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7) ABSTRACT

An ultrasound diagnostic apparatus includes: an ultrasound
probe; a transmission and reception unit that transmits an
ultrasound beam from the ultrasound probe toward a subject,
receives an ultrasound beam reflected from the subject, and
processes a received signal output from the ultrasound probe
to generate received data; a complex data generation unit
that generates first complex data including amplitude infor-
mation and phase information by orthogonally detecting the
received data generated by the transmission and reception
unit using a first center frequency and a first cutoff frequency
and generates second complex data by orthogonally detect-
ing the same data as the received data using a second cutoff
frequency and a second center frequency lower than the first
center frequency; a B-mode processing unit that generates a
B-mode image using amplitude information of at least one

(30) Foreign Application Priority Data of the first complex data or the second complex data; a phase
difference calculation unit that calculates a first phase dif-
Nov. 2, 2015 (JP) v, 2015-215611 ference between frames using phase information of the first
complex data and calculates a second phase difference
Publication Classificati between frames using phase information of the second
ublication € fasstiication complex data; a phase difference correction unit that corrects
(51) Imt.ClL the first phase difference using the second phase difference;
A61B 8/08 (2006.01) and a displacement amount calculation unit that calculates
A6IB 8/14 (2006.01) an amount of displacement of a measurement target tissue of
A61B 8/00 (2006.01) the subject using the corrected first phase difference.
) ?
ULTRASOUND : | TRANSMISSION
PROBE AND R&&E{PTXON
3 4A
,9 / / 6 1
cccepTionl| [COMPLEXDATA| | B-MODE . L
UNT |7*] GENERATION  r4-»PROCESSING DISPLAY 1,i DISPLAY
UNIT T ey CONTROL | { UNIT
s i
i - M-MODE .
3 - 4B fapROCESSIG ;
oL ThassoN| | L ;
o i ELASTICITY INDEX _| |
2 —»  GALCULATION '
7 10 ; 1/2 PROCESSING UNIT
; LY
TRANSMISSION {1 PROBE TYPE i 5
AND RECEPTION || | i
CONTROL UNIT 2 DETEGTION UNIT |
| | i1
¥ ! L
DEVICE CONTROL UNET
QUADRATURE DETECTION | |OPERATION| | STORAGE
CONDITION MEMORY UNIT UNIT
/ / /
13 14 15



Patent Application Publication Aug. 30,2018 Sheet 1 of 11 US 2018/0242954 A1

FIG. 1
,‘ ?
ULTRASOUND | | TRANSMISSION
PROBE | | DFECEPTON
3 4A
/9 / / 6 ]
rEcepTion]l [GOMPLEXDATA| | B-HODE L :
G [ GENERATION | PROCESSING DISPLAY || DISPLAY
- ‘ U ONIT CONROL | Uit
LR
TRANSDUCER — | 1 H-HODE .
3 - 4B fipROCESSHG, | ;
| TRanstssion]: T
UNIT
ELASTICITY INDEX
¥ | S CALCULATION [Tt |
A 10 1/2 PROCESSING UNIT
L i * \
TRANSMISSION PROBE TYPE Log ‘
AIDRECEPHIONYL 1 DETECTON T | ! |
3 :
| ! 1
1 ! /
DEVICE CONTROL UNIT

QUADRATURE DETECTION | |OPERATION| | STORAGE
CONDITION MEMORY UNIT UNIT
/ / /
13 14 15




Patent Application Publication Aug. 30,2018 Sheet 2 of 11 US 2018/0242954 A1

| 16 17
/ / /

AD
CONVERSION i DEA

UNIT

AMPLIFIGATION
UNIT

FIRST COMPLEX DATA
f GENERAT;;)N UNIT VENORY

/
QUADRATURE
DETECTION
UNIT

i
SO

SECOND COMPLEX DATA
MEMORY

B-NODEPROCESSNGUNT T 4A

22A
/

23A
/

24A
/

29A
/

|
|
—

AMPLITUDE
GALCULATION
UNIT

—

SIGNAL
PROGESSING
UNIT

DSC

IMAGE
PROGESSING
UNIT




Patent Application Publication Aug. 30,2018 Sheet 3 of 11 US 2018/0242954 A1

FIG. 4B
| WMODEPROCESSNGUNT R
| 228 238 248 258 |
R A |
LCULATION - o 0s0 b
N NT wr ||
T T T T ~ ]
FIG. 5
| ELASTICITY INDEX CALCULATION PROCESSING UNIT L5
| 26 27 28 |
i / / / |
! SFFERENCE oFreRENe | | MO |
1 CALCULATION CORRECTION ™ CALCULATION [
1N NIT UNIT |
| |
CWPERE L EE L
30 -Ur- 31
' DETERVINATION CALCULATION |
| NT ||




Patent Application Publication Aug. 30,2018 Sheet 4 of 11 US 2018/0242954 A1

STRENGTH |

. FREQUENCY

STRENGTH | .

 FREQUENGY

v



Patent Application Publication Aug. 30,2018 Sheet 5 of 11 US 2018/0242954 A1

FIG. 8A

FIG. 8B




Patent Application Publication  Aug. 30,2018 Sheet 6 of 11 US 2018/0242954 A1

FIG. 9A




Patent Application Publication Aug. 30,2018 Sheet 7 of 11 US 2018/0242954 A1

FIG. 10A

FIG. 108

N




Patent Application Publication Aug. 30,2018 Sheet 8 of 11 US 2018/0242954 A1

FIG. 11




Patent Application Publication Aug. 30,2018 Sheet 9 of 11 US 2018/0242954 A1

FIG. 13

phase [Radian]




Patent Application Publication Aug. 30,2018 Sheet 10 of 11  US 2018/0242954 A1

FIG. 15

phase [Radian]

-9L .
_3 " } § .
0 50 100 150
Frame
FIG. 16
D
6F * - .
i
2t ;i

phase [Radian]




Patent Application Publication Aug. 30,2018 Sheet 11 of 11  US 2018/0242954 A1

FIG. 17A

| ;

wvw% -t SPEED
| |

. | _DIAMETER CHANGE AMOUNT
| {  STRAN

Py prcsmememes -~ SPEED

_ DIAMETER GHANGE AMOUNT
STRAIN




US 2018/0242954 Al

ULTRASOUND DIAGNOSTIC APPARATUS
AND CONTROL METHOD OF ULTRASOUND
DIAGNOSTIC APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a Continuation of PCT Interna-
tional Application No. PCT/JP2016/081733 filed on Oct. 26,
2016, which claims priority under 35 U.S.C. § 119(a) to
Japanese Patent Application No. 2015-215611 filed on Nov.
2, 2015. The above application is hereby expressly incor-
porated by reference, in its entirety, into the present appli-
cation.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] The present invention relates to an ultrasound
diagnostic apparatus and a control method of an ultrasound
diagnostic apparatus, and in particular, to a.

2. Description of the Related Art

[0003] Conventionally, in the medical field, an ultrasound
diagnostic apparatus using an ultrasound image has been put
into practical use. In general, this type of ultrasound diag-
nostic apparatus generates a B (brightness)-mode image by
transmitting an ultrasound beam toward a subject from an
ultrasound probe including an array transducer built there-
into, receiving an ultrasound echo from the subject using the
ultrasound probe, and electrically processing the received
signal.

[0004] In order to track the movement of the measurement
target tissue, such as a vascular wall, the amount of dis-
placement of the measurement target tissue between frames
is calculated.

[0005] In such a calculation, transmission of ultrasound
pulses from the ultrasound probe to the subject and reception
of ultrasound echoes from the subject are repeatedly per-
formed. Every time an ultrasound wave is transmitted or
received, the received data is phased and added and orthogo-
nally detected, thereby obtaining complex data including
phase information. A phase difference between frames is
obtained from the phase information of the obtained com-
plex data. By calculating the amount of displacement from
the phase difference, it is possible to track the movement of
the measurement target tissue between frames.

[0006] However, the maximum speed of the movement of
the measurement target tissue that can be tracked is limited
according to the repetition frequency. Accordingly, in a case
where the measurement target tissue moves at a speed
exceeding the maximum speed, aliasing occurs. This may
cause an error in the tracking result. In order to prevent such
aliasing, it is conceivable to increase the frame rate. How-
ever, in a case where the frame rate is increased, there is a
problem that the observation region narrows or the image
quality of the B-mode image is lowered.

[0007] Therefore, JP4113377B discloses an ultrasound
diagnostic apparatus that transmits low-frequency ultra-
sound pulses and high-frequency ultrasound pulses from an
ultrasound probe to a subject and prevents aliasing of a
phase difference between frames obtained by the high-
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frequency ultrasound pulses using a phase difference
between frames obtained by low-frequency ultrasound
pulses.

SUMMARY OF THE INVENTION

[0008] However, in the case of transmitting low-frequency
ultrasound pulses and high-frequency ultrasound pulses as in
the ultrasound diagnostic apparatus disclosed in
JP4113377B, the frame rate may be halved.

[0009] The present invention has been made in order to
solve such a conventional problem, and it is an object of the
present invention to provide an ultrasound diagnostic appa-
ratus and a control method of an ultrasound diagnostic
apparatus capable of accurately calculating the amount of
displacement of a measurement target tissue while main-
taining the frame rate.

[0010] An ultrasound diagnostic apparatus according to
the present invention comprises: an ultrasound probe; a
transmission and reception unit that transmits an ultrasound
beam from the ultrasound probe toward a subject, receives
an ultrasound beam reflected from the subject, and processes
a received signal output from the ultrasound probe to
generate received data; a complex data generation unit that
generates first complex data including amplitude informa-
tion and phase information by orthogonally detecting the
received data generated by the transmission and reception
unit using a first center frequency and a first cutoff frequency
and generates second complex data by orthogonally detect-
ing the same data as the received data using a second cutoff
frequency and a second center frequency lower than the first
center frequency; a B-mode processing unit that generates a
B-mode image using amplitude information of at least one
of the first complex data or the second complex data; a phase
difference calculation unit that calculates a first phase dif-
ference between frames using phase information of the first
complex data and calculates a second phase difference
between frames using phase information of the second
complex data; a phase difference correction unit that corrects
the first phase difference using the second phase difference;
and a displacement amount calculation unit that calculates
an amount of displacement of a measurement target tissue of
the subject using the corrected first phase difference.
[0011] Tt is preferable that the first cutoff frequency is
higher than the second cutoff frequency, and it is preferable
to further comprise a number-of-times-of-aliasing determi-
nation unit that determines the number of times of aliasing
of the first phase difference based on the second phase
difference.

[0012] The number-of-times-of-aliasing determination
unit may be configured to be able to calculate at least one
candidate for the number of times of aliasing based on the
first center frequency, the second center frequency, the first
cutoff frequency, and the second cutoff frequency, and
determine the number of times of aliasing of the first phase
difference from the at least one candidate for the number of
times of aliasing.

[0013] The number-of-times-of-aliasing determination
unit can determine whether the second phase difference is
positive or negative, and set an integer part of C1/C2 as a
maximum value of a candidate for the number of times of
aliasing assuming that the first center frequency is C1 and
the second center frequency is C2. In a case where the
second phase difference is positive, the number-of-times-of-
aliasing determination unit can calculate at least one candi-
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date for the number of times of aliasing satisfying mx(C2/
CDx(2n+1)+W1>02=mx(C2/C1)x(2n-1)-W2  assuming
that the second phase difference is 62, the candidate for the
number of times of aliasing is n, and adjustment values each
of which is any value are W1 and W2. In a case where the
second phase difference is negative, the number-of-times-
of-aliasing determination unit can calculate at least one
candidate for the number of times of aliasing satisfying
ax(C2/C1)x(2n+1)-W1=62<mx(C2/C1)x(2n-1)+W2. In a
case where a plurality of candidates for the number of times
of aliasing are calculated, the number-of-times-of-aliasing
determination unit can determine n at which a value of an
evaluation function Ae(n)=101+2nn-(C1/C2)x02| is mini-
mized, assuming that the first phase difference is 01, as the
number of times of aliasing N of the first phase difference.
[0014] The phase difference correction unit may be con-
figured to correct the first phase difference using the second
phase difference calculated from only phase information of
the second complex data at a representative point of the
measurement target tissue of the subject.

[0015] The transmission and reception unit can be config-
ured to transmit and receive an ultrasound beam according
to a pulse inversion method using a first pulse signal and a
second pulse signal of which phases are inverted from each
other, and the complex data generation unit can be config-
ured to generate the first complex data from a sum signal of
received data corresponding to the first pulse signal and
received data corresponding to the second pulse signal and
generate the second complex data from a difference signal
between received data corresponding to the first pulse signal
and received data corresponding to the second pulse signal.
[0016] The ultrasound diagnostic apparatus according to
the present invention may be configured to further comprise:
a quadrature detection condition memory in which a plural-
ity of quadrature detection conditions including a first center
frequency condition, a second center frequency condition, a
first cutoff’ frequency condition, and a second cutoff fre-
quency condition, which are set for each of a plurality of the
ultrasound probes, are stored in advance; and a device
control unit that selects the quadrature detection condition
corresponding to the ultrasound probe from the plurality of
quadrature detection conditions stored in the quadrature
detection condition memory and controls the complex data
generation unit to generate complex data based on the
quadrature detection condition.

[0017] The ultrasound diagnostic apparatus according to
the present invention may be configured to further comprise
an elasticity index calculation unit that calculates an elas-
ticity index of the measurement target tissue using the
amount of displacement of the measurement target tissue of
the subject.

[0018] A control method of an ultrasound diagnostic appa-
ratus according to the present invention comprises: a step of
transmitting an ultrasound beam from a ultrasound probe
toward a subject, receiving an ultrasound beam reflected
from the subject, and processing a received signal output
from the ultrasound probe to generate received data; a step
of generating first complex data including amplitude infor-
mation and phase information by orthogonally detecting the
received data using a first center frequency and a first cutoff
frequency and generating second complex data by orthogo-
nally detecting the same data as the received data using a
second cutoff frequency and a second center frequency
lower than the first center frequency; a step of generating a
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B-mode image using amplitude information of at least one
of the first complex data or the second complex data; a step
of calculating a first phase difference between frames using
phase information of the first complex data and calculating
a second phase difference between frames using phase
information of the second complex data; a step of correcting
the first phase difference using the second phase difference;
and a step of calculating an amount of displacement of a
measurement target tissue of the subject using the corrected
first phase difference.

[0019] According to the present invention, the first com-
plex data including the amplitude information and the phase
information is generated by orthogonally detecting the
received data using the first center frequency and the first
cutoff frequency and the second complex data is generated
by orthogonally detecting the same data as the received data
using the second cutoff frequency and the second center
frequency lower than the first center frequency, the first
phase difference between frames is calculated using the
phase information of the first complex data and the second
phase difference between frames is calculated using the
phase information of the second complex data, the first
phase difference is corrected using the second phase differ-
ence, and the amount of displacement of the measurement
target tissue of the subject is calculated using the corrected
first phase difference. Therefore, it is possible to amount of
displacement of the measurement target tissue.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIG. 1 is a block diagram showing the configura-
tion of an ultrasound diagnostic apparatus according to a
first embodiment of the present invention.

[0021] FIG. 2 is a block diagram showing the internal
configuration of a reception unit.

[0022] FIG. 3 is a block diagram showing the internal
configuration of a complex data generation unit.

[0023] FIG. 4A is a block diagram showing the internal
configuration of a B-mode processing unit.

[0024] FIG. 4B is a block diagram showing the internal
configuration of an M-mode processing unit.

[0025] FIG. 5 is a block diagram showing the internal
configuration of an elasticity index calculation processing
unit.

[0026] FIG. 6 is a graph showing a first center frequency
and a first cutoff frequency.

[0027] FIG. 7 is a graph showing a second center fre-
quency and a second cutoff’ frequency.

[0028] FIG. 8A is a diagram showing an example of a
B-mode image in which the center frequency is set to 10
MHz.

[0029] FIG. 8B is a diagram showing an example of a
B-mode image in which the center frequency is set to 6
MHz.

[0030] FIG. 9A is a diagram showing an example of an
M-mode image in which the center frequency is set to 10
MHz.

[0031] FIG. 9B is a diagram showing an example of an
M-mode image in which the center frequency is set to 6
MHz.

[0032] FIG. 10A is a diagram showing an example of a
B-mode image in which the cutoff frequency is set to 1.5
MHz.
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[0033] FIG. 10B is a diagram showing an example of a
B-mode image in which the cutoff frequency is set to 3.5
MHz.

[0034] FIG. 11 is a graph showing an example of the
correction of a first phase difference.

[0035] FIG. 12 is a graph showing another example of the
correction of a first phase difference.

[0036] FIG. 13 is a graph showing still another example of
the correction of a first phase difference.

[0037] FIG. 14 is a graph showing a first phase difference
at which aliasing occurs.

[0038] FIG. 15 is a graph showing a second phase differ-
ence at which no aliasing occurs.

[0039] FIG. 16 is a graph showing a first phase difference
after correction.

[0040] FIG. 17A is a diagram showing an example of an
M-mode image in which aliasing occurs.

[0041] FIG. 17B is a diagram showing an example of an
M-mode image in which no aliasing occurs.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0042] Hereinafter, embodiments of the present invention
will be described with reference to the accompanying dia-
grams.

First Embodiment

[0043] FIG. 1 shows the configuration of an ultrasound
diagnostic apparatus according to a first embodiment of the
present invention. The ultrasound diagnostic apparatus
includes an ultrasound probe 1 including a transducer array
1A built thereinto, and a complex data generation unit 3 is
connected to the ultrasound probe 1 through a transmission
and reception unit 2. A B-mode processing unit 4A, an M
(motion)-mode processing unit 4B, and an elasticity index
calculation processing unit 5 are connected in parallel to the
complex data generation unit 3, and a display unit 7 is
connected to the B-mode processing unit 4A, the M-mode
processing unit 4B, and the elasticity index calculation
processing unit 5 through a display control unit 6.

[0044] The transmission and reception unit 2 has a trans-
mission unit 8 and a reception unit 9, which are connected
to the transducer array 1A of the ultrasound probe 1, and a
transmission and reception control unit 10 connected to the
transmission unit 8 and the reception unit 9.

[0045] A device control unit 11 is connected to the trans-
mission and reception control unit 10 of the transmission
and reception unit 2, the complex data generation unit 3, the
B-mode processing unit 4A, the M-mode processing unit
4B, the elasticity index calculation processing unit 5, and the
display control unit 6. In addition, a probe type detection
unit 12, a quadrature detection condition memory 13, an
operation unit 14, and a storage unit 15 are connected to the
device control unit 11.

[0046] The transducer array 1A of the ultrasound probe 1
has a plurality of ultrasound transducers arranged in a
one-dimensional or two-dimensional manner. Each of the
ultrasound transducers transmits an ultrasound wave accord-
ing to a driving signal supplied from the transmission unit 8,
receives an ultrasound echo from the subject, and outputs the
received signal. For example, each ultrasound transducer is
formed by a transducer in which electrodes are formed at
both ends of the piezoelectric body formed of piezoelectric
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ceramic represented by lead zirconate titanate (PZT), a
polymer piezoelectric element represented by polyvi-
nylidene fluoride (PVDF), piezoelectric single crystal rep-
resented by lead magnesium niobate-lead titanate (PMN-
PT), or the like.

[0047] In a case where a pulsed or continuous-wave
voltage is applied to the electrodes of such a transducer, the
piezoelectric body expands and contracts to generate pulsed
or continuous-wave ultrasound waves from each transducer.
By combining these ultrasound waves, an ultrasound beam
is formed. In addition, the respective transducers expand and
contract by receiving the propagating ultrasound waves,
thereby generating electrical signals. These electrical signals
are output as received signals of the ultrasound waves.
[0048] The transmission and reception unit 2 transmits and
receives an ultrasound beam. The transmission unit 8 of the
transmission and reception unit 2 includes, for example, a
plurality of pulse generators. Based on a transmission delay
pattern selected according to the control signal from the
transmission and reception control unit 10, the transmission
unit 8 of the transmission and reception unit 2 adjusts the
amount of delay of each driving signal so that ultrasound
waves transmitted from the plurality of ultrasound transduc-
ers of the transducer array 1A form an ultrasound beam, and
supplies the adjusted signals to the plurality of ultrasound
transducers.

[0049] As shown in FIG. 2, the reception unit 9 of the
transmission and reception unit 2 has a configuration in
which an amplification unit 16, an analog/digital (A/D)
conversion unit 17, and a beam former 18 are sequentially
connected in series. In the reception unit 9, the amplification
unit 16 amplifies a received signal transmitted from each
ultrasound transducer of the transducer array 1A, the A/D
conversion unit 17 performs A/D conversion of the received
signal, and then the beam former 18 adds the received data
with a delay according to the sound speed set based on a
reception delay pattern selected according to the control
signal from the transmission and reception control unit 10 or
the distribution of the sound speed, thereby performing
reception focus processing. Through the reception focusing
processing, a sound ray signal with a narrowed focus of
ultrasound echo due to is generated.

[0050] Based on various control signals transmitted from
the device control unit 11, the transmission and reception
control unit 10 controls the transmission unit 8 and the
reception unit 9 so that transmission of ultrasound pulses to
the subject and reception of ultrasound echoes from the
subject are repeatedly performed.

[0051] The complex data generation unit 3 generates com-
plex data including amplitude information and phase infor-
mation by quadrature detection. As shown in FIG. 3, the
complex data generation unit has a configuration in which a
first complex data memory 20 and a second complex data
memory 21 are connected in parallel to the output terminal
of a quadrature detection unit 19.

[0052] The quadrature detection unit 19 generates first
complex data by mixing a carrier signal having a first center
frequency with the received data generated by the transmis-
sion and reception unit 2 and performing filtering using a
first cutoff frequency. In addition, the quadrature detection
unit 19 generates second complex data by mixing a carrier
signal having a second center frequency, which is lower than
the first center frequency, with the same data as the received
data generated by the transmission and reception unit 2 and
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performing filtering using a second cutoff frequency lower
than the first cutoff frequency.

[0053] The first complex data memory 20 sequentially
stores the first complex data generated by the quadrature
detection unit 19 for each frame, and the second complex
data memory 21 sequentially stores the second complex data
generated by the quadrature detection unit 19 for each frame.

[0054] As shown in FIG. 4A, the B-mode processing unit
4A has a configuration in which an amplitude calculation
unit 22A, a signal processing unit 23A, a digital scan
converter (DSC) 24 A, and an image processing unit 25A are
sequentially connected in series.

[0055] The amplitude calculation unit 22A extracts ampli-
tude information from the first complex data and the second
complex data generated by the complex data generation unit
3, and the signal processing unit 23 A corrects the attenuation
by the distance according to the depth of the reflection
position of the ultrasound wave by using the amplitude
information of both the first complex data and the second
complex data extracted by the amplitude calculation unit
22A and then performs envelope detection processing and
further performs various kinds of required image processing,
such as gradation processing. As a result, a B-mode image
signal that is tomographic image information regarding
tissues in the subject is generated.

[0056] The DSC 24A converts the B-mode image signal
generated by the signal processing unit 23A into an image
signal according to the normal television signal scanning
method (raster conversion).

[0057] The image processing unit 25A performs various
kinds of required image processing, such as gradation pro-
cessing, on the B-mode image signal input from the DSC
24A, and then outputs the B-mode image signal to the
display control unit 6.

[0058] The B-mode processing unit 4A can perform
B-mode processing even in a case where only one of the
amplitude information included in the first complex data and
the amplitude information included in the second complex
data is used.

[0059] As shown in FIG. 4B, the M-mode processing unit
4B has a configuration in which an amplitude calculation
unit 22B, a signal processing unit 23B, a DSC 24B, and an
image processing unit 25B are sequentially connected in
series.

[0060] The amplitude calculation unit 22B extracts ampli-
tude information from the first complex data and the second
complex data generated by the complex data generation unit
3, and the signal processing unit 23B corrects the attenuation
by the distance according to the depth of the reflection
position of the ultrasound wave by using the amplitude
information of both the first complex data and the second
complex data extracted by the amplitude calculation unit
22B and then performs envelope detection processing and
further performs various kinds of required image processing,
such as gradation processing, thereby generating tomo-
graphic image information regarding tissues in the subject.
The DSC 24B converts the tomographic image information
on the designated one scan line into an image signal so as to
be aligned on the time axis. As a result, an M-mode image
signal is generated. The M-mode image is a tomographic
image of a measurement target tissue with the horizontal
axis as a time axis and the vertical axis as a brightness axis,
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and the tomographic image changes in the direction of the
vertical axis according to the amount of displacement of the
measurement target tissue.

[0061] The image processing unit 25B performs various
kinds of required image processing, such as gradation pro-
cessing, on the M-mode image signal input from the DSC
24B, and then outputs the M-mode image signal to the
display control unit 6.

[0062] The M-mode processing unit 4B can perform
M-mode processing even in a case where only one of the
amplitude information included in the first complex data and
the amplitude information included in the second complex
data is used.

[0063] The elasticity index calculation processing unit 5
has a configuration in which a phase difference calculation
unit 26, a phase difference correction unit 27, and a dis-
placement amount calculation unit 28 are sequentially con-
nected in series, a number-of-times-of-aliasing determina-
tion unit 30 is connected to the output terminal of the phase
difference calculation unit 26, and an elasticity index cal-
culation unit 31 is connected to the displacement amount
calculation unit 28.

[0064] The phase difference calculation unit 26 calculates
a first phase difference between frames by comparing pieces
of phase information included in the first complex data
sequentially stored for each frame in the first complex data
memory 20. The phase difference calculation unit 26 calcu-
lates a second phase difference between frames by compar-
ing pieces of phase information included in the second
complex data sequentially stored for each frame in the
second complex data memory 21.

[0065] The number-of-times-of-aliasing determination
unit 30 determines the number of times of aliasing occurring
at the first phase difference based on the second phase
difference calculated by the phase difference calculation unit
26.

[0066] The phase difference correction unit 27 corrects the
first phase difference based on the number of times of
aliasing of the first phase difference determined by the
number-of-times-of-aliasing determination unit 30 and the
second phase difference calculated by the phase difference
calculation unit 26.

[0067] The displacement amount calculation unit 28 cal-
culates the amount of displacement between frames of the
measurement target tissue of the subject, such as a vascular
wall, using the first phase difference corrected by the phase
difference correction unit 27, and outputs the calculated
amount of displacement to the elasticity index calculation
unit 31 and the display unit 7.

[0068] The elasticity index calculation unit 31 calculates
an elasticity index, such as the modulus of elasticity, the
strain, the stiffness parameter, and the diameter change
amount of the measurement target tissue, using the amount
of displacement of the measurement target tissue calculated
by the displacement amount calculation unit 28, and outputs
the calculated elasticity index to the display unit 7.

[0069] The display control unit 6 displays the B-mode
image on the display unit 7 based on the B-mode image
signal generated by the B-mode processing unit 44, and
displays the M-mode image on the display unit 7 based on
the M-mode image signal generated by the M-mode pro-
cessing unit 4B. The movement of the measurement target
tissue that changes according to the amount of displacement
calculated by the displacement amount calculation unit 28
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may be displayed on the M-mode image, or the elasticity
index calculated by the elasticity index calculation unit 31
may be displayed on the display unit 7.

[0070] The display unit 7 includes, for example, a display
device, such as a liquid crystal display (LCD), and displays
the B-mode image and the M-mode image under the control
of the display control unit 6.

[0071] The probe type detection unit 12 detects the type of
the ultrasound probe 1 connected to the transmission and
reception unit 2, and outputs information on the detected
type of the ultrasound probe 1 to the device control unit 11.
[0072] The quadrature detection condition memory 13
stores a plurality of quadrature detection conditions, which
are set for a plurality of ultrasound probes, in advance. The
plurality of quadrature detection conditions are for perform-
ing quadrature detection suitable for the frequency band of
the detected ultrasound probe.

[0073] The device control unit 11 controls the transmis-
sion and reception control unit 10, the complex data gen-
eration unit 3, the B-mode processing unit 4A, the M-mode
processing unit 4B, the elasticity index calculation process-
ing unit 5, the display control unit 6, and the probe type
detection unit 12 based on an instruction input by the
operator through the operation unit 14.

[0074] The operation unit 14 is used in a case where the
operator performs an input operation, and can be formed by
a keyboard, a mouse, a trackball, a touch panel, and the like.
[0075] The storage unit 15 stores an operation program
and the like, and recording media, such as a hard disk, a
flexible disk, an MO, an MT, a RAM, a CD-ROM, a
DVD-ROM, an SD card, a CF card, and a USB memory, or
a server may be used.

[0076] Here, the operation of the quadrature detection unit
19 of the complex data generation unit 3 will be described.
[0077] FIG. 6is a graph showing a frequency band P of the
ultrasound probe 1 and a frequency band E of ultrasound
echoes from the subject. In FIG. 6, the horizontal axis
indicates the frequency of the ultrasound wave, and the
vertical axis indicates the strength of the ultrasound wave.
The ultrasound probe 1 transmits ultrasound waves within
the range of the frequency band P, and receives ultrasound
echoes within the range of the frequency band E.

[0078] Under the control of the device control unit 11, the
quadrature detection unit 19 orthogonally detects the
received data using a first center frequency C1 and a first
cutoff frequency F1 to generate first complex data. In this
case, a filter having a bandwidth from a value obtained by
adding the first cutoff frequency F1 to the first center
frequency C1 to a value obtained by subtracting the first
cutoff frequency F1 from the first center frequency C1 is set.
[0079] The quadrature detection unit 19 orthogonally
detects the same received data as the received data, which is
orthogonally detected using the first center frequency C1
and the first cutoff’ frequency F1, using a second center
frequency C2 and a second cutoff frequency F2 to generate
second complex data. In this case, as shown in FIG. 7, a filter
having a bandwidth from a value obtained by adding the
second cutoff frequency F2 to the second center frequency
C2 to a value obtained by subtracting the second cutoff
frequency F2 from the second center frequency C2 is set.
[0080] Here, as the first center frequency C1 and the first
cutoff frequency F1, the first center frequency C1 and the
small first cutoff frequency F1 in a high frequency region are
set so that the amount of displacement can be obtained with
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high resolution and high accuracy. As the second center
frequency C2 and the second cutoff frequency F2, the
second center frequency C2 lower than the first center
frequency C1 and the second cutoff frequency F2 smaller
than the first cutoff frequency F1 are set so that the signal
noise (SN) ratio is high and the robustness against aliasing
noise is high.

[0081] FIG. 8A is a B-mode image of the carotid artery
created by setting the frame rate to 50 frames/second and the
center frequency to 10 MHz, and FIG. 8B is a B-mode image
of the carotid artery created by setting the frame rate to 50
frames/second and the center frequency to 6 MHz. The
B-mode image in FIG. 8A in which the center frequency is
set in a relatively high frequency region has higher resolu-
tion than the B-mode image in F1G. 8B.

[0082] FIG. 9A is an M-mode image of the carotid artery
created by setting the frame rate to 50 frames/second and the
center frequency to 10 MHz, and FIG. 9B is an M-mode
image of the carotid artery created by setting the frame rate
to 50 frames/second and the center frequency to 6 MHz. The
M-mode image in FIG. 9A in which the center frequency is
set in a relatively high frequency region has higher resolu-
tion than the M-mode image in FIG. 9B.

[0083] FIG. 10A is a B-mode image of the carotid artery
created by setting the frame rate to 50 frames/second, the
center frequency to 6 MHz, and the cutoff frequency to 1.5
MHz, and FIG. 10B is a B-mode image of the carotid artery
created by setting the frame rate to 50 frames/second, the
center frequency to 6 MHz, and the cutoff frequency to 3.5
MHz. Comparing FIG. 10A with FIG. 10B, in the B-mode
image shown in FIG. 10B, a break S is generated between
the intravascular lumen and the intima boundary. This is
because the cutofl frequency is relatively high and accord-
ingly the bandwidth of the filter expands and the SN ratio
decreases and accordingly the influence of noise in a low
frequency region is received. On the other hand, in the
B-mode image shown in FIG. 10A in which a relatively
small cutoff frequency is set, the SN ratio is high. Therefore,
the break S shown in FIG. 10B is not generated.

[0084] The phase difference calculation unit 26 of the
elasticity index calculation processing unit 5 calculates a
first phase difference and a second phase difference between
frames using the phase information included in the first
complex data and the second complex data generated by the
complex data generation unit 3.

[0085] Complex data Z is expressed as Z=I+jQ, where t is
time, d is sampling depth, real part is I(t, d), and imaginary
part is Q(t, d). Assuming that the phase difference between
frames is AB, AB can be calculated by the following Equa-
tion (1) using the complex data Z for each region of interest
(ROI) in the depth direction with AT as an inter-frame time,
that is, 1/frame rate, and D as a distance interval in the depth
direction between sampling points of complex data.

2 +AT; d +mD)-2*(6;d + mD) M
. jAg(H,A,ZT) _ mROI

> z(t+ AT, d +mD)-z*(1;d + mD)
mROI

[0086] With respect to the first phase difference calculated
as described above by the phase difference calculation umt
26, based on the second phase difference, the number-of-
times-of-aliasing determination unit 30 of the elasticity
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index calculation processing unit 5 determines the number
of times of aliasing of the first phase difference.

[0087] The number-of-times-of-aliasing determination
unit 30 calculates a candidate for the number of times of
aliasing of the first phase difference, and determines the
number of times of aliasing from a plurality of candidates for
the number of times of aliasing in a case where the candi-
dates for the number of times of aliasing are calculated.
[0088] First, the number-of-times-of-aliasing determina-
tion unit 30 calculates candidates for the number of times of
aliasing with the first center frequency as C1, the second
center frequency as C2, and the integer part of the ratio
C1/C2 as a maximum value of the number of times of
aliasing. Specifically, all integers whose absolute values are
equal to or less than the integer part of the ratio C1/C2 are
candidates for the number of times of aliasing. For example,
in a case where the integer part of the ratio C1/C2 is 2,
candidates for the number of times of aliasing are 0, 1, 2, -1,
and -2.

[0089] Then, it is determined whether the second phase
difference is positive or negative. In a case where the second
phase difference is positive, a candidate n for the number of
times of aliasing is calculated so as to satisfy the following
Expression (2) with the second phase difference as 62, the
candidate for the number of times of aliasing as n, and the
adjustment values of a threshold value considering noise and
the like as W1 and W2.

Ax(C2UCT)x{2n4 1+ W1 >6220x(C2CL)x(2n-1)-T72 Q

The adjustment values W1 and W2 can be set to values of
about /4. Then, using the adjustment values W1 and W2, a
boundary region where the phase differences overlap each
other is set in a phase difference section in which the number
of times of aliasing changes.

[0090] Each candidate for the number of times of aliasing
is substituted into Expression (2). In a case where there is
only one candidate for the number of times of aliasing that
satisfies Expression (2), the candidate n for the number of
times of aliasing is determined as the number of times of
aliasing N of the first phase difference. On the other hand, in
a case where a plurality of candidates for the number of
times of aliasing satisfy Expression (2), each of the plurality
of candidates n for the number of times of aliasing is
substituted into the following Equation (3) with the first
phase difference as 01, and the candidate n for the number
of times of aliasing at which the value of the evaluation
function is minimized is determined as the number of times
of aliasing N of the first phase difference.

Evaluation function Ae(r)=01+2an-(C1/C2)x02] 3)

[0091] Here, (C1/C2)x02 in Equation (3) indicates a pro-
visional first phase difference estimated in a case where it is
assumed that the ratio between the first center frequency C1
and the second center frequency C2 is approximately equal
to the ratio between the first phase difference 01 and the
second phase difference 62. Each of the plurality of candi-
dates n for the number of times of aliasing is substituted into
the evaluation function of Equation (3), values of the evalu-
ation function are compared, and the candidate n for the
number of times of aliasing at which the first phase differ-
ence 01 after the addition of 2mn is closest to the provisional
first phase difference o and the value of the evaluation
function is minimized is determined as the number of times
of aliasing N of the first phase difference.
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[0092] On the other hand, it is determined whether the
second phase difference 02 is positive or negative. In a case
where the second phase difference 62 is negative, the
candidate n for the number of times of aliasing is calculated
so as to satisfy the following Expression (4).

Ax(CYCT)x(2n+1)- W1 <02<qx(C2UC)x(2n= 1)+ 72 @

[0093] In this case, each candidate for the number of times
of aliasing is substituted into Expression (4). In a case where
there is only one candidate for the number of times of
aliasing that satisfies Expression (4), the candidate for the
number of times of aliasing is determined as the number of
times of aliasing N of the first phase difference 01. On the
other hand, in a case where a plurality of candidates n for the
number of times of aliasing satisfy Expression (4), each of
the plurality of candidates n for the number of times of
aliasing is substituted into Equation (3), and the candidate n
for the number of times of aliasing at which the value of the
evaluation function is minimized is determined as the num-
ber of times of aliasing N of the first phase difference.

[0094] The phase difference correction unit 27 corrects the
first phase difference 01 based on the second phase differ-
ence 02 and the number of times of aliasing N of the first
phase difference 01 determined by the number-of-times-of-
aliasing determination unit 30. Specifically, the phase dif-
ference correction unit 27 corrects the first phase difference
01 so that 2zN is added to the first phase difference 61 in a
case where aliasing occurs N times at the first phase differ-
ence 01 and 2zN is subtracted from the first phase difference
01 in a case where aliasing occurs -N times at the first phase
difference 61.

[0095] FIG. 11 shows an example in which the first center
frequency C1 is 10 MHz and the second center frequency C2
is 6 MHz, the negative first phase difference 61 and the
positive second phase difference 02 are calculated by the
phase difference calculation unit 26, and the second phase
difference 02 is not located in a boundary region A set in the
phase difference section in which the number of times of
aliasing changes.

[0096] First, since the integer part of the ratio C1/C2 is 1,
0, 1, and -1 that are all candidates for the number of times
of aliasing are calculated by the number-of-times-of-aliasing
determination unit 30. Then, as shown in FIG. 11, since 62
is positive, 0 and 1 that are two candidates for the number
of times of aliasing satisfying Expression (2) are calculated
by substituting each value into Expression (2).

[0097] In a case where each of the two candidates for the
number of times of aliasing is substituted into Equation (3),
the first phase difference 61 after the addition of 2mx1 and
the provisional first phase difference o are closest to each
other at the time of n=1, and the value of the evaluation
function is minimized. Therefore, the number-of-times-of-
aliasing determination unit 30 determines that the number of
times N of aliasing occurring at the first phase difference 61
is one.

[0098] As described above, since aliasing occurs once at
the first phase difference 61, the phase difference correction
unit 27 performs correction, such as adding a phase f=2mx1
to the first phase difference 61.

[0099] FIG. 12 shows an example in which the first center
frequency C1 is 10 MHz and the second center frequency C2
is 6 MHz, the negative first phase difference 61 and the
positive second phase difference 82 are calculated by the
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phase difference calculation unit 26, and the second phase
difference 62 is located in the boundary region A.

[0100] First, since the integer part of the ratio C1/C2 is 1,
0, 1, and -1 that are all candidates for the number of times
of aliasing are calculated by the number-of-times-of-aliasing
determination unit 30. Then, as shown in FIG. 12, since 62
is positive, 0 and 1 that are two candidates for the number
of times of aliasing satisfying Expression (2) are calculated
by substituting each value into Expression (2).

[0101] In a case where each of the two candidates for the
number of times of aliasing is substituted into Equation (3),
the first phase difference 61 after the addition of 2mx1 and
the provisional first phase difference o are closest to each
other at the time of n=1, and the value of the evaluation
function is minimized. Therefore, the number-of-times-of-
aliasing determination unit 30 determines that the number of
times of aliasing occurring at the first phase difference 01 is
one.

[0102] As described above, since aliasing occurs once at
the first phase difference 61, the phase difference correction
unit 27 performs correction, such as adding a phase f=2mnx1
to the first phase difference 01.

[0103] FIG. 13 shows an example in which the first center
frequency C1 is 10 MHz and the second center frequency C2
is 6 MHz, the positive first phase difference 61 and the
positive second phase difference 02 are calculated by the
phase difference calculation unit 26, and the second phase
difference 02 is located in the boundary region A.

[0104] First, since the integer part of the ratio C1/C2 is 1,
0, 1, and -1 that are all candidates for the number of times
of aliasing are calculated by the number-of-times-of-aliasing
determination unit 30. Then, as shown in FIG. 13, since 62
is positive, 0 and 1 that are two candidates for the number
of times of aliasing satisfying Expression (2) are calculated
by substituting each value into Expression (2). In a case
where each of the two candidates for the number of times of
aliasing is substituted into Equation (3), the first phase
difference 01 after the addition of 20 and the provisional
first phase difference o are closest to each other at the time
of n=0, and the value of the evaluation function is mini-
mized. Therefore, the number-of-times-of-aliasing determi-
nation unit 30 determines that the number of times of
aliasing occurring at the first phase difference 81 is zero, that
is, no aliasing occurs. In this case, the phase difference
correction unit 27 performs correction, such as adding a
phase f=2mx0 to the first phase difference 01.

[0105] In this manner, by considering the boundary region
A set by the adjustment values W1 and W2, even in a case
where a calculation error occurs due to influence of noise or
the like, the number-of-times-of-aliasing determination unit
30 does not erroneously determine the number of times of
aliasing of the first phase difference 61, and the phase
difference correction unit 27 can accurately correct the first
phase difference 61.

[0106] In addition, as described above, the first phase
difference and the second phase difference are extracted
from the first complex data and the second complex data,
which are calculated by the quadrature detection unit 19, by
using the same data as the received data generated by the
reception unit 9. For this reason, there is little occurrence of
a difference in the presence and absence of noise in received
data used in the calculation, and the occurrence of error in
correction due to a difference in the presence and absence of
noise of received data is also prevented.
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[0107] By using the first phase difference corrected by the
phase difference correction unit 27 as described above, the
displacement amount calculation unit 28 of the elasticity
index calculation processing unit 5 calculates the amount of
displacement of the measurement target tissue.

[0108] Assuming that the speed between frames is v, the
amount of displacement is Ax, the sound speed is C0, and the
angular speed is w0=2mC1 or w0=2mC2, the speed between
frames v and the amount of displacement Ax can be calcu-
lated by the following Equations (5) and (6).

AT )
AT A0(1‘+—)
e )= _CZ_OTATZ
Ax(t+ %):v(m. ATT)xAT (6)

[0109] Then, by adjusting the ROI between frames
according to the calculated amount of displacement Ax and
repeating the calculation of the phase difference, it is pos-
sible to track the amount of displacement of the measure-
ment target tissue.

[0110] In addition, since the speed v is proportional to the
phase difference 0, in a case where aliasing occurs at the
phase difference, it is calculated that the measurement target
tissue moves in a direction opposite to the actual movement
direction. Therefore, since the setting position of the ROI
between the next frames is wrong, the tracking of the
measurement target tissue fails.

[0111] Using the amount of displacement of the measure-
ment target tissue calculated by the displacement amount
calculation unit 28 as described above, the elasticity index
calculation unit 31 calculates an elasticity index, such as the
modulus of elasticity, the strain, the stiffhess parameter, and
the diameter change amount of the measurement target
tissue.

[0112] The amount of displacement of the measurement
target tissue calculated by the displacement amount calcu-
lation unit 28 and the elasticity index of the measurement
target tissue calculated by the elasticity index calculation
unit 31 measurement target tissue.

[0113] Next, the operation of the ultrasound diagnostic
apparatus according to the first embodiment will be
described.

[0114] First, an ultrasound beam is transmitted from a
plurality of ultrasound transducers of the transducer array
1A of the ultrasound probe 1 according to a driving signal
from the transmission unit 8 of the transmission and recep-
tion unit 2, a received signal from each ultrasound trans-
ducer that has received the ultrasound echo from the subject
is output to the reception unit 9, and the received signal is
amplified by the amplification unit 16 of the reception unit
9 and A/D converted by the A/D conversion unit 17. Then,
phasing addition is performed by the beam former 18. As a
result, received data is generated.

[0115] By the quadrature detection unit 19 of the complex
data generation unit 3, the received data is orthogonally
detected using the first center frequency and the first cutoff
frequency and the same data as the received data is orthogo-
nally detected using the second center frequency and the
second cutoff frequency. As a result, the first complex data
and the second complex data are generated.
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[0116] In this case, the probe type detection unit 12 detects
the type of the ultrasound probe 1, and the device control
unit 11 selects an optimal quadrature detection condition,
among a plurality of quadrature detection conditions stored
in advance in the quadrature detection condition memory 13,
based on the type of the ultrasound probe 1 and controls the
quadrature detection unit 19. In addition to the type of the
ultrasound probe 1, the device control unit 11 can also
control the quadrature detection unit 19 based on a mode
condition, such as a fundamental wave, a harmonic, and a
compound harmonic, and an observation condition (preset)
for an observation part.

[0117] By operating the operation unit 14 by the operator,
it is also possible to adjust the first center frequency, the first
cutoff frequency, the second center frequency, and the sec-
ond cutoff frequency according to the frequency band of the
ultrasound probe 1.

[0118] The amplitude information of the first complex data
and the second complex data generated by the complex data
generation unit 3 is extracted by the amplitude calculation
unit 22A of the B-mode processing unit 4A, and envelope
detection processing is performed on the extracted ampli-
tude information by the signal processing unit 23A to
generate a B-mode image signal. The B-mode image signal
is output to the display control unit 6 through the DSC 24A
and the image processing unit 25A, and a B-mode image is
displayed on the display unit 7 by the display control unit 6.

[0119] In addition, the amplitude information of the first
complex data and the second complex data generated by the
complex data generation unit 3 is extracted by the amplitude
calculation unit 22B of the M-mode processing unit 4B, and
envelope detection processing is performed on the extracted
amplitude information by the signal processing unit 23B to
generate tomographic image information. By displaying the
tomographic image information on one scan line designated
by the device control unit 11 so as to be aligned on the time
axis by the DSC 24B, an M-mode image signal is obtained.
The M-mode image signal is output to the display control
unit 6 through the image processing unit 25B, and an
M-mode image is displayed on the display unit 7 by the
display control unit 6.

[0120] The phase difference calculation unit 26 of the
elasticity index calculation processing unit 5 calculates the
first phase difference 81 and the second phase difference 62
using Equation (1) based on the phase information of the
first complex data and the second complex data generated by
the complex data generation unit 3. The number-of-times-
of-aliasing determination unit 30 determines the number of
times of aliasing N of the first phase difference using
Expression (2), Equation (3), and Expression (4) based on
the second phase difference calculated by the phase differ-
ence calculation unit 26. Based on the second phase differ-
ence 62 and the number of times of aliasing N determined
by the number-of-times-of-aliasing determination unit 30,
the phase difference correction unit 27 corrects the first
phase difference 61.

[0121] FIG. 14 shows an example of the first phase
difference 01 between frames calculated by the phase dif-
ference calculation unit 26 using the phase information of
the first complex data obtained by using the first center
frequency Cl1. In FIG. 14, the horizontal axis indicates a
frame, and the vertical axis indicates a phase difference.
Since the first complex data is obtained by using the first
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center frequency C1 in the high frequency region, aliasing
Ai occurs at the first phase difference 61 as shown in FIG.
14.

[0122] On the other hand, FIG. 15 shows an example of
the second phase difference 62 between frames calculated by
the phase difference calculation unit 26 using the phase
information of the second complex data obtained by using
the second center frequency C2. Since the second complex
data is obtained by using the second center frequency C2
lower than the first center frequency Cl, the robustness
against aliasing noise is high. Therefore, as shown in FIG.
15, the aliasing Ai shown in FIG. 14 does not occur at the
second phase difference 02.

[0123] FIG. 16 shows an example in which the number-
of-times-of-aliasing determination unit 30 determines the
number of times of aliasing N of the first phase difference 61
shown in FIG. 14 using Expression (2), Equation (3), and
Expression (4) and the phase difference correction unit 27
corrects the first phase difference 61 using the number of
times of aliasing N and the second phase difference 62
shown in FIG. 15. Although aliasing occurs in a waveform
R before correction, aliasing is eliminated in a waveform D
corrected by the phase difference correction unit 27.

[0124] The displacement amount calculation unit 28 cal-
culates the amount of displacement of the measurement
target tissue using Equations (5) and (6) based on the first
phase difference 01 corrected by the phase difference cor-
rection unit 27, and the elasticity index calculation unit 31
calculates the elasticity index of the measurement target
tissue using the calculated amount of displacement. Then, as
shown in FIGS. 17A and 17B, it is possible to display the
movement of the measurement target tissue, which changes
according to the calculated amount of displacement of the
measurement target tissue, and the calculated elasticity
index together with the M-mode image. In the M-mode
image shown in FIGS. 17A and 17B, a white line drawn in
the horizontal axis direction indicates a trajectory tracking
the movement of the measurement target tissue, and a graph
drawn on the lower side of the M-mode image shows the
speed of the measurement target tissue and the diameter
change amount and the strain that are elasticity indices.

[0125] Inthe case of generating an M-mode image without
correcting the first phase difference 61 at which aliasing has
occurred, as shown in FIG. 17A, the aliasing Ai occurs on
the M-mode image, and an error occurs in the calculated
amount of displacement of the measurement target tissue.
For this reason, it is difficult to accurately track the move-
ment of the measurement target tissue. In addition, it is
difficult to accurately calculate the elasticity index, such as
the diameter change amount and the strain of the measure-
ment target tissue. On the other hand, by correcting the first
phase difference 01 as described above using the phase
difference correction unit 27, as shown in FIG. 17B, it is
possible to accurately track the movement of the measure-
ment target tissue without increasing the frame rate or
lowering the resolution of the M-mode image. In addition, it
is possible to accurately calculate the elasticity index of the
measurement target tissue.

[0126] By operating the operation unit 14 by the operator,
the B-mode image and the M-mode image can be collec-
tively displayed on the display unit 7. In addition, as shown
in FIGS. 17A and 17B, the elasticity indices of the mea-
surement target tissue can also be displayed collectively.
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[0127] In the case of generating the second complex data,
a representative point of the measurement target tissue, for
example, one or a plurality of points, such as the depth
center point of the vascular wall and the point of the lumen
of the blood vessel to the point of the intima boundary depth,
can be set, and the first phase difference 61 can be corrected
using the second phase difference 62 of the second complex
data at the representative point.

[0128] In a case where the measurement target tissue is a
blood vessel, the amount of the first phase difference 01 in
the entire region of the vascular wall using the second phase
difference 02 calculated with the vicinity of the center of the
vascular wall as a representative point. In a case where
measurement target tissue is an arterial wall, a thickness
change (strain) is equal to or less than Yio of the translational
movement, and a change in the phase of the measurement
target tissue is mostly due to the translational movement.
Since the translational movement has little change in the
depth direction of the measurement target tissue, the second
phase difference 02 used in determining the number of
occurrences of aliasing can be calculated using only com-
plex data at such a representative point.

[0129] By performing the detection processing and the
phase difference calculation at the representative point of the
measurement target tissue in this manner, it is possible to
reduce the amount of calculation to about 50% compared
with that in the case of calculating the phase difference for
the entire measurement target tissue.

Second Embodiment

[0130] In the first embodiment described above, the trans-
mission and reception control unit 10 of the transmission
and reception unit 2 transmits and receives an ultrasound
beam using one type of pulse signal. However, it is possible
to transmit and receive the ultrasound beam according to a
pulse inversion method using a first pulse signal and a
second pulse signal that are inverted from each other.

[0131] Inthe second embodiment, the first complex data is
calculated by orthogonally detecting the sum signal of
received data corresponding to the first pulse signal and
received data corresponding to the second pulse signal at the
first center frequency C1 and the first cutoff frequency F1,
and the second complex data is calculated by orthogonally
detecting the difference signal between the received data
corresponding to the first pulse signal and the received data
corresponding to the second pulse signal at the second center
frequency C2 and the second cutoff frequency F2.

[0132] Using such a pulse inversion method is advanta-
geous in that nonlinear harmonic waves having a large
bandwidth and high distance resolution can be obtained, the
azimuth resolution becomes high since the distortion is
proportional to the square of the sound pressure and accord-
ingly side lobe artifacts can be suppressed, and echoes
accumulated on the body surface can be suppressed since the
amount of accumulated harmonic waves increases as the
propagation distance increases. Therefore, measurement tar-
get tissue.

[0133] Inacase where the pulse inversion method is used,
the frame rate is halved since the first pulse signal and the
second pulse signal are transmitted. In the conventional
method, that is, in a case where a low-frequency ultrasound
pulse and a high-frequency ultrasound pulse are transmitted
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respectively, the frame rate is further halved with respect to
the case of using the pulse inversion method. That is, the
frame rate is reduced to Y.

[0134] However, by performing quadrature detection as
described above using the first center frequency C1 and the
second center frequency C2, the frame rate is halved by the
pulse inversion method, but it is possible to suppress a
further reduction in the frame rate.

EXPLANATION OF REFERENCES

[0135] 1: ultrasound probe

[0136] 1A: transducer array

[0137] 2: transmission and reception unit
[0138] 3: complex data generation unit
[0139] 4A: B-mode processing unit
[0140] 4B: M-mode processing unit
[0141] 5. elasticity index calculation processing unit
[0142] 6: display control unit

[0143] 7. display unit

[0144] 8: transmission unit

[0145] 9: reception unit

[0146] 10: transmission and reception control unit
[0147] 11: device control unit

[0148] 12: probe type detection unit

[0149] 13: quadrature detection condition memory
[0150] 14: operation unit

[0151] 15: storage unit

[0152] 16: amplification unit

[0153] 17: A/D conversion unit

[0154] 18: beam former

[0155] 19: quadrature detection unit

[0156] 20: first complex data memory

[0157] 21: second complex data memory

[0158] 22A, 22B: amplitude calculation unit

[0159] 23A, 23B: signal processing unit

[0160] 24A, 24B: DSC

[0161] 25A, 25B: image processing unit

[0162] 26: phase difference calculation unit

[0163] 27: phase difference correction unit

[0164] 28: displacement amount calculation unit

[0165] 30: number-of-times-of-aliasing determination
unit

[0166] 31: elasticity index calculation unit

[0167] P, E: frequency band

[0168] CI1: first center frequency

[0169] C2: second center frequency

[0170] F1: first cutoff frequency

[0171] F2: second cutoff frequency

[0172] ©1: first phase difference

[0173] 62: second phase difference

[0174] o provisional first phase difference

[0175] p: phase

[0176] A: boundary region

[0177] S: break

[0178] Ai: aliasing

[0179] D, R: waveform

[0180] N: number of times of aliasing

What is claimed is:

1. An ultrasound diagnostic apparatus, comprising;

an ultrasound probe;

a transmission and reception unit that transmits an ultra-
sound beam from the ultrasound probe toward a sub-
ject, receives an ultrasound beam reflected from the
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subject, and processes a received signal output from the
ultrasound probe to generate received data;

a complex data generation unit that generates first com-
plex data including amplitude information and phase
information by orthogonally detecting the received data
generated by the transmission and reception unit using
a first center frequency and a first cutoff’ frequency and
generates second complex data by orthogonally detect-
ing the same data as the received data using a second
cutoff frequency and a second center frequency lower
than the first center frequency;

a B-mode processing unit that generates a B-mode image
using amplitude information of at least one of the first
complex data or the second complex data;

a phase difference calculation unit that calculates a first
phase difference between frames using phase informa-
tion of the first complex data and calculates a second
phase difference between frames using phase informa-
tion of the second complex data;

a phase difference correction unit that corrects the first
phase difference using the second phase difference; and

a displacement amount calculation unit that calculates an
amount of displacement of a measurement target tissue
of the subject using the corrected first phase difference.

2. The ultrasound diagnostic apparatus according to claim

15

wherein the first cutoff frequency is higher than the
second cutoff frequency.

3. The ultrasound diagnostic apparatus according to claim

1, further comprising:

a number-of-times-of-aliasing determination unit that
determines the number of times of aliasing of the first
phase difference based on the second phase difference.

4. The ultrasound diagnostic apparatus according to claim

2, further comprising:

a number-of-times-of-aliasing determination unit that
determines the number of times of aliasing of the first
phase difference based on the second phase difference.

5. The ultrasound diagnostic apparatus according to claim

35

wherein the number-of-times-of-aliasing determination
unit calculates at least one candidate for the number of
times of aliasing based on the first center frequency, the
second center frequency, the first cutoff frequency, and
the second cutoff frequency, and determines the num-
ber of times of aliasing of the first phase difference
from the at least one candidate for the number of times
of aliasing.

6. The ultrasound diagnostic apparatus according to claim

47

wherein the number-of-times-of-aliasing determination
unit calculates at least one candidate for the number of
times of aliasing based on the first center frequency, the
second center frequency, the first cutoff frequency, and
the second cutoff frequency, and determines the num-
ber of times of aliasing of the first phase difference
from the at least one candidate for the number of times
of aliasing.

7. The ultrasound diagnostic apparatus according to claim

53

wherein the number-of-times-of-aliasing determination
unit determines whether the second phase difference is
positive or negative, and sets an integer part of C1/C2
as a maximum value of a candidate for the number of
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times of aliasing assuming that the first center fre-
quency is C1 and the second center frequency is C2,
in a case where the second phase difference is positive, the
number-of-times-of-aliasing determination unit calcu-
lates at least one candidate for the number of times of
aliasing satisfying 7mx(C2/C1)x(2n+1)+W1>02=zmx
(C2/C1)x(2n-1)-W2 assuming that the second phase
difference is 62, the candidate for the number of times
of aliasing is n, and adjustment values each of which is
any value are W1 and W2,
in a case where the second phase difference is negative,
the number-of-times-of-aliasing determination unit cal-
culates at least one candidate for the number of times
of aliasing satisfying mx(C2/C1)x(2n+1)-W1=02<mx
(C2/C1)x(2n-1)+W2, and
in a case where a plurality of candidates for the number
of times of aliasing are calculated, the number-of-
times-of-aliasing determination unit determines n at
which a value of an evaluation function Ae(n)=101+
2mn—-(C1/C2)x021 1s minimized, assuming that the first
phase difference is 01, as the number of times of
aliasing N of the first phase difference.
8. The ultrasound diagnostic apparatus according to claim
6,
wherein the number-of-times-of-aliasing determination
unit determines whether the second phase difference is
positive or negative, and sets an integer part of C1/C2
as a maximum value of a candidate for the number of
times of aliasing assuming that the first center fre-
quency is C1 and the second center frequency is C2,
in a case where the second phase difference is positive, the
number-of-times-of-aliasing determination unit calcu-
lates at least one candidate for the number of times of
aliasing satisfying mx(C2/C1)x(2n+1)+W1>02=mx
(C2/C1)x(2n-1)-W2 assuming that the second phase
difference is 62, the candidate for the number of times
of aliasing is n, and adjustment values each of which is
any value are W1 and W2,
in a case where the second phase difference is negative,
the number-of-times-of-aliasing determination unit cal-
culates at least one candidate for the number of times
of aliasing satisfying mx(C2/C1)x(2n+1)-W1=02<mx
(C2/C1x(2n-1)+W2, and
in a case where a plurality of candidates for the number
of times of aliasing are calculated, the number-of-
times-of-aliasing determination unit determines n at
which a value of an evaluation function Ae(n)=101+
2nn—(C1/C2)x02| is minimized, assuming that the first
phase difference is 61, as the number of times of
aliasing N of the first phase difference.
9. The ultrasound diagnostic apparatus according to claim
15
wherein the phase difference correction unit corrects the
first phase difference using the second phase difference
calculated from only phase information of the second
complex data at a representative point of the measure-
ment target tissue of the subject.
10. The ultrasound diagnostic apparatus according to
claim 1,
wherein the transmission and reception unit transmits and
receives an ultrasound beam according to a pulse
inversion method using a first pulse signal and a second
pulse signal of which phases are inverted from each
other, and
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the complex data generation unit generates the first com-
plex data from a sum signal of received data corre-
sponding to the first pulse signal and received data
corresponding to the second pulse signal and generates
the second complex data from a difference signal
between received data corresponding to the first pulse
signal and received data corresponding to the second
pulse signal.

11. The ultrasound diagnostic apparatus according to

claim 1, further comprising:

a quadrature detection condition memory in which a
plurality of quadrature detection conditions including a
first center frequency condition, a second center fre-
quency condition, a first cutoff frequency condition,
and a second cutoff frequency condition, which are set
for each of a plurality of the ultrasound probes, are
stored in advance; and

a device control unit that selects the quadrature detection
condition corresponding to the ultrasound probe from
the plurality of quadrature detection conditions stored
in the quadrature detection condition memory and
controls the complex data generation unit to generate
complex data based on the quadrature detection con-
dition.

12. The ultrasound diagnostic apparatus according to

claim 1, further comprising:

an elasticity index calculation unit that calculates an
elasticity index of the measurement target tissue using
the amount of displacement of the measurement target
tissue of the subject.

13. A control method of an ultrasound diagnostic appa-

ratus, comprising:

a step of transmitting an ultrasound beam from a ultra-
sound probe toward a subject, receiving an ultrasound
beam reflected from the subject, and processing a
received signal output from the ultrasound probe to
generate received data;

a step of generating first complex data including ampli-
tude information and phase information by orthogo-
nally detecting the received data using a first center
frequency and a first cutoff frequency and generating
second complex data by orthogonally detecting the
same data as the received data using a second cutoff
frequency and a second center frequency lower than the
first center frequency;

a step of generating a B-mode image using amplitude
information of at least one of the first complex data or
the second complex data;

a step of calculating a first phase difference between
frames using phase information of the first complex
data and calculating a second phase difference between
frames using phase information of the second complex
data;

a step of correcting the first phase difference using the
second phase difference; and

a step of calculating an amount of displacement of a
measurement target tissue of the subject using the
corrected first phase difference.

14. The control method of an ultrasound diagnostic appa-

ratus according to claim 13,

wherein the first cutoff frequency is higher than the
second cutofl frequency.

15. The control method of an ultrasound diagnostic appa-

ratus according to claim 13,
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wherein the number of times of aliasing of the first phase
difference is determined based on the second phase
difference.
16. The control method of an ultrasound diagnostic appa-
ratus according to claim 14,
wherein the number of times of aliasing of the first phase
difference is determined based on the second phase
difference.
17. The control method of an ultrasound diagnostic appa-
ratus according to claim 15,
wherein at least one candidate for the number of times of
aliasing is determined based on the first center fre-
quency, the second center frequency, the first cutoff
frequency, and the second cutoff frequency, and the
number of times of aliasing of the first phase difference
is determined from the at least one candidate for the
number of times of aliasing.
18. The control method of an ultrasound diagnostic appa-
ratus according to claim 16,
wherein at least one candidate for the number of times of
aliasing is determined based on the first center fre-
quency, the second center frequency, the first cutoff
frequency, and the second cutoff frequency, and the
number of times of aliasing of the first phase difference
is determined from the at least one candidate for the
number of times of aliasing.
19. The control method of an ultrasound diagnostic appa-
ratus according to claim 17,
wherein whether the second phase difference 1s positive or
negative is determined, and an integer part of C1/C2 is
set as a maximum value of a candidate for the number
of times of aliasing assuming that the first center
frequency is C1 and the second center frequency is C2,
in a case where the second phase difference is positive, at
least one candidate for the number of times of aliasing
satisfying  tx(C2/C1)x(2n+1)+W1>02=2mx(C2/C1)x
(2n-1)-W2 is calculated assuming that the second
phase difference is 02, the candidate for the number of
times of aliasing is n, and adjustment values each of
which is any value are W1 and W2,
in a case where the second phase difference is negative, at
least one candidate for the number of times of aliasing
satisfying  tx(C2/C1)x(2n+1)-W1=62<mx(C2/C1)x
(2n-1)+W2 is calculated, and
in a case where a plurality of candidates for the number
of times of aliasing are calculated, n at which a value
of an evaluation function Ae(n)=101+2an-(C1/C2)x02|
is minimized is determined, assuming that the first
phase difference is 61, as the number of times of
aliasing N of the first phase difference.
20. The control method of an ultrasound diagnostic appa-
ratus according to claim 18,
wherein whether the second phase difference is positive or
negative is determined, and an integer part of C1/C2 is
set as a maximum value of a candidate for the number
of times of aliasing assuming that the first center
frequency is C1 and the second center frequency is C2,
in a case where the second phase difference is positive, at
least one candidate for the number of times of aliasing
satisfying  tx(C2/C1)x(2n+1)+W1>02=2mx(C2/C1)x
(2n-1)-W2 is calculated assuming that the second
phase difference is 62, the candidate for the number of
times of aliasing is n, and adjustment values each of
which is any value are W1 and W2,
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in a case where the second phase difference is negative, at
least one candidate for the number of times of aliasing
satisfying  tx(C2/C1)x(2n+1)-W1=02<mx(C2/C1)x
(2n-1)+W2 is calculated, and

in a case where a plurality of candidates for the number
of times of aliasing are calculated, n at which a value
of an evaluation function Ae(n)=01+2mn~(C1/C2)x02|
is minimized is determined, assuming that the first
phase difference is 61, as the number of times of
aliasing N of the first phase difference.
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