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(57) ABSTRACT

Provided is an ultrasonic diagnostic apparatus configured to
perform speed measurement while lessening the influence of
the wave surface feature and scattering resulting from the
shear wave propagation, which transmits burst wave as first
ultrasonic wave to the subject from the probe 11 and ultra-
sonic transmission-reception section 13 to apply radiation
pressure. The track pulse wave as the second ultrasonic wave
is transmitted to and received from the subject to detect dis-
placement of medium in the subject resulting from the shear
wave propagation in the subject at the radiation pressure. The
elasticity evaluation section 17 of the controller 12 measures
the first arrival time at the first depth and the second arrival
time at the second depth of the shear wave with the single
track pulse wave at the predetermined angle 0(=0) to the
subject depth direction using the data received from the ultra-
sonic transmission-reception section 13. The display section
15 displays the elasticity information of the subject by calcu-

A61B 8/08 (2006.01) lating the shear wave propagation velocity based on the dif-
A61B 8/00 (2006.01) ference between the first and the second arrival time values.
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ULTRASONIC DIAGNOSTIC APPARATUS
AND ELASTICITY EVALUATION METHOD

TECHNICAL FIELD

[0001] The present invention relates to an ultrasonic diag-
nostic technique which generates a shear wave in the subject
by means of acoustic radiation force so that elasticity of the
subject is evaluated based on the propagation velocity of the
shear wave.

BACKGROUND ART

[0002] The technique for evaluating elastic modulus of the
tissue by means of the transversal wave (hereinafter referred
to as shear wave) has been attracting attention for application
to the image display device using ultrasonic waves. An
attempt to apply such technique to the clinical use for mam-
mary tumor and chronic liver disease has been carried on.
This approach generates the shear wave within the tissue as
the measuring object, and evaluates the generated shear wave
by means of ultrasonic waves so as to calculate physical
quantity with respect to speed or rigidity. When it is assumed
that the compressional wave velocity is sufficiently higher
than the transverse wave velocity through conversion by set-
ting Poisson’s ratio of the tissue to 0.5, the Young’s modulus
may be simply expressed by a formula of E=3pVs® (E:
Young’s modulus, p: density, V: shear wave velocity).

[0003] The radiation force method as one of approaches to
generate the shear wave applies radiation pressure to the
inside of the living body through the focused ultrasonic wave
that converges the ultrasonic waves to a local area in the tissue
so as to generate the shear wave by a resultant tissue displace-
ment. Patent Literature 1 discloses the related art concerning
the radiation force method. For the purpose of estimating the
shear wave with higher accuracy, the disclosed radiation force
method is intended to obtain the correlation among displace-
ment profiles derived from a plurality of different combina-
tions of the source position and the detection position, and to
detect the shear wave information using the displacement
resulting from various spatial combinations of the transmis-
sion position and the detection position so that the shear wave
velocity is calculated at the respective lateral positions.

CITATION LIST

Patent Literature

[0004] [Patent Literature 1] JP-A-2012-81269

SUMMARY OF THE INVENTION

Technical Problem

[0005] The shear wave which propagates through the tissue
exhibits complicated features depending on viscosity of
medium, anisotropy of the structure, and existence of the
structure which contributes to scattering. For example, if the
blood vessel exists on the propagation path, the surface of the
arriving wave is disturbed under the influence of scattering
and diffraction, resulting in reduced speed measurement
accuracy. Therefore, measurement of the shear wave velocity
requires the technique capable of lessening the disturbance of
wave surface by reducing the propagation distance of the
wave surface, which is required for the speed measurement as
short as possible, and ensuring the stable measurement accu-
racy even if the wave surface disturbance occurs.
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[0006] Tt is an object of the present invention to provide a
highly accurate ultrasonic diagnostic apparatus and an elas-
ticity evaluation method for lessening the influence of the
wave surface disturbance.

Solution to Problem

[0007] The present invention provides an ultrasonic diag-
nostic apparatus which includes a probe which transmits and
receives ultrasonic waves to and from a subject, and a control
unit which generates a shear wave in the subject by transmit-
ting a first ultrasonic wave to the subject via the probe, and
allows transmission and reception of a second ultrasonic
wave to and from the subject. The control unit includes a
speed measurement section for measuring a first arrival time
and a second arrival time of the shear wave generated in the
subject based on the second ultrasonic wave, and measuring
propagation velocity of the shear wave based on a difference
between the first arrival time and the second arrival time.
[0008] The present invention further provides an elasticity
evaluation method for evaluating elasticity of a subject by
generating a shear wave in the subject to which a first ultra-
sonic wave is transmitted from a probe, transmitting and
receiving a second ultrasonic wave to and from the subject,
measuring a first arrival time and a second arrival time of the
shear wave generated in the subject based on the second
ultrasonic wave, and measuring a propagation velocity of the
shear wave based on a difference between the first arrival time
and the second arrival time.

Advantageous Effects of Invention

[0009] The present invention provides the ultrasonic diag-
nostic apparatus with high measurement accuracy and the
elasticity evaluation method for lessening the influence of the
wave surface disturbance.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 is a block diagram showing an exemplary
structure of an ultrasonic diagnostic apparatus according to a
first embodiment.

[0011] FIG. 2 is a functional explanatory view of the ultra-
sonic diagnostic apparatus according to the first embodiment.
[0012] FIG. 3isanexplanatory view representing a method
of setting an evaluation position according to the first embodi-
ment.

[0013] FIG. 4isaflowchart of process steps for an elasticity
evaluation method according to the first embodiment.
[0014] FIG. 5 is an explanatory view representing a posi-
tion to which a track pulse is transmitted according to the first
embodiment.

[0015] FIG. 6 shows numerical formulae of the respective
embodiments.
[0016] FIG. 71s a view illustrating a transmission sequence

according to the first embodiment.

[0017] FIG. 8is aview illustrating adisplacement measure-
ment result according to the first embodiment.

[0018] FIG. 9isanexplanatory view representing a method
of measuring the arrival time according to the first embodi-
ment.

[0019] FIG. 10 is an explanatory view representing a
method of calculating the arrival time based on the approxi-
mate straight line according to the first embodiment.

[0020] FIG. 11 illustrates a display example of a display
section according to the first embodiment.
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[0021] FIG. 12 is an explanatory view representing a
method of calculating the arrival time according to a second
embodiment.

[0022] FIG. 13 is a flowchart of process steps for calculat-
ing the center of gravity as a feature point indicating a region
according to the second embodiment.

[0023] FIG. 14 is an explanatory view representing calcu-
lation of the center of gravity as the feature point indicating
the region according to the second embodiment;

[0024] FIG. 15 illustrates a display example of the display
section according to the second embodiment.

[0025] FIG. 16 is an explanatory view representing the
effect obtained by using the center of gravity as the feature
point indicating the region according to the second embodi-
ment.

DESCRIPTION OF EMBODIMENTS

[0026] Embodiments of the present invention will be
described referring to the drawings. In the specification, the
“elasticity information” of the tissue is defined as the physical
property in general concerning deformation and flow of the
substance, for example, a strain, a shear wave velocity, a
compressional wave velocity, a Young’s modulus, a modulus
of rigidity, volume elastic modulus, a Poisson’s ratio, coeffi-
cient of viscosity and the like.

First Embodiment

[0027] The ultrasonic diagnostic apparatus and the elastic-
ity evaluation method according to the first embodiment will
be described referring to the block diagram shown in FIG. 1,
the functional explanatory view shown in FIG. 2, the explana-
tory view representing the method of setting the evaluation
position shown in FIG. 3, a flowchart of process steps for the
elasticity evaluation method shown in FIG. 4, and an explana-
tory view representing the position to which the track pulse is
transmitted shown in FIG. 5. The ultrasonic diagnostic appa-
ratus according to this embodiment includes a probe 11 for
transmission and reception of the ultrasonic waves to and
from the subject, and a controller 12 which generates the
shear wave in the subject through transmission of a first
ultrasonic wave to the subject via the probe 11, and further
transmits and receives a second ultrasonic wave to and from
the subject. The controller 12 includes a speed measurement
section 22 for measuring the propagation velocity of the shear
wave based on the difference between the first and the second
arrival time values of the shear wave generated in the subject,
which have been measured based on the second ultrasonic
wave.

[0028] This embodiment also describes the method of
evaluating elasticity of the subject, which includes the pro-
cess steps of generating the shear wave in the subject by
transmitting the first ultrasonic wave from the probe 11 to the
subject, measuring the first and the second arrival time values
of the shear wave generated in the subject based on the second
ultrasonic wave received and transmitted from and to the
subject, and measuring the propagation velocity of the shear
wave based on the difference between the first and the second
arrival time values.

[0029] Although the probe to be used is not specifically
limited, the embodiment will be described on the assumption
that the convex type probe is used, having the bore part curved
to form a convex shape at the side of the living body.
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[0030] The structure of an ultrasonic diagnostic apparatus
configured to generate high frequency (RF) data and image
data, which is employed for the embodiment will be
described referring to FIG. 1. As FIG. 1 shows, the ultrasonic
diagnostic apparatus 10 includes the controller 12, an ultra-
sonic transmission-reception section 13, and a display section
15. The controller 12 has a control unit 9 which includes a
central processing unit (CPU) 7 as the processing section and
amemory 8 as astorage unit, and a data processing section 14.
An electric signal for transmission pulse is generated by the
ultrasonic transmission-reception section 13 under the con-
trol of the control unit 9 of the controller 12. The electric
signal for transmission pulse generated by the ultrasonic
transmission-reception section 13 is converted into an analog
signal through a D/ A converter so as to be sent to the probe 11
grounded to the surface of the subject such as the living body.
The electric signal input to the probe 11 is converted into an
acoustic signal through an internally installed ceramic ele-
ment, and transmitted into the subject. The transmission is
carried out by a plurality of ceramic elements, each of which
has a predetermined time delay added to converge at a pre-
determined depth in the subject.

[0031] Theacoustic signal reflected in the propagation pro-
cess in the subject is received by the probe 11 again, and
converted into the electric signal reverse to the transmission
process. It is then sent to the A/D converter by a selector
switch inside the ultrasonic transmission-reception section
13 50 as to be converted into a digital signal. The ultrasonic
transmission-reception section 13 is configured to subject the
signals received by the respective elements to the addition
process such as the phasing addition in consideration of the
time delay added to the respective elements in the transmis-
sion process. The signal is further subjected to the process
such as attenuation correction, and sent to the data processing
section 14 in the controller 12 as the complex RF data.

[0032] The data processing section 14 includes an image
data generation section 16 which can be implemented by
executing the predetermined program and an elasticity evalu-
ation section 17 to be described later in detail referring to FIG.
2. The RF data acquired by the data processing section 14
from the ultrasonic transmission-reception section 13
become specific one-line element data along the ultrasonic
wave transmission-reception direction among the eventually
displayed image data. Transmission and reception of ultra-
sonic waves to and from the subject are switched sequentially
in the row direction of the ceramic elements that constitute the
probe 11 so that all the RF data that constitute the two-
dimensional image data are acquired and stored in the
memory.

[0033] The thus acquired and stored RF data are converted
into two-dimensional image data by the image data genera-
tion section 16 of the data processing section 14. Specifically,
the aforementioned process is a generally employed image
generation process, for example, gain control, logarithmic
compression, envelope demodulation, scan conversion or the
like, which has been performed by the commonly available
ultrasonic diagnostic apparatus. The image data generated by
the image data generation section 16 are displayed on the
display section 15. The data processing section 14 of the
control unit 12 may be configured by the CPU as the process-
ing unit and the memory that stores the program and data. It is
also possible to use the CPU 7 and the memory 8 of the
aforementioned control unit 9 as those for the data processing
section.
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[0034] The elasticity evaluation function performed by the
elasticity evaluation section 17 of the data processing section
14 according to the embodiment will be described referring to
the functional explanatory view of FIG. 2, the schematic view
of FIG. 3, and the flowchart of FIG. 4.

[0035] Referring to FIG. 2. the same elements as those
shown in FIG. 1 will be designated with the same codes. An
external input section 18 is configured to allow the operator to
input coordinate information about the evaluation position.
The data processing section 14 implements the elasticity
evaluation section 17 under the control of the controller 12 or
by itself. The elasticity evaluation section 17 generates the
radiation pressure at the evaluation position designated by the
operator so that the elasticity is evaluated by means of the
propagating shear wave. As the drawing shows, the elasticity
evaluation section 17 includes a burst wave control section 19
and a pulse wave control section 20 for setting the push pulse
condition and the track pulse condition, respectively to the
ultrasonic transmission-reception section 13. The section fur-
ther includes a displacement measurement section 21 for
generating the displacement information by means of the RF
data acquired from the ultrasonic transmission-reception sec-
tion 13, and the speed measurement section 22 for generating
the speed information from the displacement information.
The elasticity information is provided based on the thus
acquired speed information as a result of the elasticity evalu-
ation.

[0036] The operator designates the evaluation position by
inputting the coordinate information to the image data includ-
ing the subject displayed on the display section 15 through the
external input section 18 provided for the main body of the
apparatus, for example, the mouse and the trackball. Refer-
ring to the schematic view shown in FIG. 3, the operator
designates the coordinate information on the desired position
of the subject 24 in the image data 26 with a pointer 25 so as
to set the coordinates (X,,Z,) of the evaluation position 27 in
the image data 26. It is assumed to use a rectangular coordi-
nate system 23, in which the x denotes the transverse direc-
tion, and y denotes the longitudinal direction. As described
above, the elasticity information is derived from propagation
of the shear wave. In other words, a certain region is required
for the elasticity evaluation. Accordingly, an evaluation posi-
tion 27 (X,,7,) corresponds to the coordinates of a push posi-
tion 28 for generating the radiation force as the origin position
from which the shear wave is propagated.

[0037] The set coordinate information is sent to the data
processing section 14, and input to the elasticity evaluation
section 17 installed therein in step 1 of FIG. 4. Then in step 2,
the burst wave control section 19 sets the wave transmission
condition of the first ultrasonic wave, that is, the burst wave as
the push pulse based on the input coordinate data. The wave
transmission condition which hardly influences the living
body and allows effective generation of the shear wave may
be set as the conversion condition suitably in the range of the
F number set to 1 to 2 (the value obtained by dividing the bore
width by the focal depth), the intensity set to 0.1 to 1 kW/cm?,
and the burst length set to 100 to 1000 us. The bore width is in
the range of the ceramic element that is actually driven, taking
a discrete value at an element interval. In order to form the
ideal focus region, each voltage applied to the respective
elements is multiplied by the bore weighting (apodization).
The push pulse is transmitted along the depth direction of the
subject, and accordingly, the transmission angle as the trans-
mission condition becomes zero.
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[0038] Preferably, the disturbance of the focus region under
the influence of diffraction is suppressed by reducing the
weighting from the bore center to the corner. The bore weight-
ing is disadvantageous in reducing the intensity. If the evalu-
ation position is located in the deep part and likely to be easily
influenced by attenuation, the intensity is prioritized to for-
mation of the region to reduce the bore weighting. It is effec-
tive to set the transmission frequency to be approximate to the
center frequency of the sensitivity band of the probe 11. The
wave transmission condition of the burst wave as the push
pulse, which functions as the first ultrasonic wave is imme-
diately sent to the ultrasonic transmission-reception section
13, and applied into the living body via the probe 11.

[0039] Instep 3, the pulse wave control section 20 sets the
wave transmission condition of the second ultrasonic wave,
that is, the track pulse. The acoustic parameters such as the
frequency, wave number, and F number are substantially the
same as those for generating the image data. If the abdomen
is set as the inspection object, the condition having the fre-
quency from 1 to 5 MHz, the wave number from 1 to 3, and the
F number in the range from 1 to 2 may be used. As described
above, the track pulse functioning as the second ultrasonic
wave is the pulse wave to be transmitted and received for the
purpose of measuring the displacement of the tissue resulting
from propagation of the shear wave. The shear wave is
sharply attenuated as it is propagated. Therefore, the trans-
mission direction and the transmission angle of the second
ultrasonic wave, that is, track pulse become essential wave
transmission conditions. The pulse wave control section 20
according to the embodiment sets the transmission direction
of the track pulse based on the shear wave velocity expected
as the coordinate information for realizing the elasticity
evaluation. The pulse wave control section 20 according to
this embodiment transmits the track pulse only in the specific
transmission direction, in other words, only one measurement
position is sef.

[0040] Referring to FIG. 5, an explanation will be made
with respect to the method of setting each transmission direc-
tion and transmission angle of the push pulse as the first
ultrasonic wave and the track pulse as the second ultrasonic
wave. F1G. 5 schematically illustrates the probe 11 with cur-
vature of R, the radiation force F generated at the push posi-
tion 28 (xX,,7,), and a shear wave 30 propagated from the push
position in the orientation direction. It is assumed that the
width of the depth direction on which the radiation force F
acts is set to d(z, to z,), the angle formed by the transmission
direction of the track pulse as the second ultrasonic wave and
the depth direction as the center axis of the probe 11, in other
words, the application direction of the radiation force F is set
to 6,, (8,20), and the base and the oblique side of the right
angled triangle formed in the range of the width d in the depth
direction as shown in the drawing is set to x,, and d', respec-
tively. A transmission direction 29 of the track pulse is dis-
cretely switched for each width of the elements that constitute
the probe. The subscript n denotes the center position of the
drive element, that is, the transmission direction of the track
pulse. The drawing shows that the x,, is expressed as tangent
of the numerical formula 1 of FIG. 6 using 0, as the angle
information. As described above, the push pulse condition
and the track pulse condition are input to the ultrasonic trans-
mission-reception section 13 from the burst wave control
section 19 and the pulse wave control section 20 of the elas-
ticity evaluation section 17, respectively. The angle 0, in the
transmission direction is not set to zero, which represents that
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the controller 12 controls the transmission direction of the
second ultrasonic wave to be different from that of the first
ultrasonic wave.

[0041] The shear wave 30 generated by the radiation force
of the push pulse as the first ultrasonic wave having the push
pulse condition set by the burst wave control section 19 as
shown in FIG. 2 is propagated to form substantially a cylin-
drical wave with respect to the push pulse transmission direc-
tion as the axis while displacing the tissue in the depth direc-
tion (z direction). The propagation range in the depth
direction becomes d on which the radiation force substan-
tially acts. If the displacement measurement section 21 per-
forms the displacement measurement in the transmission
direction of the track pulse having the track pulse condition
set by the pulse wave control section 20 by means of the RF
data from the ultrasonic transmission-reception section 13,
the shear wave 30 propagated from the push position is first
measured at the depth z,, and then measured at the depth z,.
Each value of the first and the second arrival times of the shear
wave 30 at the respective depths z, and z, is measured so as to
allow the speed measurement section 22 to calculate the shear
wave velocity V using the time difference t and the distance
X,

[0042] The controller 12 controls so that the depth in the
subject, at which the first arrival time is measured differs from
the depth at which the second arrival time is measured. The
controller 12 also controls so that the depth in the subject
where the second arrival time is measured is larger than the
depth in the subject where the first arrival time is measured.
[0043] The pulse groups that constitute the track pulse are
transmitted and received by the ultrasonic transmission-re-
ception section 13 in a constant pulse reputation time (PRT).
The PRT becomes the time resolution in the displacement
measurement. Accordingly, it is necessary to satisfy the con-
dition of the numerical formula 2 shown in FIG. 6 when
measuring the time difference t. This formula also represents
the condition to be satisfied by the x,. It is necessary for
performing the measurement in preliminary consideration of
the speed range to be measured since the V is the shear wave
velocity of the tissue. For example, in evaluating fibrillation
of the liver tissue, the V may be set to be in the range from
approximately 1 to 5 m/s. In evaluating the breast cancer, the
velocity may be set to be further higher, and accordingly, the
maximum speed is expected to be set to 10 m/s.

[0044] From the numerical formulae 1 and 2 shown in FIG.
6, the transmission direction of the track pulse and the trans-
mission angle 6, are set to satisfy the condition of the numeri-
cal formula 3 shown in FIG. 6. As the shear wave is influenced
by the attenuation and scattering in the propagation process,
the minimum value that satisfies the numerical formula 3 is
set for the purpose of minimizing the aforementioned influ-
ence. If cirrhosis of the liver is assumed to be positioned at the
depth of 5 cm (V=4 m/s), and it is measured with the push
pulse (d=10 mm) with the F number set to 1, and the track
pulse with PRT=0.25 ms, the transmission direction of the
track pulse of 8,=0.1 rad is obtained. The track pulse which
includes a series of pulse groups is transmitted in the prede-
termined direction 9, (8,0) from the ultrasonic transmis-
sion-reception section 13 via the probe 11 shown in FIG. 1
based on the track pulse condition equal to or higher than the
one set by the pulse wave control section 20 (step 5).

[0045] FIG. 7 shows an example of the transmission
sequence of the push pulse as the first ultrasonic wave and the
track pulse as the second ultrasonic wave, which are set by the
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burst wave control section 19 and the pulse wave control
section 20 of the elasticity evaluation section 17 of the appa-
ratus according to the embodiment. Upon input of the coor-
dinates of the evaluation position in step 1, a trigger signal 31
as an electric signal is immediately sent to the data processing
section 14 from the control unit 9 of the controller 12. Simul-
taneously with the input of the trigger signal 31, the push
pulse condition of the first ultrasonic wave, and the track
pulse condition ofthe second ultrasonic wave are determined
by the burst wave control section 19 and the pulse wave
control section 20 of the elasticity evaluation section 17.
Based on the aforementioned conditions, a push pulse 32 with
the burst length T as the first ultrasonic wave is transmitted
from the ultrasonic transmission-reception section 13. Sub-
sequently, a series of pulse groups that constitute the track
pulse 33 as the second ultrasonic wave is transmitted and
received at the predetermined PRT. Transmission and recep-
tion of the track pulse 33 may be started simultaneously with
the input of the trigger signal 31, that is, the push pulse 32. In
this case, as noise may be received during application of the
push pulse 32, it is therefore difficult to measure the displace-
ment. However, this approach is advantageous to ensure the
RF data before and after the application to be acquired.

[0046] As FIG. 7 shows, through the series of sequence
including input of the trigger signal 31, one transmission of
the push pulse 32 as the first ultrasonic wave, and transmis-
sion and reception of the track pulse 33 formed of a plurality
of pulse groups, the displacement measurement section 21
shown in FIG. 2 provides the displacement information, and
the speed measurement section 22 calculates the measure-
ment result of the shear wave velocity from the displacement
information. Repetition of the series of sequence including
the trigger signal 31, the push pulse 32 and the track pulse 33
shown in FIG. 7 a plurality of times provides a plurality of
measurement results. The statistics such as the standard
deviation of the measurement results are calculated and dis-
played on the display section 15 as one of data indicating the
measurement accuracy. The accuracy will be described as an
example later in the explanation referring to FIG. 11.

[0047] A reflection signal from the living body acquired
through transmission of the track pulse 33 is sent to the
ultrasonic transmission-reception section 13 via the probe 11
so as to generate a plurality of complex RF data as described
above. As FIG. 2 shows, the RF data are input to the displace-
ment measurement section 21 of the data processing section
14 so that the tissue displacement resultant from the shear
wave propagation is measured in step 6 of FIG. 4, and the
displacement information is provided. The displacement
measurement function of the displacement measurement sec-
tion 21 is implemented by performing complex correlation
calculation between the RF data acquired at the time interval
of PRT. In this case, the particle velocity is calculated as the
displacement per unit of time. There may be the method of
calculating the absolute value of the displacement in refer-
ence to the RF data before transmission of the push pulse. The
particle velocity serves to remove the low frequency compo-
nent resulting from deflection of the probe and natural move-
ment of the biotissue so as to be effective for measuring the
shear wave with high sensitivity. In this embodiment, there-
fore, the displacement measurement section 21 acquires the
displacement information using the particle velocity. The
displacement measurement section 21 sets the spatial range
for performing the displacement measurement based on the
push pulse transmission condition determined by the burst
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wave control section 19, and sets the time range based on the
track pulse transmission condition determined by the pulse
wave control section 20.

[0048] All the acquired RF data are subjected to the calcu-
lation, and the shear wave velocity is measured by the speed
measurement section 22 in step 7 based on the calculated
displacement information so as to determine the speed infor-
mation. In step 8, based on the speed information determined
by the speed measurement section 22, the elasticity informa-
tion is acquired as the elasticity evaluation result.

[0049] FIG. 8 shows an example of the displacement data
and the displacement information derived from the displace-
ment measurenent section 21, that is, an example of a dis-
placement 34 at positive side and a displacement 35 at nega-
tive side of the displacement information as a result of the
displacement measurement in the track pulse transmission
direction. Referring to the drawing, y-axis denotes the dis-
tance in the depth direction, and x-axis denotes the time. The
positive displacement 34 which appears precedingly in time
shows the arrival time delay from the upper end (coordinate:
z,, arrival time: t,) to the lower end (coordinate: z,, arrival
time: t,) of the right angled triangle as shown in FIG. 5. In this
embodiment, the displacement measurement is carried out
along the track pulse transmission direction. Accordingly, the
distance between z, and 7, at the y-axis of the graph shown in
FIG. 8 1s set to d. The coordinates (z,,z,) of the upper end and
the lower end are obtained as z,=7,-d/2 and 7,=7,+d/2 based
on the push position and the propagation range d. In this
embodiment, the arrival time values of the shear wave at the
depths of z; and z, are calculated through the method using
the maximum value or the minimum value of the displace-
ment.

[0050] FIG.9 shows displacement measurement results 36,
37 each as the one-dimensional profile of the displacement
data at the depths of z, and z, shown in FIG. 8. The time taken
for reaching the maximum value of the respective displace-
ment profiles while focusing the positive displacement 34 is
measured to calculate the arrival time values (t1, t2) of the
shear wave at the respective depths. An arbitrary index may be
used as the feature amount of the displacement profile for
calculating the arrival time values (t,,t,), for example, the
minimum value, the median value between the maximum and
the minimum values besides the maximum value so long as it
is uniquely set from the displacement profile. The shear wave
velocity V, is calculated from the measured arrival time val-
ues (t,,t,) and the distance (x,) in the orientation direction
based on the numerical formula 4 shown in FIG. 6.

[0051] FIG. 10 represents another method of calculating
the arrival time values (t;, t,) from the displacement data and
displacement information. A plurality of measurement points
may be set in the range (z,-7,) used for the measurement, for
example, the maximum value is used for calculating the
arrival time values at the respective measurement points. The
use of combinations of calculated values of the distance and
the arrival time are used to calculate the one-dimensional
approximate straight line as shown in FIG. 10. Intersection
points between the approximate straight line, and the z=z,
and 7=z, may be employed to calculate the arrival time values
(tls t2)~

[0052] As described above, this embodiment is configured
to evaluate the tissue elasticity information in the last step 8
shown in FIG. 4. The tissue elasticity information is defined
as the physical property in general concerning deformation
and flow of the substance, for example, strain, a shear wave
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velocity, compressional wave velocity, a Young’s modulus,
modulus of rigidity, volume elastic modulus, Poisson’s ratio,
coefficient of viscosity and the like. In the first embodiment,
the shear wave velocity has been described in detail as the
tissue elasticity information. However, it is possible to con-
vert the measured displacement into the strain, or to conduct
frequency analysis of the shear wave to provide such infor-
mation as viscosity.

[0053] FIG. 11 shows a display example of the display
section 15 according to the embodiment. The display section
15 is employed to display the image data or propagation
velocity of the shear wave, and the displacement data as the
displacement information and the center of gravity to be
described later. In other words, the evaluated elasticity infor-
mation is sent to the display section 15, and presented to the
operator together with the image data 26 described referring
to FIG. 3 and the displacement shown in FIG. 8 as the evalu-
ation results. As FIG. 11 shows, a part of displacement mea-
surement result 40 indicating the displacement information
described referring to FIG. 8, and a part of evaluation result 39
of the elasticity information, for example, the shear wave
velocity with accuracy (+/-7%), and Young’s modulus
together with the image data 26 indicating the subject and the
evaluation position of the elasticity information. The accu-
racy may be the statistics such as the standard deviation of the
results of measurements which have been conducted a plu-
rality of times through repetitively executed sequence at the
same position and the same angle as shown in FIG. 7. It is
calculated through the generally employed evaluation
method. The Young’s modulus in a part of the evaluation
result 39 of the elasticity information is derived as the elas-
ticity information from the shear wave velocity by calculating
the formula of E=3pVs? (E: Young’s modulus, p: density, Vs:
shear wave velocity).

[0054] The probe used in the first embodiment has been
described in a limited way to the convex type. However, it is
essential for this embodiment to form the predetermined
angle in accordance with the angle information between the
shear wave propagation direction and the track pulse trans-
mission-reception direction. Accordingly, the probe of arbi-
trary type may be employed without especially limiting. For
example, it is possible to evaluate elasticity in the same pro-
cess step with the same structure by changing the track pulse
transmission-reception direction to the predetermined angu-
lar direction in accordance with the angle information under
electronic control irrespective of the linear type probe in use.
[0055] Theapparatus or the method as described in the first
embodiment is expected to lessen the influence of the wave
surface disturbance by reducing the propagation distance of
the wave surface required to measure the shear wave velocity.
The unified measurement position is also expected to improve
the time resolution. Furthermore it is possible to establish the
shear wave velocity measurement method, ensuring both
measurement accuracy and reproducibility, thus realizing the
ultrasonic diagnostic apparatus with high diagnosability.

Second Embodiment

[0056] The ultrasonic diagnostic apparatus and the elastic-
ity evaluation method according to a second embodiment will
be described. The apparatus according to this embodiment
includes the probe 11 which transmits and receives ultrasonic
waves to and from the subject, and the controller 12 which
transmits the first ultrasonic wave to the subject via the probe
11 to generate the shear wave in the subject, and transmits and
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receives the second ultrasonic wave to and from the subject.
The controller 12 includes the speed measurement section 22
that calculates feature points 41, 42 indicating a plurality of
divided regions based on the measurement position and the
arrival time for the respective displacement data derived from
the second ultrasonic wave in the regions divided in the sub-
jectbased on the second ultrasonic wave, measures the propa-
gation velocity of the shear wave based on the difference
between the first arrival time and the second arrival time of the
generated shear wave, which have been measured using the
feature points indicating a plurality of calculated divided
regions.

[0057] This embodiment provides the method of evaluating
elasticity of the subject by transmitting the first ultrasonic
wave to the subject from the probe to generate the sear wave
in a plurality of divided regions in the subject, transmitting
and receiving the second ultrasonic wave to and from the
subject to calculate feature points indicating the divided
regions for the respective displacement data of divided
regions derived from the second ultrasonic wave based on the
measurement position and the arrival time, and calculating
the shear wave propagation velocity using the feature points
indicating those divided regions.

[0058] The embodiment is featured by capability of less-
ening the influence of scattering on the shear wave surface
resulting from propagation. In this embodiment, the center of
gravity or the like is used as the feature point indicating the
region or feature amount that captures the shear wave surface
for the purpose of lessening the influence of scattering on the
wave surface. The embodiment is intended to evaluate elas-
ticity by dividing the inspection object of the subject into a
plurality of regions, calculating the feature point indicating
the divided region using the displacement data derived from
the track pulse as the second ultrasonic wave in the respective
regions, and calculating the shear wave propagation velocity
based on the difference in the arrival time between the feature
points indicating the divided regions.

[0059] In this embodiment, explanations of a series of the
process from transmission of the push pulse as the first ultra-
sonic wave to the displacement measurement will be omitted
as they are the same as those described in the first embodi-
ment in reference to the general structure of the probe and the
ultrasonic diagnostic apparatus shown in FIG. 1, the respec-
tive functional structures and information flow shown in FIG.
2, and steps 1 to 6 of the flowchart shown in FIG. 4.

[0060] FIG. 12 shows an example of the displacement data
and displacement information used in the second embodi-
ment. The drawing graphically represents an example that
each center of gravity of the respective divided regions is
calculated as the feature point indicating the divided region or
the feature amount for capturing the wave surface, and the
arrival time is measured by means of the calculated center of
gravity. In this embodiment, the speed measurement is con-
ducted by extracting the displacement data only at the posi-
tive or the negative side from those of the displacement mea-
surement results as shown in FIG. 12, and the resultant two-
dimensional wave surface is regarded as the rigid body. In
other words, the displacement is replaced with the weight,
and the center of gravity of the wave surface is focused to
allow stable measurement of the arrival time irrespective of
the disturbed wave surface, thus lessening the influence of
scattering on the shear wave surface resulting from propaga-
tion. Extraction of the displacement at the positive side as
shown in FIG. 12 will be described hereinafter.
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[0061] FIG. 13 shows an example of the process steps
according to the embodiment. In step 21, the inspection
object of the subject is divided into regions. The number of
divided regions is not specifically limited. It is the simplest
way to divide the inspection object into two parts, that is,
upper and lower regions with respect to the measurement
position as the center (7=7,) as shown in FIG. 12. In step 22,
the maximum displacement value and arrival time at each
depth are calculated in all the regions (z,-z,) used for the
measurement. In step 23, the center of gravities 41 and 42 are
calculated as the feature points indicating the upper wave
surface and the lower wave surface, which have been divided,
using the maximum displacement and the arrival time mea-
sured in step 22. Each of the center of gravities 41 and 42 as
the example of the feature point indicating the region is
obtained by calculating the numerical formula 5 shown in
FIG. 6. Referring to the numerical formula 5, the codes d, u,,
t, denote the depth, maximum displacement and arrival time,
respectively.

[0062] FIG. 14 graphically represents calculation of the
center of gravity as the feature amount of the wave surface
captured as the rigid body, that is, the feature point indicating
the region. Each set of the maximum displacement 44 (u,)
and the arrival time t, s measured at the respective depths of
n points from the depth d; to d,,. The measured results are
substituted for the numerical formula 5 shown in

[0063] FIG. 6 to provide positions of the center of gravity.
After the center of gravities 41 and 42 are obtained for the
respective regions, the approximate straight line 43 for con-
necting the center of gravities 41 and 42 is calculated through
the known fitting method such as the least-squares method in
step 24. Values of the arrival time (t,, t,) are calculated from
the intersection of the approximate straight line 43 and values
of the depths (z,, 7,) in step 25.

[0064] The embodiment configured to use the center of
gravity as the feature point indicating the region allows cal-
culation of the arrival time while comprehensively capturing
the wave surface as a whole even if the wave surface is
disturbed under the influence of scattering that occurs in the
shear wave propagation process or the displacement locally
disappears. This makes it possible to improve the measure-
ment accuracy.

[0065] The elasticity evaluation method according to this
embodiment considers the magnitude of displacement in cal-
culation of the arrival time, and provides the calculated value
resulting from weighting the highly sensitive displacement
measurement result with high reliability. The inspection
object is divided into three or more regions rather than two
regions so that several results with higher values are only
subjected to the fitting process so as to ensure the measure-
ment with higher accuracy.

[0066] After the arrival time is calculated using the center
of gravity of the divided region through the aforementioned
process, the shear wave velocity is calculated in the similar
way to the one described in the first embodiment. The elas-
ticity information derived from the elasticity evaluation is
sent to the display section 15, and presented to the operator.
[0067] FIG. 15 shows a display example according to the
embodiment. The display screen of the display section 15
includes a part of image data 26 for indicating the tissue shape
and the measurement position, a part of displacement mea-
surement result 45 representing the displacement data of
shear wave and the center of gravity shown in FIG. 12, and a
part of evaluation result 46 indicating numerical values of the



US 2015/0148673 Al

shear wave velocity and the like. The analytical method may
be corrected on the screen. For example, the divided region
for calculating the center of gravity is corrected by inputting
the numerical value through the external input section 18 such
as the keyboard as shown in FIG. 2 equipped with the appa-
ratus. This makes it possible to immediately reflect the opera-
tion to the shear wave measurement result and the evaluation
result. Likewise the first embodiment, if the wave transmis-
sion sequence is repeated a plurality of times as shown in FIG.
7 to execute plural measurements at the same measuremnent
position, the statistics such as the standard deviation (+/-7%)
as the resultant accuracy will be displayed in the part of
evaluation result. The error between the sample point and the
approximate straight line is calculated in the fitting process so
that the degree of the wave surface disturbance may be quan-
titatively evaluated. It is therefore effective to provide the
index indicating reliability of the measurement and display
numerical values for carrying out the highly accurate mea-
surement. It is also effective to use the value of center of
gravity in the fitting process as the index indicating reliability.
[0068] FIG. 16 is an explanatory view showing the effect
derived from using the center of gravity with the configura-
tion and the method according to this embodiment. Likewise
FIG. 12, this drawing graphically represents the displacement
that changes with time with respect to the distance in the
depth direction and the depth. If the shear wave arrives par-
allel to the path of the track pulse as the second ultrasonic
wave, the arrival time becomes the same at all the depths.
However, as the upper part of FIG. 16 shows, if the wave
surface disturbance is caused by scattering, the measurement
result of the arrival time at each depth may have the error, and
depending on the depth, the wave surface disappears, thus
failing to measure the arrival time. On the contrary, as the
lower part of FIG. 16 shows, in this embodiment, the wave
surface is comprehensively captured as a single region
enclosed with a broken line 47 so as to realize the measure-
ment which lessens the influence of the wave surface distur-
bance. If the depth at which the wave surface disappears
exists, the resultant displacement (mass of the rigid body) is
sufficiently low compared to the surrounding regions, which
hardly influences the position of the center of gravity as the
feature point indicating the region used for the embodiment.
[0069] As for reliability shown in the part of evaluation
result 46 of FIG. 15, by preliminarily storing reference values
which have been measured, for example, the wave transmis-
sion condition, displacement corresponding to rigidity of the
medium and values of the center of gravity in the memory in
the controller 12 of the main body of the apparatus by means
of gel phantom, it is possible to evaluate deviation of the
measurement result from the ideal value in accordance with
the ratio between the values and those measurement result.

[0070] In the aforementioned second embodiment, the
probe of convex type is used in a limited way. However, it is
essential to capture the wave surface as the single rigid body
so as to measure the position of the center of gravity as the
feature amount of the wave surface measurement. The probe
to be used, therefore, is not specifically limited. For example,
the linear type probe may be used for evaluating elasticity in
the same process steps performed by the same apparatus
configuration so long as the transmission-reception direction
of the track pulse may be electronically controlled to a pre-
determined angular direction.

[0071] If a plurality of displacement measurement posi-
tions are set in the shear wave propagation direction, the
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method using the center of gravity as described in the embodi-
ment is applicable. When setting the plurality of measure-
ment positions, the number of displacement measurement
results corresponds to that of the measurement positions. The
center of gravity with respect to each result is calculated as the
feature amount that captures the wave surface or the feature
point indicating the region so as to calculate the arrival time of
the wave surface at the respective measurement positions.
Accordingly the shear wave velocity may be measured.
[0072] In the second embodiment as aforementioned, the
center of gravity is used as the feature amount for capturing
the wave surface or the feature point indicating the region. For
example, arbitrary properties may be used as the feature
amount, for example, minimum value, maximum value, intet-
mediate value, average value of the wave surface, the inflex-
ion point derived from the second order differentiation so
long as the wave surface position is uniquely determined, thus
allowing the process using the feature amount for capturing
the wave surface, and the feature point indicating the region.
This embodiment provides the ultrasonic diagnostic appara-
tus and the elasticity evaluation method which are capable of
lessening the influence of the scattering on the shear wave
surface resulting from the propagation.

[0073] The present invention is not limited to the embodi-
ments as described above, and may include various modifi-
cations. The embodiments have been described in detail for
better understanding of the invention, and are not necessarily
restricted to the one provided with all the structures as
described above. The structure of any one of the embodiments
may be partially replaced with that of the other embodiment.
Alternatively, it is possible to add the structure of any one of
the embodiments to that of the other one. It is also possible to
have the part of the structure of the respective embodiments
added to, removed from and replaced with the other structure.
The aforementioned structures, functions and processing sec-
tions may be realized by creating the program for partial or
total execution, and the functions are realized by executing
the program. They may be partially or totally implemented by
the hardware, for example, designed with the integrated cir-
cuit.

REFERENCE SIGNS LIST

[0074] 7 processing unit (CPU)

[0075] 8 storage unit (memory)

[0076] 9 control unit

[0077] 10 ultrasonic diagnostic apparatus
[0078] 11 probe

[0079] 12 control unit

[0080] 13 ultrasonic transmission-reception section
[0081] 14 data processing section

[0082] 15 display section

[0083] 16 image data generation section
[0084] 17 elasticity evaluation section
[0085] 18 external input section

[0086] 19 burst wave control section
[0087] 20 pulse wave control section
[0088] 21 displacement measurement section
[0089] 22 speed measurement section
[0090] 23 rectangular coordinate system
[0091] 24 subject

[0092] 25 pointer

[0093] 26 image data

[0094] 27 evaluation position

[0095] 28 push position
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[0096] 29 track pulse transmission direction

[0097] 30 shear wave

[0098] 31 trigger signal

[0099] 32 push pulse

[0100] 33 track pulse

[0101] 34 displacement at positive side

[0102] 35 displacement at negative side

[0103] 36 displacement measurement result at depth of z,
[0104] 37 displacement measurement result at depth of z,
[0105] 38,43 approximate straight line

[0106] 39,46 evaluation result

[0107] 40,45 displacement measurement result

[0108] 41,42 center of gravity

[0109] 44 maximum displacement at depth d

[0110] 47 region where the center of gravity is measured

1. An ultrasonic diagnostic apparatus comprising:
a probe which transmits and receives ultrasonic waves to
and from a subject;
a control unit which generates a shear wave in the subject
by transmitting a first ultrasonic wave to the subject via
the probe, and allows transmission and reception of a
second ultrasonic wave to and from the subject, wherein
the control unit includes a speed measurement section
for measuring a first arrival time and a second arrival
time of the shear wave generated in the subject based on
the second ultrasonic wave, and measuring propagation
velocity ofthe shear wave based on a difference between
the first arrival time and the second arrival time; and
adisplay section for displaying image data of the subject or
the propagation velocity,
wherein the control unit divides the inside of the subject
into a plurality of divided regions, and calculates a fea-
ture point indicating each of the divided regions based
on a measurement position and the arrival time with
respect to displacement data derived from the second
ultrasonic wave in the divided regions, and further mea-
sures the first arrival time and the second arrival time
using the feature point indicating the region.
2. The ultrasonic diagnostic apparatus according to claim
1, wherein the control unit makes a depth in the subject at
which the first arrival time is measured different from a depth
in the subject at which the second arrival time is measured.
3. The ultrasonic diagnostic apparatus according to claim
2, wherein the control unit makes the depth in the subject at
which the second arrival time is measured larger than the
depth in the subject at which the first arrival time is measured.
4. The ultrasonic diagnostic apparatus according to claim
3, wherein the control unit makes a transmission direction of
the second ultrasonic wave different from a transmission
direction of the first ultrasonic wave.
5. The ultrasonic diagnostic apparatus according to claim
4, wherein the control unit applies the second ultrasonic wave
at a predetermined angle 0(0-0) toward a depth direction of
the subject.
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6. The ultrasonic diagnostic apparatus according to claim
1, wherein the control unit uses a burst wave as the first
ultrasonic wave, and a track pulse formed of a plurality of
pulse groups as the second ultrasonic wave.

7. (canceled)

8. The ultrasonic diagnostic apparatus according to claim
7, wherein the control unit repeatedly executes transmission
of the first ultrasonic wave to the subject, and transmission-
reception of the second ultrasonic wave to and from the sub-
jectto calculate statistics of the propagation velocity of result-
ant values of a plurality of shear waves, and the display
section displays the statistics.

9. (canceled)

10. The ultrasonic diagnostic apparatus according to claim
95

wherein the control unit uses the center of gravity of the

divided region as the feature point indicating the region,
and

wherein the display section displays the displacement data

and the center of gravity.

11. An elasticity evaluation method for evaluating elastic-
ity of a subject, the method comprising:

generating a shear wave in the subject to which a first

ultrasonic wave is transmitted from a probe;
transmitting and receiving a second ultrasonic wave to and
from the subject;

measuring a first arrival time and a second arrival time of

the shear wave generated in the subject based on the
second ultrasonic wave; and

measuring a propagation velocity of the shear wave based

on a difference between the first arrival time and the
second arrival time,

wherein the shear wave is generated in a plurality of

divided regions in the subject, a feature point indicating
the divided region is calculated for the respective dis-
placement data of the divided regions, and the shear
wave propagation velocity is calculated using the calcu-
lated feature points indicating a plurality of the divided
regions, and

wherein the center of gravity of the divided region is used

as the feature point indicating the divided region.

12. The elasticity evaluation method according to claim 11,
wherein the second ultrasonic wave is applied at a predeter-
mined angle 8(80) toward a depth direction of the subject,
and the first arrival time and the second arrival time are
measured at different depths in the subject.

13. The elasticity evaluation method according to claim 11,
wherein transmission of the first ultrasonic wave to the sub-
jectand transmission-reception of the second ultrasonic wave
to and from the subject are repeatedly executed to calculate
statistics of propagation velocity values of a plurality of gen-
erated shear waves.

14-15. (canceled)
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