second displacement detection beam, and
detects a shear wave displacement generated by the focused
beam based on the received echo signal from the test body so
as to detect the elastic modulus in the region 2.

[0041] In the ultrasound diagnostic apparatus as described
above, the measurement position selecting unit 40 obtains a
position at which a standard deviation of a strain distribution
in the region 1 or a difference between a maximum value and
a minimum value is smaller than a threshold value when
selecting the region 2. The elastic modulus computing unit 34
calculates a stress using the elastic modulus in the region 2
and the strain information in the region 2, and computes the
elastic modulus of the region 1 from the strain information in
the region 1 and the stress. The measurement position select-
ing unit 40 selects the region 2 by extracting a contour of the
strain distribution in the region 1 by processing the image.
The ultrasound diagnostic apparatus further includes a dis-
play unit 7. The measurement position selecting unit 40
allows an operator to select the region 2 based on the strain
image displayed on the display unit 7.

[0042] The example relates to an ultrasound display
method of displaying an image on a display unit using an
ultrasound probe for transmitting an ultrasound beam to a test
body and receiving an echo signal from the test body based on
the received echo signal. The method includes the steps of
computing strain information in a first region by radiating a
first displacement detection beam and receiving the echo
signal from the test body, displaying a strain image based on
the computed strain information on the display unit, displac-
ing a tissue of the test body by radiating a focused beam in the
test body; radiating the second displacement detection beam
and receiving the echo signal from the test body to detect a
shear wave displacement generated by the focused beam,
computing an elastic modulus in the second region included
in the first region based on the shear wave displacement, and
the computed elastic modulus 1s displayed on the display unit
7.

[0043] The example provides the aforementioned ultra-
sound diagnostic method for determining the focal point posi-
tion of the focused beam selected based on the strain infor-
mation. The example also relates to the ultrasound diagnostic
method in which the second region irradiated by the second
displacement detection beam is selected from a location with
the uniform strain information based on the strain image
displayed on the display unit. In the ultrasound diagnostic
method, the display unit displays a scale indicating the elastic
modulus in a display range of the strain image to be displaced.
[0044] FIG. 1 shows a specific example of the overall sys-
tem structure of the ultrasound diagnostic apparatus accord-
ing to a first example. An ultrasound probe 1 brought into
contact with an outer skin ofa not shown test body includes an
ultrasound send-receive surface having an arrangement of a
plurality of oscillators for sending and receiving ultrasonic
waves to and from the test body, and is connected to a send-
receive switch 2. A central control unit 3 serves to control the
ultrasound diagnostic apparatus. Especially, the central con-
trol unit 3 is configured to control a displacement generating
unit 10 for generating the displacement in the test body, the
send-receive switch 2, a first ultrasonic send-receive unit 20,
a strain computing unit 24, a second ultrasonic send-receive
unit 30, an elastic modulus computing unit 34 for computing
the elastic modulus, a measurement position selecting unit
40, and a color scale setting unit 50. The ultrasound probe 1 is
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connected to a displacement generating transmission beam
forming unit 13, the first ultrasonic send-receive unit 20, and
the second ultrasonic send-receive unit 30 via the send-re-
ceive switch 2.

[0045] The send-receive switch 2 is controlled to interrupt
or cut the connection between the ultrasound probe 1 and the
displacement generating transmission beam forming unit 13,
the first ultrasonic send-receive unit 20, and the second ultra-
sonic send-receive unit 30 via the central control unit 3. The
displacement generating transmission beam forming unit 13
generates the focused beam radiated to the inside of the test
body so as to displace the tissue inside the test body.

[0046] The first ultrasonic send-receive unit 20 is con-
trolled by the central control unit 3 to add the delay time and
weight to a wave transmission signal of an element of the
ultrasound probe 1 using the waveform generated by a dis-
placement detection transmission waveform generating unit
which is not shown in the drawing so that the displacement
detection ultrasonic beam is focused at a desired position of
the not shown test body. An echo signal reflected by the inside
of the test body to return to the probe is converted into an
electric signal by the ultrasound probe 1, and is sent to the first
ultrasonic send-receive unit 20. The first ultrasonic send-
receive unit 20 includes a signal processing circuit which
performs phasing addition of the echo signal, envelope
demodulation, log compression, band pass filter, and gain
control.

[0047] An output signal from the first ultrasonic send-re-
ceive unit 20 is input to a black-and-white DSC (Digital Scan
Converter) 5, and a displacement computing unit 22. The
black-and-white DSC 5 generates fault layer image (B mode
image) information indicating luminance of black and white.
The displacement computing unit 22 is configured to com-
pute the displacement of each point by an image correlation
using the fault images of two adjacent frames. The displace-
ment information output from the displacement computing
unit 22 is input to a strain computing unit 24 so that only the
strain at each point is computed based on a displacement
spatial differentiation. The strain information is input to the
color DSC 4 which provides hue modulation in accordance
with the value of the strain information.

[0048] An image 41 having hue modulated by the color
DSC 4 (hereinafter referred to as a strain image) based on the
strain information is sent to a combining unit 6, which is
combined with a B mode image 45. The combined image is
then displayed on the display unit 7 as the strain image. The
strain information calculated by the strain computing unit 24
is sent to a measurement position selecting unit 40 and a color
scale setting unit 50 via the central control unit 3. The color
scale setting unit 50 generates a color scale 43 corresponding
to the strain image 41 based on maximum and minimum
values of the strain.

[0049] Referring to FIG. 2, the display unit 7 displays the
color scale 43 adjacent to the B mode image 45 and the strain
image 41. Referring to the drawing, such terms as “hard”
indicating a small strain, and “soft” indicating a large strain
are marked adjacent to the color scale. The strain image 41
has been described as the image having hue modulated based
on the strain information. However, it is possible to provide
the monochrome modulated image based on the strain infor-
mation.

[0050] The strain information calculated by the strain com-
puting unit 24 is sent to the measurement position selecting
unit 40. The measurement position selecting unit 40 performs
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the signal processing based on two-dimensional strain infor-
mation, and determines the position in the fault plane where
the elastic modulus is measured. The position information
determined by the measurement position selecting unit 40 is
input to a focal point position setting unit 12 of the displace-
ment generating unit 10 via the central control unit 3.
[0051] The displacement generating unit 10 will be
described. The displacement generating transmission beam
forming unit 13 for forming the focused beam is controlled by
the central control unit 3 to add the delay time and weight to
the wave transmission signal of an element 100 of the ultra-
sound probe 1 using the waveform generated by the displace-
ment generating transmission waveform generating unit 11 so
that the ultrasonic beam is focused on the position set by the
focal point position setting unit 12, that is, the focused posi-
tion set based on the position determined by the measurement
position selecting unit 40. The electric signal from the dis-
placement generating transmission beam forming unit 13 is
converted into an ultrasonic signal by the ultrasound probe 1
via the send-receive switch 2. Then the focused beam for
displacement generation is radiated to the not shown test
body.

[0052] The second ultrasonic send-receive unit 30 is con-
trolled by the central control unit 3 to add the delay time and
weight to the wave transmission signal of the element of the
ultrasound probe 1 using the waveform generated by the
displacement detection transmission waveform generating
unit not shown in the drawing so that the displacement detec-
tion ultrasonic beam is focused on the desired position of the
not shown test body. The echo signal reflected by the inside of
the test body to return to the probe is converted into an electric
signal by the ultrasound probe 1, and is sent to the second
ultrasonic send-receive unit 30. The second ultrasonic send-
receive unit 30 includes a signal processing circuit which
performs phasing addition of the echo signal, envelope
demodulation, log compression, band pass filter, and gain
control.

[0053] An output signal from the second ultrasonic send-
receive unit 30 is input to a shear wave displacement comput-
ing unit 32. The shear wave displacement computing unit 32
is configured to compute each displacement of the points by
correlation computing. The displacement information output
from the shear wave displacement computing unit 32 is input
to the elastic modulus computing unit 34 so that the value
relevant to stiffness such as the propagation speed of the shear
wave and elastic modulus is calculated. The value relevant to
the stiffness is sent to the combining unit 6 so as to be dis-
played on the screen together with the B mode image and the
strain image displayed by the display unit 7.

[0054] The central control unit 3, the displacement com-
puting unit 22, the strain computing unit 24, the shear wave
displacement computing unit 32, the elastic modulus com-
puting unit 34, the measurement position selecting unit 40
and the like which constitute a part of the block shown in the
drawing may be realized by executing the program by the
central processing unit (CPU) serving as the processing unit.
The ultrasound diagnostic system according to the first
examplehas been described with respect to the first ultrasonic
send-receive unit 20 and the second ultrasonic send-receive
unit 30 separately as shown in FIG. 1. Such description has
been made by prioritizing the function. From the aspect of
mounting the apparatus, it is possible to form the first and the
second ultrasonic send-receive unit into the single ultrasonic
send-receive unit.
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[0055] The process flow of the hybrid method of the
example will be described referring to FIG. 3. Referring to the
process flow shown in FIG. 3, a series of the process will be
described sequentially from start to the end of diagnosis sub-
sequent to display of the elastic modulus image. First in step
S00, the stiffness diagnosis using the hybrid method is
started. The starting signal is input via a not shown input
device. Before starting the hybrid method, the B mode image
or the strain image is displayed on the display unit 7. Upon
start of the diagnosis using the hybrid method, the strain
information in a desired region ROI (Region of Interest) input
via a not shown input device is obtained (step S02). The ROI
for obtaining the strain information will be referred to as
ROL_s or a first region (Region 1).

[0056] The strain information may be derived from the
general method. That is, the ultrasound probe 1 is pressed
against the surface of the test body so that the displacement
and strain are detected by sending and receiving ultrasonic
waves with repetition while compressing the body surface.
Upon detection of the strain, the first ultrasonic send-receive
unit 20 serves to add the delay time and weight to the ultra-
sonic transmission, and to convert the echo signal into the
electric signal. The displacement computing unit 22 serves to
compute the displacement. The strain computing unit 24
serves to calculate the strain information.

[0057] When the strain computing unit 24 finishes comput-
ing of the strain, the B mode image from the black-and-white
DSC 5 and the strain image from the color DSC 4 are com-
bined by the combining unit 6, and the combined image is
displayed on the display unit 7 as shown in FIG. 2 (step S04).
[0058] At the end of computing the strain, the measurement
position selecting unit 40 determines the position optimal for
measuring the elastic modulus (step S06). The region where
the elastic modulus is measured designated as ROI_e or a
second region (Region 2). It is small enough to be included in
the region ROI_s or the first region (Region 1) where the
strain is displayed. The region optimal for the elastic modulus
measurement is the ROI_e(1) shown in FIG. 2, having the
same strain value as the one in the ROI_e, that is, the region
with the same stiffness. The region having two or more strain
amounts mixed in the ROI_e like the ROI_e(2) is not prefer-
able for the elastic modulus measurement. If the elastic
modulus is measured in the ROI where two ot more strain
amounts are mixed, the average elastic modulus is obtained,
thus deteriorating the measurement accuracy. It is necessary
to set the region having the same value of the strain amount as
much as possible (that is, uniform strain amount) as the elastic
modulus measurement position. The optimal elastic modulus
measurement position will be determined by subjecting the
strain information and strain image to the signal processing.
[0059] The signal processing using the hybrid method
according to the example will be described. In this case, the
ultrasound probe 1 of linear array type is brought into contact
with the surface of the test body so that the displacement
generating transmission beam is focused on the target fault
plane in the body. It is assumed that the propagation direction
of the displacement generating transmission beam is vertical
to the body surface in the desired fault plane.

[0060] A rectangularregion (kernel K) is produced for con-
ducting the signal processing method. Preferably, the kernel
K has the same size as that of the region ROI_e for measuring
the elastic modulus, that is, the second region (Region 2). The
length ofthe ROI_ein the depth direction is determined by the
width of the focused beam for shear wave generation (=dis-
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placement generating transmission beam) upon measurement
of the elastic modulus in the depth direction (alternatively,
distance direction, displacement direction). The width in the
depth direction denotes the value expressed by the width of -6
dB with the beam shape in the depth direction. The length of
the ROI_e in the orientation direction is determined by the
propagation distance of the shear wave in the propagation
direction. In this case, the propagation distance of the shear
wave denotes the maximum distance from the focal point
position at which the shear wave displacement may be
detected in the direction along the shear wave propagation
direction. The length of the ROI_e in the depth direction is 10
mm, and the length of the ROI_e in the orientation direction
is 5 mm. In such a case, it is preferable to set the length 1y of
the kernel K in the depth direction to 10 mm, and the length 1x
ofthe ROI_ein the orientation direction to 5 mm. Each length
of the respective lines of the ROI_e and the kernel K is not
limited to 10 mm in the depth direction nor 5 mm in the
orientation direction.

[0061] The central control unit 3 shown in FIG. 1 reads
locations of the mammary gland, prostatic gland, blood ves-
sel and liver, frequency of carrier of the ultrasonic beam for
generating the shear wave, F value (=focal point distance/
opening aperture), and the size of the kernel K adapted to the
focal point distance from a not shown storage medium. The
obtained data are employed for the signal processing pet-
formed by the measurement position selecting unit 40. The
size of the kernel K may be input by the operator via a not
shown input medium.

[0062] As FIG. 4A shows, a kernel K 42 moves from right
to leftorup and down in the strain image 41. It is assumed that
the position of the kernel K 42 is expressed by P(x,y) as its
center position. The x axis denotes the orientation direction,
and the y axis denotes the depth direction. Computing is
executed using the strain information at each of the positions
P(x,y). The optimal elastic modulus measurement position is
determined by the value computed using the strain informa-
tion in the kernel. For example, a standard deviation S(x,y) of
the strain in the kernel K is calculated with respect to the
kernel position P(x,y). The optimal elastic modulus measure-
ment position is determined as the position at which the
standard deviation is minimized. As for another example, the
difference between the maximum and minimum values of the
strain amount in the kernel, that is, Max-min(x,y) is com-
puted, and the position at which the difference Max-min has
the minimum value is determined as the optimal elastic
modulus measurement position. Alternatively, the region
having the same value of the strain amount may be deter-
mined using the known calculation expression.

[0063] Besides production of the kernel K 42 for comput-
ing as described above, it is possible to apply the image
processing to the strain image such as the strain image 41
using the known two-dimensional filter (hereinafter referred
to as a filter G) 44 used for the image processing so as to
determine the optimal elastic modulus measurement position.
Preferably, the filter G 44 has the same size as that of the
ROI_e where the elastic modulus is measured likewise the
kernel K. For example, the length 1y in the depth direction is
set to 10 mm, and the length 1x in the orientation direction is
set to 5 mm. Each length of the lines of the filter G is not
limited to 10 mm in the depth direction, nor 5 mm in the
orientation direction. The central control unit 3 reads the size
of the filter G adapted to locations of the mammary gland,
prostatic gland, blood vessel and liver, frequency of carrier of
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the shear wave generating ultrasonic beam, F value and the
focal distance from a not shown storage medium. The
obtained information is employed for the signal processing
executed by the measurement position selecting unit 40. The
size of the filter G may be input by the operator via a not
shown input medium.

[0064] The filter G 44 is a well-known filter for the image
processing technique, for example, and employs a Laplacian
filter as the one used for extracting the image contour. The
image processing using the Laplacian filter extracts the strain
in the strain image 41. Upon extraction of the contour of the
strain distribution, the strain information in the strain image
41 is divided into a plurality of regions. As a result of the
image processing, a plurality of regions R(1), R(2) and R(3)
are obtained as shown in FIG. 4B. For simplification of the
description, the number of regions is set to 3. However, the
number of the regions may be any integer equal to or larger
than 2. Among a plurality of regions, the region R(n) (n=1, 2,
3, ...) is selected as the elastic modulus calculation region
ROI_e, that is, the region R(n) larger than the filter G as the
optimal elastic modulus measurement region.

[0065] Referring to the example shown in FIG. 4B, it is
judged that the regions R(1) and R(2) are suitable elastic
modulus measurement regions, and the region R(3) is unsuit-
able elastic modulus measurement region. Among the suit-
able elastic modulus measurement regions, the optimal
region R(n) for the elastic modulus measurement is output to
the central control unit 3. In other words, the measurement
position selecting unit 40 automatically selects the region
with the largest area in the appropriate regions as the optimal
region R(n). The filter G is capable of applying the known
filter other than the Laplacian filter.

[0066] In step SO8 of FIG. 3, the focused beam as the
displacement generating transmission beam is radiated to the
focal point position determined based on the optimal elastic
modulus measurement position and the region to generate the
shear wave, and the propagation speed of the shear wave is
estimated for computing the elastic modulus.

[0067] As described above, in this case, the ultrasound
probe 1 of linear array type is brought into contact with the
test body surface, and the displacement generating transmis-
sion beam is focused on the target fault plane in the body. An
explanation will be made with respect to the case where the
propagation direction of the displacement generating trans-
mission beam is vertically directed to the body surface in the
desired fault plane.

[0068] Concerning the position of the focal point F of the
displacement generating transmission beam, the optimal
elastic modulus measurement position determined by the
measurement position selecting unit 40 is output to the central
control unit 3, through which the position of the focal point F
is input to the focal point position setting unit 12.

[0069] Ifthekernel K isproduced for calculation so that the
optimal elastic modulus measurement position is determined
as P(x1,y1) as shown in FIG. 44, the position of the focal
point F is set to F(x1-Ax,y1), for example. In this case, the Ax
is the value corresponding to the value half the width of the
ROI_e in the orientation direction, that is, the value corre-
sponding to half of the propagation distance of the shear
wave. If the kernel K has the same size as that of the region
ROI_e where the elastic modulus is measured, the length of
the ROI_e in the orientation direction is 1x. Accordingly, the
relationship of Ax=1x/2 is obtained. In such a case, the dis-
placement generating transmission beam is radiated to the left
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end of the kernel K so as to detect displacement of the shear
wave which propagates in +x direction. The displacement
direction of the shear wave is vertical to the x axis, that is, y
direction.

[0070] Assuming that the image processing is executed
using the filter G to select the optimal region R(n), and the
optimal elastic modulus measurement position is determined
as the center of gravity of the R(n), that is, P(x2,y2), the
position of the focal point F input to the focal point position
setting unit 12 is determined as P(x2-Ax,y2).

[0071] When converting the optimal elastic modulus mea-
surement position to the position of the focal point F, the
central control unit 3 reads an optimal conversion method
based on locations of the mammary gland, prostatic gland,
blood vessel and liver, carrier frequency of the ultrasonic
beam for generating the shear wave, and the F value from a
not shown recording medium. Then the central control unit 3
or a not shown central processing unit functioning as the
processing unit executes computation for conversion.

[0072] The displacement generating transmission beam
forming unit 13 performs beam forming of the displacement
generating ultrasonic wave. As FIGS. 5(a) and (b) show, the
beam forming is conducted by obtaining the distance between
the focal point and each element 100 of the ultrasound probe
1, and applying the delay time computed by dividing the
difference in the distance between the elements by the sonic
speed of the object for each element so as to transmit waves.
FIGS. 5(a) and (b) clearly show that the position of the focal
point F may be changed by controlling the delay time. When
irradiating the focal point F with the displacement generating
transmission beam, radiation pressure is generated in accor-
dance with absorption and scattering of the ultrasonic waves
in association with propagation. Generally, the radiation pres-
sure is maximized at the focal point, and displacement is
generated in the body tissues in the focal region. Upon inter-
ruption of radiation of the displacement generating transmis-
sion beam, the displacement amount will be moderated.
[0073] Referring to FIG. 6, the resultant radiation pressure
generates the shear wave in the direction parallel to the test
body surface, taking the focused point as a point of origin. As
FIG. 6 shows, when the position of the focal point F is set, a
raster used for detection of the shear wave propagation dis-
placement (several ums to several tens ums) and a sampling
point on the raster are determined. The PRF (Pulse Repetition
Frequency) of received displacement detection beam for each
raster is set to satisfy Nyquist Theorem with respect to the
expected frequency of the shear wave. For example, if the
raster is in the same direction as that of the shear wave
displacement, the PRF is increased higher than the frequency
of the shear wave twice or more.

[0074] When detecting the displacement of the shear wave
in the region ROI_e, the second ultrasonic send-receive unit
30 adds the delay time for ultrasonic transmission and weight,
and executes the process of converting the echo signal into the
electric signal. The shear wave displacement computing unit
32 executes the displacement computing.

[0075] The aforementioned raster used for the displace-
ment detection performs ultrasonic sending and receiving for
the purpose of detecting the shear wave displacement. The
process of ultrasonic sending and receiving is performed once
before radiating the displacement generating transmission
beam so as to obtain a reference signal for displacement
calculation. Then the process of ultrasonic sending and
receiving is performed a plurality of times for a period from a
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time point immediately after radiation of the displacement
generating transmission beam to the time point at which the
shear wave finishes propagation in the ROI_e so as to obtain
aplurality of ultrasonic signals. The shear wave displacement
computing unit 32 performs the correlation computing of a
plurality of ultrasonic signals and the reference signal after
radiation of the displacement generating transmission beam
so that the displacement is calculated.

[0076] The elastic modulus computing unit 34 for comput-
ing the elastic modulus converts the displacement informa-
tion calculated at a plurality of clock times into the temporal
waveform information with respect to the shear wave dis-
placement. The temporal waveform is obtained with respect
to positions of a plurality of rasters x(n) (n=1, 2, 3, . ..) for
observing the shear wave displacement along its propagation
direction. At the time t(n), the shear wave displacement is
maximized for each of the temporal waveforms at the respec-
tive positions x(n). A shear wave propagation speed ¢ is
estimated from the relational expression of x(n) and t(n). As
FIG. 7 shows, the shear wave propagation speed is estimated
from the gradient of a linear primary approximation line 101
formed by plotting the x(n) corresponding to t(n). The elastic
modulus (Young’s modulus) E is computed by substituting
the shear wave propagation speed ¢ for E=3pc?, where p
denotes the density of the tissue subjected to the elastic modu-
lus measurement.

[0077] In this example, the elastic modulus image is dis-
played in step S10 shown in FIG. 3. Generally, correlation
among the elastic modulus E, strain € and stress o 1s expressed
by the relational expression of E=0/e. If the stress in the strain
distribution ROI_s is kept constant, the elastic modulus E and
the strain € are brought into an inversely proportional rela-
tionship as a curve 102 in FIG. 8 shows. The stress is calcu-
lated from the average value €' of the strain in the ROI e
where the elastic modulus is measured and the elastic modu-
lus E' calculated in step S08. The elastic modulus distribution
corresponding to the strain distribution is computed from the
stress and the strain distribution derived from the generally
employed method. The information about strain and the elas-
tic modulus corresponding to the strain, or the stress infor-
mation calculated using the relational expression of E=o/e
will be sent to the color scale setting unit 50 from the elastic
modulus computing unit 34 via the central control unit 3. If
the information of the strain, and the elastic modulus corre-
sponding to the strain is input to the color scale setting unit 50,
the color scale unit calculates the stress. If the stress calcu-
lated using the relational expression of E=0/e is input to the
color scale setting unit 50, the central control unit 3 computes
the stress using the information of the strain and the elastic
modulus corresponding to the strain, and the expression of
E=o/e. The stress is calculated by the central processing unit
functioning as the processing unit for executing the program.
[0078] The color scale setting unit 50 computes the elastic
modulus distribution in the ROI_s corresponding to the strain
distribution in the ROI_s as the first region (Region 1). The
color scale setting unit 50 converts the strain color scale into
the elastic modulus color scale.

[0079] As FIG. 9 shows, the display unit 7 displays the B
mode image 45, the elastic modulus image 46, and the color
scale 43 indicating the elastic modulus information. The dis-
play range of the elastic modulus image 46 is the same as that
of the previously shown strain image 41, and displayed in full
color. Minimum and maximum values 47 of the elastic modu-
lus (absolute value) expressed by the color scale 43 are dis-
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played therearound. The method of determining the elastic
modulus, and the method of calculating the minimum and
maximum values of the color scale will be described in detail
in reference to FIG. 8 when setting two effective regions of
ROI_e for measuring the elastic modulus. Measurement
results €l and €2 of the strain distribution in the ROI1 and
ROI2 are obtained. Then values of the elastic modulus E1 and
E2 at the same position are obtained. Then the value o that
satisfies the expression E=0/e passing the two points is deter-
mined, resulting in the curve as shown in FIG. 8. The maxi-
mum and minimum values of the strain in the ROI_s, that is,
€, ande, . areobtained to provideE,, . andE, . using the
computed value of o (based on the curve of FIG. 8). The
values of the elastic modulus in the ROI_s may all be dis-
played in the color scale using the E,_and E, ,, as the
maximum and minimum values of the color scale shown in
FIG. 9. The explanation has been made with respect to two
ROI_s. However, three or more ROI_s are applicable, or the
least square fitting may be used to obtain the most probable
value o. It is assumed that the stress o is spatially uniform.
However, it is possible to further improve the accuracy by
monotonously decreasing the stress oin the depth direction if
there are three regions ROI_e. In this case, the elastic modulus
is expressed by the color scale. This method allows display of
parameters concerning other dynamic elasticity besides the
elastic modulus, for example, sonic speed of transverse wave
and Poisson’s ratio.

[0080] The hybrid method converts the strain information
into the information of the absolute value of stiffness (elastic
modulus and the like) over the entire area in the first region
ROI_s where the image including the strain information as
the relative value of stiffness is displayed. Then the image
including the absolute value information of stiffness is dis-
played in the ROI_s. Upon elastic modulus measurement for
displaying the elastic modulus image according to the
example, the single point is set as the elastic modulus mea-
surement point. Accordingly, it is possible to reduce the tem-
peraturerise of the body tissue around the focal point, and the
ultrasound probe 1. It is further possible to form an image of
the elastic modulus information in the region wider than the
elastic modulus measurement range indicating the absolute
value of stiffness. As the elastic modulus is measured by
selecting the location with uniform stiffness, it is possible to
measure the elastic modulus with high accuracy at the single
location.

[0081] The value concerning the stiffness calculated in step
S08 shown in FIG. 3, and the value concerning the stiffness
displayed in step S10 may be regarded as amounts of absolute
stiffness value, for example, shear wave propagation speed
and shear elastic modulus (=pc?) in addition to the elastic
modulus.

[0082] It is judged whether or not the diagnosis using the
hybrid method is finished in step S12. The signal indicating
end of the hybrid method is input via a not shown input
device. If the end signal has been input at the time when the
determination is made with respect to the end of diagnosis,
conduction of the hybrid method is finished in step S14. After
the end of the hybrid method, the strain image derived from
the general method is superposed on the B mode, and the
resultant image is displayed, or only the B mode image is
displayed.

[0083] Ifthe diagnosis is not finished in step S12 of FIG. 3,
the process returns to step S02 or S08. If the process returns to
step S02 where the elastic modulus measurement position is
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selected, it is possible to select the point with uniform stiff-
ness again. This may improve measurenient accuracy and
robustness against the body motion. Meanwhile, if the pro-
cess returns to step SO08, it is possible to reduce the time for
signal processing and calculation cost. In this step, however,
as the shear wave generating ultrasonic beam is radiated to the
same location every time, safety cannot be ensured compared
with step S02.

[0084] Referring to the processing flow shown in FIG. 3,
the strain image and the elastic modulus image are alternately
displayed with repetition. In step S08, if the elastic modulus
is measured at the same location, the time interval of 1 to 2
seconds or longer is needed for the elastic modulus measure-
ment for the purpose of suppressing the temperature rise in
the body. This may result in the frame rate of the elastic
modulus image of 1 or lower. Meanwhile, the frame rate of
the strain image obtained in steps S02 and S04 is normally 10
approximately. It is preferable to update the strain image for
the period from display of the strain image in step S04 to
display of the elastic modulus image in step S10 for the
purpose of keeping the real time ultrasonic image. For
example, after updating the strain image 10 times, the elastic
modulus image may be updated once. In this case, the elastic
modulus measurement position selected in step S06 may be
shifted in the image pickup profile while updating the strain
image. In order to prevent such shifting of the elastic modulus
measurement position, Motion Correction method (see H.
Yoshikawa, et al., Japanese Journal of Applied Physics, Vol.
45, No. 5B, p. 4754, 2006) may be employed for correcting
the elastic modulus measurement position whenever neces-
sary.

[0085] The elastic modulus measurement position may be
selected in step S06 of the processing flow shown in FIG. 3 by
displaying the standard deviation S of the strain amount as a
result of the signal processing, and distribution of the differ-
ence between maximum and minimum values of the strain
amount, that is, Max-min on the display unit 7 in mono-
chrome or in full color, and allowing the operator to deter-
mine the elastic modulus measurement position using the not
shown input device while observing the displayed image.
When the operator manually inputs, the elastic modulus mea-
surement position may be determined while avoiding such
part as the blood vessel. Alternatively, the elastic modulus
measurement position may be selected by the operator using
the not shown input device while observing the strain image
displayed in step S04 without executing the signal process-
ing. The determined position information is input to the cen-
tral control unit 3. Upon determination of the measurement
position, the operator is allowed to control the strain amount,
standard deviation, and gradation of the Max-min in mono-
chrome or full color into the range from 3 to 256 so as to be
displayed on the display unit 7. The gradation is changed
using the not shown input device. Setting the gradation to 3
allows easy selection of the position with uniform strain
amount. Setting the gradation to 256 allows accurate selec-
tion of the measurement point. If the operator determines the
elastic modulus measurement position manually, it is pos-
sible to omit the measurement position selection unit 40. The
kernel K or the filter G may be formed into a circular shape,
elliptical shape, square shape, and any other geometric shape
in addition to the rectangular shape.

[0086] The explanation has been made with respect to the
configuration that processing results executed by the mea-
surement position selecting unit 40 of the ultrasound diag-
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nostic system according to the example are sent to the central
control unit 3. A system configuration shown in FIG. 21 may
be practical as a modification of the present example. The
modified system is made by newly adding an elastic modulus
measurement position computing unit 60 and an input unit 61.
According to the modified example, the processing results of
the measurement position selecting unit 40 is displayed on the
display unit 7, and the operator inputs the selection result of
the elastic modulus measurement position to the elastic
modulus measurement position computing unit 60 via the
input unit 61 in reference to the displayed image.

[0087] According to the modified example, the measure-
ment position selecting unit 40 is configured to display all the
part where the strain uniformity in the ROI exceeds a prede-
termined threshold value as a recommended part of the elastic
modulus measurement position rather than displaying the
location with maximum strain uniformity in the ROI as the
optimal part. The elastic modulus measurement position is
determined in accordance with the information input by the
operator via the input unit 61 from the range of the recom-
mended part. The threshold value may be set by multiplying
the maximum value of the strain uniformity in the ROI by
such coefficient as 0.8. The method based on statistical infor-
mation may be used, which calculates the uniformity for each
location in the image to determine the threshold value from
the histogram. The configuration which allows the operator to
make a final selection ensures that the criterion other than the
uniformity is added for selection of the elastic modulus mea-
surement position. This makes it possible to avoid selection of
the position near the part suspected as the diseased site, or the
part such as bone, which is required to be kept from exposure
to strong ultrasonic waves.

[0088] Another modified example will be described refer-
ring to FIGS. 22 and 23. This example presents the method of
accurately determining the part preferred to be kept from
being exposed to radiation of the displacement generating
ultrasonic wave, for example, bone and blood vessel. Assum-
ing that the position shown in FIG. 22A is set as the focal
point of the displacement generating beam, it is possible to
calculate a shape of the displacement generating transmission
beam from the opening aperture and frequency. The position
exposed to the strong ultrasonic wave is estimated by adding
the value derived from estimating the organic attenuation
factor to the calculated result.

[0089] Referring to the system configuration shown in FIG.
23, the computation is performed by a displacement generat-
ing beam propagation path estimation unit 62 further added to
the system configuration shown in FIG. 21. A comparison is
made between the position of bone, for example, that is pre-
ferred to be kept from strong radiation, which has been input
by the operator from the input unit 61 and the position
exposed to the strong ultrasonic wave on the image. If over-
lapping between the part to be kept from radiation and the
displacement generating beam exceeds a predetermined
threshold value, it is judged that the focal point position of the
displacement generating beam is undesirable. Sequential
execution of the aforementioned process makes it possible to
distinguish the suitable part for the elastic modulus measure-
ment from the unsuitable part.

[0090] The result may be displayed on the image as shown
by the region enclosed by a dashed line of FIG. 22B. The
region enclosed by the dashed line indicates the recom-
mended elastic modulus measurement position estimated
from the part to be kept from radiation. Meanwhile, the rec-
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ommended elastic modulus measurement position deter-
mined from the strain uniformity is enclosed by a dotted line
as shown in FIG. 22B. The aforementioned two kinds of
recommended elastic modulus measurement positions allow
the apparatus to determine the final elastic modulus measure-
ment position or the operator to judge about the elastic modu-
lus measurement position. The displacement generating
transmission beam shape may be estimated using a general
attenuation or the value estimated by the first ultrasonic send-
receive unit 20 from the echo signal.

[0091] The explanation has been made that the object to be
measured is the inside of the test body. However, it is effective
to use the method which interposes a coupler (polymer gel) as
a material with known elastic modulus between the ultra-
sound probe and the test body to set so that the ROI_s includes
the coupler and at least one of the regions ROI_e is set in the
coupler. By including the measurement point with the known
elastic modulus, it is possible to significantly improve the
measurement accuracy.

[0092] As for the uniformity which has not been explained
in detail so far, the strain with 1 to 10% of the strain difference
between maximum and minimum values in the ROI_s may be
appropriate to be considered as substantially uniform. If the
number of the regions ROI_e is small, it is preferable to have
dispersion value indicating the uniformity as small as pos-
sible. Meanwhile, if the number of the regions ROI_e s large,
the accuracy may be ensured by the least square fitting. Tt is
therefore possible to effectively perform the measurement
even ifthe dispersion value is rather large. It is to be noted that
this and other examples include substantially uniform states.

Second Example

[0093] A second example presents an ultrasound diagnostic
apparatus using an ultrasound probe that sends the ultrasonic
beam to the test body and receives the echo signal. The
apparatus includes a strain computing unit 24 which radiates
a first displacement detection beam, and computes strain
information in a region 1 based on the echo signal from the
test body that receives the first displacement detection beam,
adisplacement generating unit which radiates a focused beam
to an inside of the test body to displace a tissuein the test body,
an elastic modulus computing unit 34 which radiates a second
displacement detection beam, and detects a shear wave dis-
placement generated by the focused beam based on the echo
signal from the test body that receives the second displace-
ment detection beam for detecting an elastic modulus in a
region 2 included in the region 1, and a display unit 7 which
displays a strainimage based on the strain information and the
elastic modulus, and the measurement position selecting unit
40 that selects at least one elastic modulus detection position
at which the elastic modulus is detected based on the strain
information. The measurement position selecting unit 40
selects the single elastic modulus detection position with
uniform strain distribution so that two different focal point
positions to which the focused beam is radiated are deter-
mined from the selected elastic modulus detection position.

[0094] The displacement generating unit of the aforemen-
tioned ultrasound diagnostic apparatus according to the
example includes a beam time setting unit 14 that sets the
focused beam transmission time. The beam time setting unit
14 sets the transmission time to achieve the same cycle for
ON/OFF switching of the focused beam radiated to the two
different focal point positions adjusting the ON/OFF switch-
ing cycle to generate the frequency or phase chirp signal.
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[0095] The ultrasound diagnostic apparatus and the ultra-
sound diagnostic system for measuring the elastic modulus
using the burst-chirp method will be described as the second
example.

[0096] FIG. 10 shows a specific example of an overall
structure of the ultrasound diagnostic system for implement-
ing the second example. The system structure is different
from that of the first example shown in FIG. 1 in the beam
time setting unit 14 added to the displacement generating unit
10, and a stiffness spectrum calculation unit 35 provided in
place of the elastic modulus computing unit. An output of the
shear wave displacement computing unit 32 is input to the
stiffness spectrum calculation unit 35 for calculating the
value that relates to the stiffness. The stiffness spectrum cal-
culation unit 35 may be realized by executing the program of
the Central Processing Unit (CPU) functioning as the pro-
cessing unit.

[0097] Transmission of the displacement generating
focused beam using the burst-chirp method will be described
referring to FIGS. 11 and 12. Two displacement generating
transmission beams are controlled so as to generate the dis-
placement at focal points F1 and F2 of the test body tissue
alternately. The ON/OFF switching of radiation of the dis-
placement generating transmission beam to the respective
focal points is controlled by the central control unit 3. The
newly added beam time setting unit 14 sets the ON/OFF
switching time.

[0098] FIG. 12 shows sequences of the displacement gen-
erating transmission beam and the displacement detection
send-receive beam. The sequence of the displacement gener-
ating transmission beam shown in the drawing is obtained
when sweeping the value of a switching cycle Tm from a large
value to a small value, that is, the interval ATm(=T(m+1)-
Tm) between the switching cycles Tm and T(m+1) is a nega-
tive constant. The displacement generating ultrasonic beam
transmission method herein will be referred to as the burst-
chirp method. Meanwhile, the central control unit 3 controls
the second ultrasonic send-receive unit 30 so as to perform
ON/OFF switching of radiating the displacement detection
send-receive beam.

[0099] It is assumed that the time when the first displace-
ment generating transmission beam is radiated is set to zero,
that is, t=0. First, the displacement detection send-receive
beam is switched to ON(=1), and a reference signal is
obtained. The reference signal is used for computing the shear
wave displacement by the shear wave displacement comput-
ing unit 32. In the state where the displacement generating
transmission beam to the focal point F2 is OFF (=0), the
displacement generating transmission beam to the focal point
F1 is set to ON (=1) so that displacement is generated at the
focal point F1, and the shear wave propagates. The displace-
ment generating transmission beam to the focal point F1 is
constantly kept ON when O<t<T1. At the time of t=T1, the
displacement generating transmission beam at the focal point
F1 is switched to OFF. At this time, the displacement gener-
ating transmission beam at the focal point F2 is switched to
ON. Displacement is generated at the focal point F2, and the
shear wave propagates. The displacement generating trans-
mission beam to the focal point F1 is in OFF state, and the
displacement generating transmission beam to the focal point
F2 is in ON state at the time of T1=t<T1+T1. In the afore-
mentioned sequence, the switching cycle between the two
displacement generating transmission beams is T1. At the end
of radiation of the displacement generating transmission
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beam to the two focal points, the displacement detection
send-receive beam is switched to ON (=1).

[0100] Radiation of the displacement generating transmis-
sion beam to the two focal points and sending and receiving of
the displacement detection send-receive beam are repeated by
changing the ON/OFF switching cycle Tm for the displace-
ment generating transmission beam. In this case, “m” (=1, 2,
3 ...) denotes the cycle at which the focal points F1 and F2
are brought into ON at the mth time. The acoustic intensity of
the burst signal to the respective focal points may be at the
same level or the different level. In association with radiation
of the displacement generating transmission beam, the shear
waves generated at the focal points F1 and F2 interfere with
each other while propagating, and further cancel or amplify
with each other. Meanwhile, heat is generated at the respec-
tive focal points simultaneously with the displacement.

[0101] Referring to FIG. 11, the distance between the two
focal points is set to d. As the value of d becomes small, that
is, the distance between the focal points F1 and F2 is reduced,
the degree of interference is increased. As the focal distance is
decreased, a temperature rise E between the focal points
becomes larger than the temperature at the focal point owing
to thermal conductivity, thus deteriorating safety. On the con-
trary, as the d is increased, the temperature rise is suppressed
to improve safety. However, the degree of interference is
reduced. Accordingly, the optimal value for the d is obtained
when the maximum value of the temperature rise is the same
as the maximum value of the temperature rise at each focal
point, and the wave interference occurs. The optimal value of
d is dependent on the depth of the focal point, time for radi-
ating the displacement generating transmission beam, fre-
quency, and diagnostic part (influences sonic speed of the
body, ultrasonic absorption, and heat conductivity). As the
thermal conductivity of the body is approximately 0.6 W/m/
K, the range of the temperature rise around the focal point is
at the level similar to the width of the displacement generating
transmission beam when the radiation time is several milli-
seconds. The distance d, thus needs to be equal to or larger
than the width of the displacement generating transmission
beam. In this case, the displacement generating transmission
beam has the width that is substantially the same as the beam
width of the focusing type transducer, which is set as the
diameter of the region (circle) where the energy density of the
ultrasonic wave at the focal point position becomes zero for
the first time.

[0102] FIG. 15 shows a relationship between the distance d
and the temperature rise E. As a wave profile 104 indicating
the temperature rise at the respective focal points shows, the
temperature rise at each focal point is maximized at the focal
point position. Then at the location apart from the beam width
d, the temperature rise becomes zero. As the intermediate and
the upper graphs show, when the distance d is equal to or
larger than the beam width, the maximum value of the tem-
perature rise is the same as the maximum value of E_max of
the overall temperature rise obtained by summing up the
respective temperature rises. As the lower graph shows in the
drawing, when the distance d is smaller than the beam width,
the maximum value E_max of the overall temperature rise is
increased to be larger than the maximum value of the tem-
perature rise at each focal point indicated by the dotted lines
by AE. It is clearly understood that making the distance d
equal to or larger than the beam width keeps safety concern-
ing the temperature rise.
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[0103] Setting of the optimal value d upon measurement
will be described hereinafter. When diagnosing the liver, the
beam layer is 1.8 mm when the focal point depth is 4 cm, the
F value is 1, and the carrier frequency is 2 MHz. The F value
is calculated as the focal point depth/opening aperture, and
the beam width is calculated as (2.44° F. value*wavelength of
the carrier signal). When the beam radiation time, that is,
average value of the switching cycle is 180 s, and the shear
wave propagation speed is 1 m/s, the wavelength A of the
shear wave is approximately 0.2 mm. Furthermore, at the
carrier frequency, the maximum value of the shear wave
propagation distance that can be detected based on experi-
mental data is approximately 6 mm. Considering those val-
ues, the value of d is set so as to establish the relationship of
10<d<30 using the beam width, the maximum propagation
distance and the shear wave wavelength. Likewise, in diag-
nosing the breast, if the focal point depth is 2 cm, the F value
is 1, and the carrier frequency is 7 MHz, the result of calcu-
lating the beam width is 0.5 mm. If the average value of the
switching cycle is 110 ps, and the shear wave propagation
speed is 1 m/s, the shear wave wavelength i is approximately
0.1 mm. At the carrier frequency, the maximum value of the
shear wave propagation distance that can be detected based
on the experimental data is approximately 3 mm. Accord-
ingly, the value d is set so as to establish the relationship of
5A<d<30A. The central control unit 3 reads the value d from
the not shown memory, and sets the value in the focal point
position setting unit 12. The value concerning the switching
cycle is determined from the value propagation speed pre-
dicted as the set value of d.

[0104] As described above, in the second example, the
switching cycle when the amplitude is increased by interfer-
ence between the shear waves generated at the two focal
points is obtained while changing the switching cycle so as to
measure the elastic modulus. The condition for amplifying
the interference wave will be described. An expression of
fm=1/Tm is set where the fm denotes the switching frequency
(repetitive frequency) as a reciprocal of the switching cycle
Tm. The condition where the interference wave is amplified
to allow the absolute value of the displacement amount to
reach a peak value (maximum value) is established when the
distance d between the two focal points is (n+Y2) times longer
than the wavelength A. It may be expressed by a curve 103
shown in FIG. 13, and expression 1. The switching frequency
fm in this case is expressed as fM(n).

k*d=QnM(n)/c)*d=2n(n+'%) expression 1

where k denotes the number of waves (=2a/A), ¢ denotes the
shear wave propagation speed, and n denotes zero or a posi-
tiveinteger (n=0, 1, 2, ... ). The shear wave propagation speed
has the value unique to the tissue property.

[0105] Assuming that the value of the switching cycle Tm
as the peak value is set to TM(n), the expression of TM(n)=1/
fM(n)is established. Then an expression 2 is derived from the
expression 1.

TM(n)=d/c*(2/(2n+1)) expression 2

For example, in the state where n=1 and d=2 [mm], if c=I1
[m/s], the relationship of TM(1)=1.3[ms] (fM(1)=750[Hz])1s
established. If ¢=5 [m/s], the relationship of TM(1)=0.3 [ms]
(IM(1)=3.8 [kHz]) is established. As described above, the
shear wave propagation speed c is dependent on the tissue
stiffness. As the stiffness degree is higher, the value ¢ is
increased. It is therefore possible to estimate the shear wave
propagation speed and the tissue stiffness such as the elastic
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modulus from the value of the TM(n). It is preferable to
control the ON/OFF switching cycle Tm of the displacement
generating transmission beam to be in the range from several
tens Hz to several kHz. The stiffness is estimated based on the
TM(n) with larger n so that the total radiation time of the
displacement generating focused beam is reduced, thus sup-
pressing the temperature rise. It is preferable to allow the
central control unit 3 to control the ON/OFF switching of the
displacement generating transmission beam to the respective
focal points so that the total radiation time of the displacement
generating transmission beam to the respective focal points is
equal to or shorter than 1 ms.

[0106] The feature of the technology is that the elastic
modulus is measured by controlling the time for ON/OFF
rather than the carrier signal cycle of the displacement gen-
erating transmission beam. Accordingly, the carrier fre-
quency is increased to ensure image pickup with narrow beam
width and high spatial resolution.

[0107] The stiffness spectrum calculation unit 35 performs
a spectrum analysis with respect to the output signal from the
shear wave displacement computing unit 32, obtains the fM
by which the amplitude value is maximized and the corre-
sponding TM, and further calculates the value concerning the
stiffness such as the shear wave propagation speed, the elastic
modulus, and the shear elastic modulus.

[0108] If the acoustic intensity with respect to each focal
point is the same, the case where interference occurs between
the shear waves generated at the two focal points may gener-
ate larger displacement compared with the case where the
displacement generating transmission beam is radiated only
to the single focal point.

[0109] FIGS.16A-16D show signal waveforms of the shear
wave generated at the single focal point, and an interference
waveform of the shear waves generated at the two focal
points. It is assumed that the minimum amplitude derived
from observation of the shear wave displacement resulting
from radiation of the displacement generating transmission
beam to the single focal point is set to 1. Referring to FIG.
16 A, when the shear wave amplitude generated by the dis-
placement generating transmission beam to each focal point
is 1, the amplitude of the interference wave is larger than the
one before interference (ideally, larger by twice) when the
switching cycle reaches the TM as shown in FIG. 16B. The
displacement generating efficiency with respect to transmis-
sion, that is, the transmission sensitivity is enhanced. When
safety is required to be emphasized, the amplitude is setto 0.5
so as to decrease the acoustic intensity of the displacement
generating transmission beam to each focal point as FIGS.
16(c) and (d) show. When the shear wave amplitude before
interference is smaller than 1, the shear wave displacement
cannot be measured. If the shear wave amplitude before inter-
ference is larger than 0.5, the amplitude of the interference
wave at the switching cycle of TM is increased (ideally larger
by twice), and the amplitude is equal to or larger than 1. This
makes it possible to detect the displacement.

[0110] Ifthe frequency and the shape of the displacement
generating transmission beam are the same, the method of
improving safety is available by setting the time for bringing
the displacement generating transmission beam into OFF
state by the last n % (n=positive real number) of the time Tm
for which the displacement generating transmission beam is
switched to ON state besides the method of reducing the
acoustic intensity by controlling the amplitude of the dis-
placement generating transmission beam for generating the
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displacement. In this case, it is to be noted that the time set for
bringing OFF state will not change the switching cycle Tm.

[0111] AsFIG. 14 shows, it is necessary to set the displace-
ment detection point to the location such as an observation
point A so as not to set such point to the location where the
displacement is minimized like an observation point B. When
observing a transitional phenomenon of switching radiation
of displacement generating transmission beam to ON state
only once, the aforementioned case is not so important. How-
ever, when using the interference between the shear waves by
taking the two focal points as the audio sources, the maximum
and minimum points of the absolute values of the displace-
ment amount (=amplitude value) distribute alternately. The
location at which the absolute value of the displacement
amount is assumed to be maximized is selected for the raster
which monitors the displacement, or a plurality of monitoring
points are set so that the maximum point is included in the
observing point. When monitoring at a plurality of points, the
absolute value of the difference between the displacement at
the maximum point and the displacement at the minimum
point may be set as the displacement amount.

[0112] A processing flow of the hybrid method according to
the second example will be described referring to FIG. 17.
The process executed in steps S00 to S04, and steps S10 to
S14 are the same as those of the processing flow according to
the first example shown in FIG. 3, and explanations thereof,
thus will be omitted. Steps S06 and S08 different from those
of the first example will only be explained.

[0113] Instep S06, positions of the focal points F1 and F2
are set. Upon setting of the two focal points, the center
between the two focal points is set as POI (Point of Interest)
(the center of the line that connects a pair of two focal points),
and the distance therebetween is set. The distance between
the two focal points is set to the value shorter than the distance
where two shear waves interfere with each other, and larger
than the width of the displacement generating transmission
beam radiated to the respective focal points.

[0114] If the optimal elastic modulus measurement posi-
tion is set to P(x1, y1) as shown in FIG. 4A, the coordinate of
the POI is determined as POI(x1, y1), and the distance is
determined as 1x. Information of the POI and the distance is
set by the focal point position setting unit 12. In this case,
coordinates of the two focal points are set to F(x1-Ax,y1) and
F(x1+Ax, y1), respectively, where Ax=1x/2.

[0115] Ifthe image processing is performed using the filter
G to select the optimal region R(n), and a position of center of
gravity P ofthe R(n) is selected as the optimal elastic modulus
measurement position, the coordinate of the POI is deter-
mined as POI(x2, y2), and the distance is determined as 1.x.
The information of POI and distance is set by the focal point
position setting unit 12.

[0116] When the distance is set, the value of nin the expres-
sions | and 2, and the optimal observing point are determined
in accordance with the estimated shear wave speed. The
observing pointis defined based on the maximum point of the
absolute value of the shear wave displacement, or a plurality
of positions including the maximum point in the shear wave
propagation distance. The observing point is read from the
not shown storage medium, and then set. The raster for detect-
ing the amplitude (several nm to several tens nm) of the shear
wave propagation on the observing point, and sampling
points on the raster are determined. The received PRF (Pulse
Repetition Frequency: frequency of repeatedly transmitted
pulse) of the displacement detection beam for each raster is
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set to satisfy Nyquist Theorem with respect to the expected
shear wave frequency. If the raster is in the same direction of
the shear wave displacement, the PRF is set to be twice the
shear wave frequency. The determined n and the observing
position may be displayed on the screen.

[0117] Instep S20, an initial value T,,,,, a final value T,
and an interval AT of the switching cycle of the displacement
generating transmission beam radiated to the two focal points
are set. The initial value T, and the final value T, , are set
to values which lead to the peak in the range where the
expressions 1 and 2 are satisfied with respect to the measure-
ment point and the distance d between the two focal points.
The initial value T, ,, the final value T, , and the interval AT
are read from the not shown storage medium by the central
control unit 3 in accordance with the measurement point,
depth and the distance between the focal points so as to be set
in the beam time setting unit 14.

[0118] Then in step S22, the reference signal used for cor-
relation operation upon the shear wave displacement detec-
tionis obtained on the raster for detecting the amplitude of the
shear wave propagation. Then the burst-chirp signal is sent at
the switching cycle of T1=T,,,,, so as to generate the sear
waves at the two focal points.

[0119] In step S24, the ultrasonic signal for detecting the
shear wave is received on the raster for detecting the ampli-
tude of the shear wave propagation. Each displacement at the
respective measurement points may be constantly detected
during the period from the timing at which the burst-chirp
signal is switched to OFF to the timing at which the shear
wave reaches and passes over every observing point. Alter-
natively, the period taken for the shear wave to reach and pass
over the observing point is preliminarily obtained from the
distance between the focal point and the observing point, and
the estimated shear wave speed so that the displacement is
detected during such period. The latter case may make the
PRF high, thus allowing the highly accurate displacement
detection. The second ultrasonic send-receive unit 30 extracts
the received signal corresponding to the fim through the signal
processing such as the band pass filter, and then the shear
wave displacement computing unit 32 performs the known
correlation operation to calculate the shear wave displace-
ment. The correlation operation denotes the calculation per-
formed using the reference signal and the echo signal
received through the displacement detection beam for each
time. This calculation provides the temporal waveform of the
shear wave amplitude at each of the observing points.
[0120] In step S26, it is judged whether the previous
switchingcycleTmis T, ;. Ifitisnot T, ,, the process returns
to step S22 where the burst-chirp signal is sent at the next
Tm+1 switching cycle. In step S22, when obtaining the ref-
erence signal again, robustness of the correlation operation is
high resulting from shifting of the focal point position during
the measurement. Upon transmission of the burst-chirp signal
subsequent to the Tm+1 switching cycle, the measurement
time may be reduced by omitting step of acquiring the refer-
ence signal, and performing the correlation operation using
the reference signal that has been first obtained.

[0121] If it is judged that the Tm is T_, , the process pro-
ceeds to step S08 shown in FIG. 17 where the stiffness spec-
trum calculation unit 35 calculates the value concerning the
stiffness such as the shear wave propagation speed, the elastic
modulus, and the shear elastic modulus. If the diagnosis is not
finished in step S12 shown in FIG. 17, the process returns to
step S02, S08, S20 or S22.
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[0122] A variant type of the elastic modulus measurement
using the burst-chirp method will be described hereinafter.
[0123] Referring to FIG. 13, if a plurality of peaks can be
observed in the elastic modulus measurement of a pair of two
focal points, it is possible to estimate the elastic modulus from
the average value of a plurality of values of ¢ obtained using
the expression 2 in reference to a plurality of the switching
cycles TM(n). It is also possible to estimate the elastic modu-
lus from the interval ATM=TM(n+1)-TM(n) of the switching
cycles TM(n) as the peaks. Alternatively, the elastic modulus
may be estimated from the average value ofthe intervals ATM
of a plurality of the switching cycles. The interval ATM is
obtained by an expression 3 derived from the expression 2 as
follows.

ATM=d/c*(~4/((2n+1)*(2n+3))

[0124] Switching of the displacement generating transmis-
sion beam to the two focal points is controlled to ON/OFF
alternately. It is also possible to bring the state into ON/OFF
simultaneously so as to generate the displacement at the same
time. In this case, the condition that the interference wave is
amplified to have the peak value is established when the
distance d is (n+1) times longer than the wavelength .. There-
fore, the following expression 4 is established corresponding
to the expression 1.

expression 3

Frd=Qufic)*d=2n(n+1)

[0125] The elastic modulus measurement method with
high accuracy may be employed as described below. That is,
the TM is obtained through measurement by roughly setting
the interval AT of the switching cycle in the first measure-
ment. Then the interval T is set at the frequency around the
TM in more detail to obtain the more accurate value of the TM
in the next measurement.

[0126] The switching cycle Tm may be changed to the next
switching cycle T(m+1) after repeating several ON/OFF
switching operations at the same Tm rather than executing the
single ON/OFF control. Repeating of several ON/OFF
switching operations makes it possible to realize the measure-
ment with further high sensitivity.

[0127] Inthis case, the Tm value has been changed from the
large value to the small value. It may be changed conversely
from the small value to the large value. The interval ATm may
be changed based on an arbitrary function such as a geometric
series rather than the fixed value.

[0128] In this case, the method of estimating the elastic
modulus from the peak value (maximum value) has been
described. However, the minimum value may be used for such
estimation. In such a case, values derived from expressions of
kd=2m, 3m, . . . may be used as shown in FIG. 13. It is also
possible to estimate the elastic modulus from the interval
between the maximum and minimum values. The interval
between the maximum and the minimum values becomes half
the interval ATM of the peak value as indicated by the expres-
sion 3. This makes it possible to reduce more time compared
with the measurement of the interval between the peak values.
[0129] The method of radiating the displacement generat-
ing transmission beam to the two focal points has been
described. It is possible to set two or more focal points (for
example, four) at equal intervals on the single line in the body
so as to radiate the displacement generating transmission
beam to every other one of the focal points in the same
sequence as the focal point F1 or F2 (for example, performing
the sequences of the focal points F1, F2, F1, and F2 to four
focal points sequentially from the end). As a result, the num-

expression 4
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ber of the interfering waves is increased, thus improving the
sensitivity while keeping safety.

[0130] The measurement method by fixing the switching
frequency and changing the distance d between the focal
points may be considered to be available. This method allows
change in the focused position of the displacement generating
transmission beam, thus ensuring further safe measurement.
[0131] Use of the random wave including a plurality of the
switching frequencies fim of the burst instead of beam trans-
mission by selecting the fim allows execution of radiation of
the displacement generating transmission beam and send-
receive of the displacement detection beam only once. A
spectrum analysis is performed after calculation of the shear
wave displacement to calculate the displacement with respect
to each of a plurality of the fms. This makes it possible to
reduce the measurement time.

[0132] Inthe case where three or more focal points are set,
the burst-chirp method may be applied to allow the shear
wave displacement to be increased using interference of the
wave while keeping the acoustic intensity at each focal point.
This makes it possible to improve safety and sensitivity of the
shear wave displacement detection. The larger the number of
the focal points becomes, the more the effect of the burst-
chirp method is improved.

Third Example

[0133] The hybrid method according to a third example
derived from combining the first and the second examples
will be described. The not shown system configuration of the
third example is formed by adding the beam time setting unit
14 and the stiffness spectrum calculation unit 35 to the system
configuration shown in FIG. 1. The system is configured to
input an output signal from the shear wave displacement
computing unit 32 to both the elastic modulus computing unit
34 and the stiffaess spectrum calculation unit 35 which are
arranged in parallel. The central control unit 3 is connected to
both the beam time setting unit 14 and the stiffiess spectrum
calculation unit 35. The operator selects any one of the elastic
modulus computing unit 34 and the stiffhess spectrum calcu-
lation unit 35 arranged in parallel, and uses the selected one.
The elastic modulus computing unit 34 and the stiffness spec-
trum calculation unit 35 will be generically referred to as an
elastic modulus computing unit in the specification.

[0134] According to the third example, the elastic modulus
is measured using any one of the method described in the first
example (relationship between the shear wave observing
position x(n) and the time t(n) at which the shear wave dis-
placement is maximized) and the burst-chirp method
described in the second example in step S08 of the processing
flow of hybrid method shown in FIG. 17. The operator deter-
mines as to which method is employed for the elastic modulus
measurement using the not shown input device, for example.
Alternatively, another method is available for automatic
determination by the depth of the elastic modulus measure-
ment position selected in step S06, carrier frequency of the
shear wave generating ultrasonic beam, F value of the shear
wave generating ultrasonic beam (=focal distance/opening
aperture), time for radiating the shear wave generating ultra-
sonic beam, and measurement point (mammary gland, liver,
prostate gland, blood vessel). If the determination is made
automatically, the central control unit 3 reads the optimal
elastic modulus measurement method adapted to the depth of
the elastic modulus measurement position, the carrier fre-
quency of the shear wave generating ultrasonic beam, and the
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measurement point. Combining the first and the second
examples allows application of the burst-chirp method when
the point to be measured requires more safe measurement
(near the blood vessel), or when the number of channels
available for the ultrasound probe 1 is small, and the acoustic
intensity value of the radiating focused ultrasonic beam is
smaller than the threshold value.

[0135] The burst-chirp method will be applied in various
cases where the time for radiating the shear wave generating
ultrasonic beam is smaller than the threshold value, the F
value of the shear wave generating ultrasonic beam is larger
than the threshold value, the depth of the elastic modulus
measurement position from the body surface is larger than a
certain value, or the value expressed by the function of those
values and the carrier frequency of the shear wave generating
ultrasonic beam is larger than the threshold value.

Fourth Example

[0136] A fourth example provides the ultrasound diagnos-
tic apparatus which uses the ultrasound probe for sending the
ultrasonic beam to the test body and receiving the echo signal.
The apparatus includes a strain computing unit which radiates
a first displacement detection beam, and computes strain
information in a region 1 based on the echo signal from the
test body that receives the first displacement detection beam,
a displacement generating unit 10 which displaces a tissue
inside the test body by radiating a focused beam to the inside
of the test body, an elastic modulus computing unit 34 which
radiates a second displacement detection beam, and detects a
shear wave displacement generated by the focused beam
based on the received echo signal from the test body so as to
detect the elastic modulus in the region 2 included in the
region 1, the display unit 7 that displays a strain image based
on the strain information and the elastic modulus, and a
measurement position selecting unit 40 that selects at least
one elastic modulus detection position at which the elastic
modulus is detected based on the strain information. The
measurement position selecting unit 40 selects a plurality of
elastic modulus detection positions at which the strain is
uniformly distributed. At least one focal point position irra-
diated by the focused beam is determined from a plurality of
elastic modulus detection positions selected by the measure-
ment position selecting unit 40.

[0137] Each system according to the first to the third
examples has only one optimal elastic modulus measurement
position output from the measurement position selecting unit
40. An explanation according to the fourth example will be
made with respect to a specific example of the structure of the
ultrasound diagnostic apparatus having a plurality of optimal
positions for elastic modulus measurement output from the
measurement position selecting unit 40.

[0138] The system according to the fourth example is con-
figured to allow the measurement position selecting unit 40 to
output all the positions P (x,y) of the kernel K, at which the
standard deviation S (x,y) of the strain is equal to or smaller
than the threshold value upon selection of the elastic modulus
measurement position by producing the kernel K. When pro-
ducing the kernel K and calculating the difference between
the maximum and minimum values of the strain amount, the
measurement position selecting unit 40 outputs all the posi-
tions P (x,y) of the kernel K, at which the difference in the
strain amount between the maximum and minimum values,
that is, Max-min(x,y) is equal to or smaller than the threshold
value. When executing the image processing by producing
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the filter G, the measurement position selecting unit 40 out-
puts all the regions R(n) larger than the filter G. The threshold
value is read from the not shown storage medium by the
central control unit 3, or input by the operator via the not
shown recording medium.

[0139] AsFIG. 18 shows, the system having three positions
P output from the measurement position selecting unit 40,
that is, P(x1,y1), P(x2,y2), and P(x3,y3) will be described.
The number of the positions P output from the measurement
position selecting unit 40 is not limited to 3, but may be an
integer equal to or larger than 2. In the fourth example, the
measurement position selecting unit 40 calculates each dis-
tance between adjacent positions P, thatis,[L1,1.2and 3. The
distance information is output to the central control unit 3
together with the position information. The central control
unit 3 outputs the focal point positions F corresponding to the
three positions P to the focal point position setting unit 12. At
this time, the order of the focal point positions output from the
central control unit 3 is controlled in accordance with the
distance between the focal points. An example of FIG. 18
shows the order of [.3>1.2>1.1. The central control unit 3
determines the output order of the three focal point positions
F so that the distance between the two focal point positions F
output at the time points in succession is in the order from the
long to the short distance. The hybrid method according to the
fourth example measures the elastic modulus at each one of
those three focused positions, and updates the elastic modulus
image for each performance of the elastic modulus measure-
ment.

[0140] Theprocessing flow of the hybrid method according
to the fourth example will be described referring to the
example shown in FIG. 18. The description will be made with
respect to application to the first example. The different part
from that of the first example will only be described herein-
after. The focal points F corresponding to the positions P(x1,
v1), P(x2,y2), and P(x3,y3) are determined as F(x1-Ax,y1),
F(x2-Ax,y2), and F(x3-Ax.y3), respectively.

[0141] The aforementioned three positions are selected in
step S06 shown in FIG. 3, and the distance is computed. Then
in step S08 shown in FIG. 3, the focal point F(x1-Ax,y1) is
output from the central control unit 3 to the focal point posi-
tion setting unit 12. The focused beam as the displacement
generating transmission beam is radiated to the focal point
F(x1-Ax,y1) for measuring the elastic modulus. After dis-
playing the elastic modulus image in step S10, if the mea-
surement is not finished in step S12, the process returns to
step S08. Then the F(x3-Ax,v3) is output from the central
control unit 3 to the focal point position setting unit 12 so that
the focused beam is radiated to the focal point F(x3-Ax,y3) so
as to measure the elastic modulus.

[0142] After displaying the elastic modulus image in step
S10, if the measurement is not finished in step S12, the pro-
cess returns to step S08. Then the F(x2-Ax,y2) is output from
the central control unit 3 to the focal point position setting unit
12. The focused beam is radiated to the focal point F(x2-Ax,
y2)s0 as to measure the elastic modulus. After displaying the
elastic modulus image in step S10, if the measurement is not
finished in step S12, the process returns to step S02 so as to
measure the strain distribution. Then in step S06, a plurality
of elastic modulus measurement positions are selected. At
this time, instead of selecting a plurality of elastic modulus
measurement positions again, three positions selected at the
previous time may be used.
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[0143] 1In this way, a plurality of elastic modulus measure-
ment positions is selected in step S06 to ensure reduction in
time for calculation and measurement. At the two elastic
modulus measurement positions at the time points in succes-
sion for measuring the elastic modulus, the position at a
distance from the focal point position irradiated at the previ-
ous time is selected as the second or subsequent position.
Accordingly, this makes it possible to minimize the influence
ofthe temperature rise generated by irradiating the focal point
position corresponding to the respective positions with the
focused beam to the temperature rise at the other focal point
position. The focused beam is not radiated to the same loca-
tion consecutively, making it possible to reduce the local heat
temperature rise.

[0144] Theaforementioned description relates to the appli-
cation to the first example. Likewise, the output order of the
focal point positions is controlled in the second and the third
examples.

Fifth Example

[0145] A fifth example describes another type of the elastic
modulus measurement position selection method as
described in the first to the third examples. The explanation
will be made herein on the assumption that the system con-
figuration according to the first example is employed, and
each size of the kernel K and the filter G is the same as the
region ROI_e where the elastic modulus is measured.
[0146] According to the fifth example, the kernel K or the
filter G has the size reduced by halfin the y direction as FIG.
19A shows, and the signal processing is executed for select-
ing the elastic modulus measuring position. In this example,
a +y direction denotes a propagation direction of the focused
beam as the displacement generating transmission beam, and
+x direction denotes the shear wave propagation direction, As
described above, the length of the ROI_e in the y direction is
determined by the width of the displacement generating beam
in the depth direction. The kernel K or filter G having the size
reduced by half in the y direction will be referred to as the
kernel K' or filter G', respectively. If the length of the kernel K
or the filter G in the depth direction is set to ly, and the length
in the orientation direction is set to 1x, the length of the kernel
K' or the filter G' in the depth direction is 1y/2, and the length
in the orientation direction is 1x. Preferably, the length in the
depth direction is the value half the width of the displacement
generating transmission beam in the depth direction.

[0147] Whenproducing the kernel K' for calculation, all the
positions P'(x,y) of the kernel K', at which the strain standard
deviation S'(x,y) is equal to or smaller than the threshold
value are derived from calculation. When producing the ker-
nel K' and calculating the difference between the maximum
and minimum values of the strain amount, all the positions
P'(x,y) of the kernel K, at which the difference between the
maximum and minimum values Max-min(x,y) of the strain
amount is equal to or smaller than the threshold value are
derived from calculation. When producing the filter G' for
image processing, all the regions R'(n) (n: positive integer)
larger than the filter G', and the positions P'(x,y) each as center
of gravity of the R'(n) are derived from the image processing.
The threshold value is read by the central control unit 3 from
the not shown storage medium, and automatically set, or input
by the operator via the not shown storage medium and manu-
ally set.

[0148] After the signal processing using the kernel K' or the
filter G' and calculating the elastic modulus measurement
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positions P'(x,y), the measurement position selecting unit 40
searches two positions P'(x,y) at which the kernels K' or the
filters G' are in succession. For example, two positions P'(x,y)
include a position P1'(x',y") and the other position P2'(x",y'+
1y/2). If the two positions where the kernels K' and the filters
G' are in succession in the depth direction are located, the
measurement position setting unit 40 outputs the two con-
secutive position information data P1'(x',y") and P2'(x",y'+1y/
2) to the central control unit 3. The central control unit 3
calculates the focal point position F' based on the positions
P1'and P2'.

[0149] As FIG. 19A shows, an x-coordinate of the F' is
x'-1x/2, and a y-coordinate is y'+1y/4. The 1x/2 is the value
corresponding to the distance half the shear wave propagation
distance. The y'+1y/4 is the value corresponding to the center
of the y-coordinates between the positions P1' and P2', that is,
the value corresponding to halfthe length of the region ROI_e
for measuring the elastic modulus in the depth direction. The
information of the focal point F' is input to the focal point
position setting unit 12, and the displacement generating
transmission beam is radiated to the focal point F'. The dis-
placement of the shear wave propagating from the focal point
F" in the x direction is detected.

[0150] when calculating the elastic modulus in the ROI_e,
the elastic modulus computing unit 34 calculates two values
of the elastic modulus, that is, the one at the location shal-
lower than the focal point F' and the other at the location
deeper than the focal point F'. In the fifth example, it is
possible to obtain the relationship between two values of the
strain €', €" shown in FIG. 20 and the two values of the elastic
modulus E, E" corresponding to those strain values by per-
forming the elastic modulus measurement at the single point.
Accordingly, two values of stress are calculated from the two
pairs of the strain and elastic modulus. As described above,
the color scale setting unit 50 converts the strain color scale
into the color scale of the elastic modulus. Clarifying the
correlation of two pairs of the strain and elastic modulus
makes it possible to estimate the elastic modulus concerning
the strain between €' and €" through interpolation from the E'
and E". If there is no desired strain between €' and €", the
elastic modulus may be obtained through extrapolation. Use
of the value obtained by linear interpolation such as the inter-
polation and extrapolation from the two stresses makes it
possible to improve the conversion accuracy. Generally, inter-
polation results in higher accuracy than the extrapolation.
Preferably, the strains €' and €" have different values so as to
improve the estimation accuracy of the elastic modulus over
awide range. For this, the explanation has been made, taking
two adjacent regions ROI as the example. However, the
regions may be spatially apart from each other so long as the
shear wave is propagated to the two ROIs by generating the
shear wave once. As described above, if the location at which
the shear wave is generated is distant from the measurement
point, the signal to noise ratio is deteriorated. In setting of the
RO, the aforementioned two points of view (different strain,
signal to noise ratio) have to be considered. One of values of
the stress may be calculated by fitting the relationship
between the two strain values €', €" and the two values of
elastic modulus E'E" to the curve expressed by the expres-
sion F=0/e. The fitting process is executed by the color scale
setting unit 50 or the central control unit 3. Computation of
the fitting is executed by processing the program of the central
processing unit. If the two consecutive kernels K' or the filters
G' do not exist in the depth direction, each size of the kernel
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and the filter, or the threshold is automatically or manually
changed. If the two consecutive kernels K' or filters G' do not
exist in the depth direction, the elastic modulus measurement
position is selected by executing the signal processing again
using the kernel K and the filter G so as to ensure the elastic
modulus measurement using the method according to the
first, second and third examples.

[0151] The description has been made based on the system
according to the first example. However, the system accord-
ing to the second or the third example may be applied in the
similar way. Except reduction in the kernel size by halfin the
depth direction, such size may be reduced by 1/m (m: positive
integer). Upon reduction by 1/m (m: positive integer), the pair
of elastic modulus and the strain calculated by the elastic
modulus computing unit 34 may be increased by m times.
This makes it possible to improve accuracy of the stress
calculated through averaging. Upon application of the hybrid
method when measuring the elastic modulus, positions of the
two focal points are set to F'(x'-1x/2, y'+1y/4) and F"(x"+1x/2,
y'+1y/4), respectively.

[0152] Each size of the kernel K and the filter G may be
reduced by half in the x direction as shown by FIG. 19B, that
is, the shear wave propagation direction. At this time, prefer-
ably, the length of the shortened kernel K' or the filter G' has
the value half the shear wave propagation distance in the
orientation direction.

[0153] When reducing the size of the kernel K or the filter
G by halfin the shear wave propagation direction, two values
of TM(n) are obtained each as the value of switching fre-
quency Tm reaching the peak with respect to the correspond-
ing n upon measurement of the elastic modulus using the
hybrid method. This is because a medium having two differ-
ent types of the shear wave propagation speeds exists between
the two focal points. As the expression 2 indicates, the TM(n)
is in inverse proportion to the shear wave propagation speed.
The smaller the strain becomes, the higher the shear wave
propagation speed is increased. Accordingly, the smaller
Tm(n) may be obtained in the region with smaller strain. It is
therefore possible to distinguish the strain from the shear
wave speed in the two regions, that is, the strain and the elastic
modulus.

[0154] The test body as the object to be measured in the
respective examples includes the living body such as the liver,
mammary gland, blood vessel, and prostate gland. The
respective examples employ the method of combining the
elastic modulus measurement using the shear wave and the
color image of strain. As one of features, the strain color
image is obtained prior to the elastic modulus measurement.
As the strain color image is obtained previously, it is possible
to select the location suitable for the elastic modulus mea-
surement. This makes it possible to largely improve accuracy
of the elastic modulus measurement as well as accuracy of the
combined image based on the elastic modulus measurement.

[0155] Various examples of the present invention have been
described. However, the present invention is not limited to
those examples, and may include various modified examples.
The examples have been described for the purpose of facili-
tating understandings of the present invention which is not
limited thereto. A part of the structure of the example may be
replaced by the structure of the other example. It is also
possible to add the structure of one of the examples to that of
the other example. For example, it is possible to combine
structures of the fourth and the fifth examples.
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[0156] Inthe respective examples, known methods may be
used for generating the shear wave instead of the ultrasonic
focused beam, for example, mechanical drive (DC motor,
oscillating pump), manual compression, compression by way
of electric pulse, motion of the tissue of the body such as heart
and blood vessel. A two-dimensional probe may be used
instead of the probe of linear array type. The respective ele-
ments of the ultrasound probe 1 may be changed to ceramic,
a piezoelectric device formed of polymer, and the oscillator
using electrostatic force of silicon.

[0157] The displacement generating transmission beam is
radiated to a plurality of positions along its propagation direc-
tion so that the planar wave of the shear wave is generated to
realize the long shear wave propagation distance. Upon detec-
tion of the displacement, the displacement may be calculated
using the known calculation method besides the correlation
operation, for example, cross-correlation operation, mini-
mum square sum, and Doppler method.

[0158] The structure, function and processing unit of the
respective examples may be formed as the exclusive hard-
ware structure, software structure, or the structure that shares
both the hardware and software.

[0159] As various examples have been described so far,
various types of the invention may be contained herein except
those described in claims.

REFERENCE SIGNS LIST
[0160] 1 ultrasound probe
[0161] 2 send-receive switch
[0162] 3 central control unit
[0163] 4 color DSC
[0164] 5 black-and-white DSC
[0165] 6 combining unit
[0166] 7 display unit
[0167] 10 displacement generating unit
[0168] 11 displacement generating transmission wave-

form generating unit

[0169] 12 focal point position setting unit

[0170] 13 displacement generating transmission beam
forming unit

[0171] 14 beam time setting unit

[0172] 20 first ultrasonic send-receive unit

[0173] 22 displacement computing unit

[0174] 24 strain computing unit

[0175] 30 second ultrasonic send-receive unit

[0176] 32 shear wave displacement computing unit

[0177] 34 elastic modulus computing unit

[0178] 35 stiffness spectrum calculation unit

[0179] 41 strain image

[0180] 43 elastic modulus color scale

[0181] 44 filter G

[0182] 45 B mode image

[0183] 46 clastic modulus image

[0184] 47 elastic modulus (absolute value, maximum-
minimum)

[0185] 40 measurement position selecting unit

[0186] 50 color scale setting unit

[0187] 60 elastic modulus measurement position com-

puting unit

[0188] 61 input unit

[0189] 62 displacement generating beam propagation
path estimation unit

[0190] 100 elements of ultrasound probe 1
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1. An ultrasound diagnostic apparatus using an ultrasound
probe for transmitting an ultrasonic beam to a test body and
receiving an echo signal, comprising:

a strain computing unit which radiates a first displacement
detection beam, and computes strain information in a
region 1 based on the echo signal from the test body that
receives the first displacement detection beam;

a displacement generating unit which radiates a focused
beam to an inside of the test body to displace a tissue in
the test body;

an elastic modulus computing unit which radiates a second
displacement detection beam, and detects a shear wave
displacement generated by the focused beam based on
the echo signal from the test body that receives the
second displacement detection beam for detecting an
elastic modulus in a region 2 included in the region 1;
and

a display unit which displays a strain image based on the
strain information and the elastic modulus.

2. The ultrasound diagnostic apparatus according to claim

1, further comprising a measurement position selecting unit
which selects at least one elastic modulus detection position
at which the elastic modulus is detected based on the strain
information, wherein at least one focal point position irradi-
ated by the focused beam is determined from at least the one
elastic modulus detection unit selected by the measurement
position selecting unit.

3. The ultrasound diagnostic apparatus according to claim
2,

wherein the measurement position selecting unit selects
the one elastic modulus detection position at which a
strain is uniformly distributed, and

the two different focal point positions irradiated by the
focused beam are determined from the selected elastic
modulus detection position.

4. The ultrasound diagnostic apparatus according to claim

3,

wherein the displacement generating unit includes a trans-
mission beam time setting unit which sets a transmission
time of the focused beam, and

the transmission beam time setting unit sets the transmis-
sion time so that the focused beam is radiated to the two
different focal point positions at a same ON/OFF
switching cycle, while changing the ON/OFF switching
cycle to provide a cycle or a phase chirp signal.

5. The ultrasound diagnostic apparatus according to claim

27

wherein the measurement position selecting unit selects a
plurality of elastic modulus detection positions at which
the strain is uniformly distributed, and

at least one of the focal point positions irradiated by the
focused beam is determined from the plurality of elastic
modulus detection positions selected by the measure-
ment position selecting unit.
6. The ultrasound diagnostic apparatus according to claim
2, wherein the measurement position selecting unit allows an
operator to select the elastic modulus detection position while
observing an image displayed on the display unit.
7. The ultrasound diagnostic apparatus according to claim
1, wherein the display unit displays a color scale indicating
the elastic modulus in a display range of the strain image to be
displayed.
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8. An ultrasound diagnostic apparatus using an ultrasound
probe for transmitting an ultrasonic beam to a test body and
receiving an echo signal, comprising:

a strain computing unit which radiates a first displacement
detection beam, and computes strain information in a
region 1 based on the echo signal from the test body that
receives the first displacement detection beam;

a measurement position selecting unit which selects a
region 2 included in the region 1 based on the strain
information;

a displacement generating unit which displaces a tissue
inside the test body by radiating a focused beam to the
inside of the test body, and

an elastic modulus computing unit which radiates a second
displacement detection beam, and detects a shear wave
displacement generated by the focused beam based on
the received echo signal from the test body so as to detect
the elastic modulus in the region 2.

9. The ultrasound diagnostic apparatus according to claim

8, wherein the measurement position selecting unit obtains a
position at which a standard deviation of a strain distribution
in the region 1 or a difference between a maximum value and
a minimum value is smaller than a threshold value when
selecting the region 2.

10. The ultrasound diagnostic apparatus according to claim
8, wherein the elastic modulus computing unit calculates a
stress using the elastic modulus in the region 2 and the strain
information in the region 2, and computes the elastic modulus
of theregion 1 from the strain information in the region 1 and
the stress.

11. The ultrasound diagnostic apparatus according to claim
8, further comprising a display unit that displays a strain
image based on the strain information and the elastic modu-

17
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lus, wherein the measurement position selecting unit allows
an operator to select the region 2 based on the strain image
displayed on the display unit.

12. An ultrasound display method of displaying an image
ona display unit using an ultrasound probe for transmitting an
ultrasound beam to a test body and receiving an echo signal
from the test body based on the received echo signal, com-
prising the steps of’

computing strain information in a first region by radiating

a first displacement detection beam and receiving the
echo signal from the test body;

displaying a strain image based on the computed strain

information on the display unit;

displacing a tissue of the test body by radiating a focused

beam in the test body; radiating the second displacement
detection beam and receiving the echo signal from the
test body to detect a shear wave displacement generated
by the focused beam; computing an elastic modulus in
the second region included in the first region based on
the shear wave displacement; and the computed elastic
modulus is displayed on the display unit.

13. The ultrasound display method according to claim 12,
wherein a focal point position of the focused beam selected
based on the strain information is determined.

14. The ultrasound display method according to claim 12,
wherein the second region irradiated by the second displace-
ment detection beam is selected from a location with the
uniform strain information based on the strain image dis-
played on the display unit.

15. The ultrasound display method according to claim 12,
wherein the display unit displays a scale indicating the elastic
modulus in a display range of the strain image to be displaced.
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