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FIG.3

DETERMINE LOCAL OPTIMUM SOUND SPEED VALUES
AT ALL LATTICE POINTS 510

!

DETERMINE LOCAL SOUND SPEED VALUE
FROM OPTIMUM SOUND SPEED VALUE 812

!

FIG.4

CALGULATE ASSUMED REGEIVED WAVE
AT LATTICE POINT Xrol 520

{
[ SET INITIAL VALUE OF ASSUNED SOUND SPEED |S22

Y
[ CHANGE ASSUNED SOUND SPEED BY ONE STEP |~ S24

i
[ CALGULATE ASSUNMED RESULTANT RECEIVED WAVE | —S26

!

CALCULATE ERROR BETWEEN ASSUMED RECEIVED | ~S28
WAVE AND ASSUMED RESULTANT RECEIVED WAVE

S30
ARE ARITHMET | CAL
OPERATIONS AT ALL ASSUMED SOUND
SPEEDS FINISHED?

DETERMINE LOCAL SOUND SPEED VALUE
AT LATTICE POINT Xrol 532

END
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FIG.6

DETERMINE LOCAL SOUND SPEED VALUE
IN ORDER FROM SHALLOW LATTICE POINT — 540

END

FIG.7

SET INITIAL_VALUE OF ASSUMED SOUND SPEED
AT LATTIGE POINT Xrol S50

Y
[ CHANGE ASSUNED SOUND SPEED BY ONE STEP |~ S92
Y

CALGULATE ASSUMED RESULTANT REGEIVED WAVE
FROM LATTICE POINT Xroi ON THE BASIS OF _—~S554
RECEIVED WAVES FROM LATTICE POINTS A1, A2, ...
AND DELAY OBTAINED FROM ASSUMED SOUND SPEED

v

SET DELAY GURVE AROUND LATTIGE POINT Xrot ON | —~S56
THE BASIS OF ASSUMED RESULTANT REGEIVED WAVE

Y

GENERATE IMAGE AROUND LATTIGE POINT Xrol
ON THE BASIS OF DELAY GURVE 558

Y

CALCULATE SOUND SPEED DETERMINATION [INDEX
FROM [MAGE AROUND LATTIGE POINT Xrol 500

S62
ARE ARITHMETICAL
OPERATIONS AT ALL THE ASSUMED SOUND
SPEEDS FINISHED?

NO

DETERMINE LOCAL SOUND SPEED VALUE
AT _LATTIGE POINT Xrol 564

END
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FIG.9

(_ START )

Y

CALCULATE DEPTH Ds AND SOUND SPEED Vs S70
IN REGION B FROM REGEIVED WAVES ~
FROM LATTICE POINTS A1, A2, ...

y 572
SET ASSUMED SOUND SPEED Va IN REGION A ~

o
-

y
CHANGE ASSUMED SOUND SPEED Va BY ONE STEP _—S74

Y

CALCULATE REGEIVING TIME OF RECEIVED WAVE |[_—~S76
BY ACOUSTIC RAY TRACING

!

CALCULATE DELTA BETWEEN RECEIVED WAVE
FROM LATTIGE POINTS A1, A2, ... _—~S78
AND RECEIVED WAVE CALGULATED BY

AGOUSTIC RAY TRACING

S80

ARE ARITHMET ICAL
OPERATIONS AT ALL ASSUMED
SOUND SPEEDS FINISHED?

DETERMINE LOCAL SOUND SPEED VALUE | _—~S582
IN REGION A

END
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FIG.10

SET INITIAL VALUE OF EMISSION ANGLE © OF S90
ULTRASOUND EMITTED FROM LATTICE POINT Xroi, [~
SET PARAMETER n TO n =0

K|
UPDATE EMISSION ANGLE © AND
PARAMETER n, © = ©+A0O,n = n+l S92

CALGULATE PROPAGATION TIME Tar FOR
ULTRASOUND EMITTED FROM LATTIGE POINT Xrol s94
AT EMISSION ANGLE © TO REACH BOUNDARY [~
SURFACE S1 BETWEEN REGIONS A AND B
AND REACHING POSITION X'
Y
CALGULATE EMISSION ANGLE © ' FROM POINT X'
TO REGION B, AND CALCULATE PROPAGATION
TIME Ter FOR ULTRASOUND EMITTED FROM |_—~S06
POINT X' AT EMISSION ANGLE ©' TO REACH
ELEMENT SURFACE S2 AND REACHING POSITION X”
ON ELEMENT SURFACE S2

!

STORE TIME Tsuw FOR ULTRASOUND EMITTED

FROM ELEMENT SURFAGE S2 TO BE REFLECTED AT 508

LATTICE POINT Xroi AND ~

REACH ELEMENT SURFACE S2 AND POINT X~
AS n—-TH RECEIVING TIME DATA

S100

ARE
ARITHMET | CAL OPERAT | ONS
AT ALL EMISSION ANGLES ©
ARE FINISHED?

EXTRACT RECEIVING TIME DATA _—~S102
WITH RECEIVING POSITION X” CLOSEST TO
EACH ELEMENT POSITION, AND STORE
THE DATA AS RECEIVING TIME OF EACH ELEMENT

END
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FIG.12

START
st ) S110

| SET ELEMENT POSITION TO Co [~
~ 112

| UPDATE ELEMENT POSITION TO Cn = Cn+1 I~
! S114

ASSUME LINEAR ACOUSTIC RAY L FROM LATTICE POINT Xeoi | 9}

TO ELEMENT Gn, AND GALGULATE PROPAGATION TIME Tr FOR
ULTRASOUND TO REACH ELEMENT SURFACE S2 ALONG ACOUSTIC RAY L

¥

CALGULATE PROPAGATION TIMES Tr- AND Te- OF ULTRASOUND ALONG | 5116
ACOUSTIC RAYS L(+) AND L(-) SET BY SHIFTING INTERSECTION |~
POINT X" OF BOUNDARY SURFAGE S1 BETWEEN REGIONS A AND B AND
AGOUSTIC RAY L IN +X DIRECTION AND -X DIRECTION RESPECTIVELY,
AND DETERMINE DIRECTION OF REDUGING PROPAGATION TIME

T $120
NO Ay,

SHIFT POINT X' BY AX IN DIRECTION OF REDUCING PROPAGATION TIME,
AND STORE PROPAGATION TIME CORRESPONDING TO SHIFTED POINT X' AS Tr

v

CALCULATE PROPAGATION TIME Tk OF ULTRASOUND ALONG ACOUSTIG RAY SET BY
FURTHER SHIFTING POINT X' BY AX IN DIRECTION OF REDUCING PROPAGATION TINE

S124
YES<W'W >1e

NO f

STORE TIME Tsun FOR ULTRASOUND EMITTED FROM ELEMENT SURFACE 2 [ S126
T0 BE REFLECTED AT LATTIGE POINT Xpor AND REACH ELEMENT SURFAGE S2 |~
ALONG SET AGOUSTIG RAY AS RECEIVING TIME DATA OF ELEMENT Cn

S128
ARE ARITHMET |CAL
OPERATIONS FOR ALL ELEMENTS Cn .
FINISHED?

YES
END
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FIG.13

SET ASSUMED SOUND SPEED Va IN REGION A ~—S130

K
CHANGE ASSUMED SOUND SPEED Va BY ONE STEP L —5132

Y

CALCULATE REGEIVING TIME OF RECEIVED WAVE | |_—S134
BY ACOUSTIC RAY TRACING

Y

SET DELAY CURVE ON THE BASIS OF | ~S136
RECEIVING TIME OF RECEIVED WAVE CALCULATED
BY ACOUSTIC RAY TRACING

1

GENERATE IMAGE AROUND LATTICE POINT Xeol
ON THE BASIS OF DELAY CURVE 5138

Y

CALCULATE SOUND SPEED DETERMINATION INDEX | —S140
FROM IMAGE AROUND LATTICE POINT Xrol

S142

ARE ARITHMETICAL
OPERATIONS AT ALL ASSUMED
SOUND SPEEDS ARE
FINISHED?

DETERMINE LOCAL SOUND SPEED VALUE _—~S144
AT LATTICE POINT Xrol

END



US 2013/0131516 Al

May 23, 2013 Sheet 12 of 12

Patent Application Publication

A
6=l
=1V +1
see U e

‘ q &

AU
VeoE | 4

VOOE L

A (@334S ANNOS
HLIM WN1Q3INW

2rg0< W

A @334S ANNOS
HLIM 6_:_9_5_

\|+|._<

\/

104ZX IN10d NOI1LJ3743Y

SIARIE|

NEL
N QAV+D=LV+]
D
eee n see
nu nu
0
l¥20¢g
S X . \

(1rdo)
A 0d33dS ANNOS

HLIM WN1Q3INW 1

®
1041X INIOd NOI1937143Y

V1Ol



US 2013/0131516 Al

ULTRASOUND DIAGNOSTIC APPARATUS
AND ULTRASOUND DIAGNOSTIC METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a continuation of U.S.
patent application Ser. No. 12/585,482, which was filed Sep.
16, 2009, which claims priority from Japanese Patent Appli-
cation No. 2008-245519, filed Sep. 25, 2008, and from Japa-
nese Patent Application No. 2009-088363, filed Mar. 31,
2009, the contents of all of which are herein incorporated by
reference in their entirety.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to an ultrasound diag-
nostic apparatus and an ultrasound diagnostic method, and
more particularly to an ultrasound diagnostic apparatus and
an ultrasound diagnostic method for taking an ultrasound
image of a subject using ultrasound and displaying the ultra-
sound image.

[0004] 2. Description of the Related Art

[0005] Conventionally, attempts have been made to mea-
sure a sound speed value in a part (a region to be diagnosed)
in a subject (hereinafter referred to as a local sound speed
value) using ultrasound. For example, proposed methods
include a method of arranging two transducers for transmit-
ting and receiving to face each other and obtaining a sound
speed value in a subject based on a distance between the
transducers and a propagation time of ultrasound, and a
method of using two pairs of transducers arranged at a pre-
determined interval as the transducers for transmitting and
receiving respectively and obtaining a propagation speed
based on a propagation time of ultrasound between the trans-
ducers, wave transmitting angles and wave receiving angles,
and the interval between the transducers of each pair.

[0006] Japanese Patent Application Laid-Open No.
5-95946 discloses a measurement method of a local sound
speed value described below. In Japanese Patent Application
Laid-Open No. 5-95946, a wave transmitting transducer
transmits ultrasound into a subject while changing an emis-
sion angle, a wave receiving transducer receives the ultra-
sound while changing an incident angle, and times elapsing
between transmitting and receiving of the ultrasound are all
stored in a memory. Then, assumed sound speed distribution
is set, and a time elapsing between transmitting and receiving
of the ultrasound for each emission angle and each incident
angle is calculated on the basis of the sound speed distribu-
tion. Then, the assumed sound speed distribution is corrected
so as to minimize a difference between a calculated value and
an actual measured value of the time, and a sound speed value
in the subject is obtained from sound speed distribution
obtained finally.

SUMMARY OF THE INVENTION

[0007] A sound speed value V in a subject OBJ1 including
amedium with a constant sound speed value can be calculated
as described below. As shown in FIG. 14A, a time T elapsing
between a time ultrasound is reflected at a reflection point
(region) X1, and a time the ultrasound is received by an
element 302A, located immediately below the reflection
point X1, is T=L/V, where L is a distance between the
reflection point X1, in the subject OBJ1 and an ultrasound
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probe 300A. When T+AT is a time elapsing between a time
the ultrasound is reflected at the reflection point X14,,and a
time the ultrasound is received by an element 302 A, located at
a distance X from the element 302A, in an X direction (an
arrangement direction of elements 302A), a delay time AT
between the element 302A, and the element 3024, is
expressed by the following expression (1):

AT=AL/V(where AL=V L?+X?-L) 1)

[0008] Thus, time [2T, 2T+AT] elapsing between a time the
ultrasound is transmitted and reflected at the reflection point
X1, the time T later and a time the ultrasound is received by
the elements can be measured to uniquely obtain the distance
L between the ultrasound probe 300A and the reflection point
X1y and the speed V.

[0009] When the ultrasound from the reflection point
X1, can be clearly identified, L and V can be determined
from the times measured at two different elements having a
known positional relationship. However, ultrasound detec-
tion signals output from the elements 302A are generally
generated by interference of signals from countless reflection
points, and it is difficult to identify a signal from a specific
reflection point. Thus, actually, the distance L to the reflection
point X1, the delay time AT, and the sound speed value V
are uniquely obtained based on a space frequency, sharpness,
and contrast of a reconstructed image in a region of interest
near the reflection point X1,

[0010] As described above, when the sound speed in the
subject is constant, the sound speed value can be obtained,
while when the sound speed in the subject is not constant as in
a subject OBJ2 shown in FIG. 14B, it is difficult to obtain a
distance L between the ultrasound probe 300A and a reflec-
tion point (region) X2, and sound speed values V and V' by
the above described method.

[0011] The present invention is achieved in view of these
circumstances, and has an object to provide an ultrasound
diagnostic apparatus and an ultrasound diagnostic method
which enable to calculate a sound speed value (local sound
speed value) in any region to be diagnosed in a subject with
high accuracy.

[0012] To solve the above described problems, an ultra-
sound diagnostic apparatus of a first aspect of the present
invention includes: an ultrasound probe including a plurality
of ultrasound transducers for transmitting ultrasound to a
subject and receiving the ultrasound reflected by the subject
to output an ultrasound detection signal; an optimum sound
speed value determination device for determining optimum
sound speed values at a lattice point set in a shallower region
than a region of interest in the subject and in the region of
interest on the basis of the ultrasound detection signal; a first
arithmetical operation device for arithmetically operating a
received wave received from the region of interest when the
ultrasound is transmitted to the region of interest on the basis
of the optimum sound speed value in the region of interest; a
second arithmetical operation device for setting an assumed
sound speed in the region of interest, obtaining a received
wave received from each lattice point when the ultrasound is
transmitted to the region of interest on the basis of the
assumed sound speed and the optimum sound speed value at
the lattice point, and synthesizing received waves at lattice
points to obtain a resultant received wave; and a local sound
speed value determination device for making a determination
of a local sound speed value in the region of interest on the
basis of the received wave and the resultant received wave.
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[0013] According to the first aspect, the local sound speed
value in the subject can be determined with high accuracy
using an amplitude image obtained in generation of a B
(Brightness) mode image, RF (Radio Frequency) data, or data
on the received waves received by the ultrasound transducer
elements. The local sound speed value obtained as described
above can be used to detect a lesion in the subject with higher
accuracy. In the first aspect, a configuration exclusively for
transmitting ultrasound and a configuration exclusively for
receiving ultrasound are not required to be arranged sepa-
rately, in order to measure the local sound speed value.
[0014] The ultrasound diagnostic apparatus of a second
aspect of the present invention is such that the local sound
speed value determination device determines the assumed
sound speed used for arithmetical operation of a received
wave at which a delta between the received wave and the
resultant received wave is minimized, as a local sound speed
value in the region of interest, in the first aspect.

[0015] Anultrasound diagnostic apparatus of a third aspect
of'the present invention includes: an ultrasound probe includ-
ing a plurality of ultrasound transducers for transmitting
ultrasound to a subject and receiving the ultrasound reflected
by the subject to output an ultrasound detection signal; an
optimum sound speed value determination device for deter-
mining an optimum sound speed value in a region between a
plurality of lattice points set in a shallower region than a
region of interest in the subject and the ultrasound probe on
the basis of the ultrasound detection signal; a resultant
received wave obtaining device for obtaining received waves
received from the plurality of lattice points, and synthesizing
the obtained received waves to obtain a first resultant received
wave; an arithmetical operation device for setting an assumed
sound speed in the region of interest, tracing an acoustic ray
of ultrasound transmitted from the ultrasound probe to the
region of interest on the basis of the assumed sound speed and
optimum sound speed values at the plurality of lattice points,
obtaining received waves reflected at the region of interest
and reaching the plurality of ultrasound transducers through
the plurality of lattice points, and synthesizing the obtained
received waves to obtain a second resultant received wave;
and a local sound speed value determination device for mak-
ing a determination of a local sound speed value in the region
of interest on the basis of the first and the second resultant
received waves.

[0016] According to the third aspect, the acoustic ray trac-
ing of the ultrasound reflected at the region of interest in the
subject is performed, and the local sound speed value in the
region of interest is determined using the received waves
directly reaching the ultrasound transducers (elements) of the
ultrasound probe, thereby allowing the local sound speed
value to be accurately calculated with fewer processes.
[0017] The ultrasound diagnostic apparatus of a fourth
aspect of the present invention is such that the local sound
speed value determination device determines an assumed
sound speed used for arithmetical operation of a received
wave at which a delta between the first resultant received
wave and the second resultant received wave is minimized, as
a local sound speed value in the region of interest, in the third
aspect.

[0018] An ultrasound diagnostic apparatus of a fifth aspect
ofthe present invention includes: an ultrasound probe includ-
ing a plurality of ultrasound transducers for transmitting
ultrasound to a subject and receiving the ultrasound reflected
by the subject to output an ultrasound detection signal; an
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arithmetical operation device for setting an assumed sound
speed in a certain region of interest in the subject, obtaining
received waves received from a plurality of lattice points set
in a shallower region than the region of interest when ultra-
sound is transmitted from the ultrasound probe to the region
of interest on the basis of the assumed sound speed, and
synthesizing the received waves from the lattice points to
obtain a resultant received wave; a sound speed determination
index arithmetical operation device for obtaining a delay
from the received waves from the lattice points to generate an
image in the region of interest on the basis of the delay, and
obtaining a sound speed determination index on the basis of
the image; and a local sound speed value determination
device for making a determination of a local sound speed
value in the region of interest on the basis of the sound speed
determination index, and repeating the determination of the
local sound speed value in order from a lattice point in a
shallow region to determine the local sound speed value in the
subject.

[0019] According to the fifth aspect, the local sound speed
value is determined in order from a shallow layer in the
subject, thereby allowing the local sound speed value in the
subject to be determined with high accuracy.

[0020] The ultrasound diagnostic apparatus of a sixth
aspect of the present invention is such that the sound speed
determination index arithmetical operation device obtains the
sound speed determination index on the basis of at least one of
contrast of the image, a space frequency of the image in a
scanning direction, and dispersion of the space frequency, in
the fifth aspect.

[0021] An ultrasound diagnostic apparatus of a seventh
aspect of the present invention includes: an ultrasound probe
including a plurality of ultrasound transducers for transmit-
ting ultrasound to a subject and receiving the ultrasound
reflected by the subject to output an ultrasound detection
signal; an arithmetical operation device for setting an
assumed sound speed in a certain region of interest in the
subject, tracing an acoustic ray of the ultrasound transmitted
from the ultrasound probe to the region of interest, and
obtaining received waves reflected at the region of interest
and reaching the plurality of ultrasound transducers through
the plurality of lattice points set in a shallower region than the
region of interest on the basis of the assumed sound speed; a
sound speed determination index arithmetical operation
device for obtaining a delay from the received waves from the
plurality of lattice points to generate an image in the region of
interest on the basis of the delay, and obtaining a sound speed
determination index on the basis of the image; and a local
sound speed value determination device for making a deter-
mination of a local sound speed value in the region of interest
on the basis of the sound speed determination index, and
repeating the determination of the local sound speed value in
order from a lattice point in a shallow region to determine the
local sound speed value in the subject.

[0022] According to the seventh aspect, acoustic ray trac-
ing is repeatedly conducted in order from the shallow layer in
the subject to determine the local sound speed value, thereby
allowing the local sound speed value in the subject to be
determined with high accuracy.

[0023] The ultrasound diagnostic apparatus of an eighth
aspect of the present invention further includes a lattice point
setting device for setting a lattice point on a boundary
between regions with a substantially uniform sound speed in
the subject, in any one of the first to seventh aspects.
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[0024] The ultrasound diagnostic apparatus of a ninth
aspect of the present invention further includes an amplitude
image generation device (100, 502) for performing at least
one of a transmitting focus process and a receiving focus
process on the basis of the determination result of the local
sound speed value in the subject to generate an amplitude
image indicating an amplitude of the received wave with
brightness of a point, in any one of the first to eighth aspects.
[0025] The ultrasound diagnostic apparatus of a tenth
aspect of the present invention further includes a display
device for displaying the determination result of the local
sound speed value, in any one of the first to eighth aspects.
[0026] The ultrasound diagnostic apparatus of an eleventh
aspect of the present invention further includes an amplitude
image generation device for generating an amplitude image
indicating an amplitude of the received wave with brightness
of a point on the basis of the ultrasound detection signal,
wherein the display device displays the determination result
ofthelocal sound speed value so as to be superimposed on the
amplitude image or placed with the amplitude image side by
side, in the tenth aspect.

[0027] The ultrasound diagnostic apparatus of a twelfth
aspect of the present invention further includes an amplitude
image generation device for generating an amplitude image
indicating an amplitude of the ultrasonic echo with brightness
of a point on the basis of the ultrasound detection signal,
wherein the display device displays the determination result
ofthe local sound speed value by changing brightness or color
of the amplitude image, in the tenth aspect.

[0028] The ultrasound diagnostic apparatus of a thirteenth
aspect of the present invention further includes a display
mode switching device for switching a display mode between
afirst display mode in which the amplitude image is displayed
alone and a second display mode in which the determination
result of the local sound speed value in the subject is dis-
played, in the eleventh or twelfth aspect.

[0029] According to the tenth to thirteenth aspects, a device
for an operator to observe the determination result of the local
sound speed value can be provided in addition to the above
described advantages.

[0030] An ultrasound diagnostic method of a fourteenth
aspect of the present invention includes: an optimum sound
speed value determination step of determining optimum
sound speed values at a lattice point set in a shallower region
than a region of interest in a subject and in the region of
interest on the basis of an ultrasound detection signal
obtained by an ultrasound probe, the ultrasound probe includ-
ing a plurality of ultrasound transducers for transmitting
ultrasound to the subject and receiving the ultrasound
reflected by the subject to output the ultrasound detection
signal; a first arithmetical operation step of arithmetically
operating a received wave received from the region of interest
when the ultrasound is transmitted to the region of interest on
the basis of the optimum sound speed value in the region of
interest; a second arithmetical operation step of setting an
assumed sound speed in the region of interest, obtaining a
received wave received from each lattice point when the
ultrasound is transmitted to the region of interest on the basis
of the assumed sound speed and the optimum sound speed
value at the lattice point, and synthesizing received waves at
lattice points to obtain a resultant received wave; and a local
sound speed value determination step of making a determi-
nation of a local sound speed value in the region of interest on
the basis of the received wave and the resultant received wave.
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[0031] The ultrasound diagnostic method of a fifteenth
aspect of the present invention is such that the assumed sound
speed used for arithmetical operation of a received wave at
which a delta between the received wave and the resultant
received wave is minimized is determined as a local sound
speed value in the region of interest in the local sound speed
value determination step in the fourteenth aspect.

[0032] An ultrasound diagnostic method of a sixteenth
aspect of the present invention includes: an optimum sound
speed value determination step of determining an optimum
sound speed value in a region between a plurality of lattice
points set in a shallower region than a region of interest in a
subject and an ultrasound probe on the basis of an ultrasound
detection signal obtained by the ultrasound probe, the ultra-
sound probe including a plurality of ultrasound transducers
for transmitting ultrasound to the subject and receiving the
ultrasound reflected by the subject to output the ultrasound
detection signal; a resultant received wave obtaining step of
obtaining received waves received from the plurality of lattice
points, and synthesizing the obtained received waves to
obtain a first resultant received wave; an arithmetical opera-
tion step of setting an assumed sound speed in the region of
interest, tracing an acoustic ray of ultrasound transmitted
from the ultrasound probe to the region of interest on the basis
of'the assumed sound speed and optimum sound speed values
at the plurality of lattice points, obtaining received waves
reflected at the region of interest and reaching the plurality of
ultrasound transducers through the plurality of lattice points,
and synthesizing the obtained received waves to obtain a
second resultant received wave; and a local sound speed value
determination step of making a determination of'a local sound
speed value in the region of interest on the basis of the first and
the second resultant received waves.

[0033] The ultrasound diagnostic method of a seventeenth
aspect of the present invention is such that the assumed sound
speed used for arithmetical operation of a received wave at
which a delta between the first resultant received wave and the
second resultant received wave is minimized is determined as
a local sound speed value in the region of interest in the local
sound speed value determination step in the sixteenth aspect.
[0034] An ultrasound diagnostic method of an eighteenth
aspect of the present invention includes: an arithmetical
operation step of setting an assumed sound speed in a certain
region of interest in a subject, obtaining received waves
received from a plurality of lattice points set in a shallower
region than the region of interest when ultrasound is trans-
mitted from an ultrasound probe to the region of interest on
the basis of the assumed sound speed, and synthesizing the
received waves from the lattice points to obtain a resultant
received wave; a sound speed determination index arithmeti-
cal operation step of obtaining a delay from the received
waves from the lattice points to generate an image in the
region of interest on the basis of the delay, and obtaining a
sound speed determination index on the basis of the image;
and a local sound speed value determination step of making a
determination of the local sound speed value in the region of
interest on the basis of the sound speed determination index,
and repeating the determination of the local sound speed
value in order from a lattice point in a shallow region to
determine the local sound speed value in the subject.

[0035] The ultrasound diagnostic method of a nineteenth
aspect of the present invention is such that the sound speed
determination index is obtained on the basis of at least one of
contrast of the image, a space frequency of the image in a
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scanning direction, and dispersion of the space frequency in
the sound speed determination index arithmetical operation
step in the eighteenth aspect.

[0036] An ultrasound diagnostic method of a twentieth
aspect of the present invention includes: an arithmetical
operation step of setting an assumed sound speed in a certain
region of interest in a subject, tracing an acoustic ray of
ultrasound transmitted from a ultrasound probe to the region
ofinterest, the ultrasound probe including a plurality of ultra-
sound transducers for transmitting ultrasound to the subject
and receiving the ultrasound reflected by the subject to output
an ultrasound detection signal, and obtaining received waves
reflected at the region of interest and reaching the plurality of
ultrasound transducers through the plurality of lattice points
set in a shallower region than the region of interest on the
basis of the assumed sound speed; a sound speed determina-
tion index arithmetical operation step of obtaining a delay
from the received waves from the plurality of lattice points to
generate an image in the region of interest on the basis of the
delay, and obtaining a sound speed determination index on
the basis of the image; and a local sound speed value deter-
mination step of making a determination of the local sound
speed value in the region of interest on the basis of the sound
speed determination index, and repeating the determination
of the local sound speed value in order from a lattice point in
a shallow region to determine the local sound speed value in
the subject.

[0037] The ultrasound diagnostic method of a twenty-first
aspect of the present invention further includes a lattice point
setting step of setting a lattice point on a boundary between
regions with a substantially uniform sound speed in the sub-
ject, in any one of the fourteenth to twentieth aspects.
[0038] The ultrasound diagnostic method of a twenty-sec-
ond aspect of the present invention further includes an ampli-
tude image generation step of performing at least one of a
transmitting focus process and a receiving focus process on
the basis of a determination result of the local sound speed
value in the subject to generate an amplitude image indicating
an amplitude of the received wave with brightness of a point,
in any one of the fourteenth to twenty-first aspects.

[0039] The ultrasound diagnostic method of a twenty-third
aspect of the present invention further includes a display step
of displaying the determination result of the local sound
speed value on a display device, in any one of the fourteenth
to twenty-first aspects.

[0040] The ultrasound diagnostic method of a twenty-
fourth aspect of the present invention further includes: an
amplitude image generation step of generating an amplitude
image indicating an amplitude of the received wave with
brightness of a point on the basis of the ultrasound detection
signal; and a step of displaying the determination result of the
local sound speed value on the display device so as to be
superimposed on the amplitude image or placed with the
amplitude image side by side, in the twenty-third aspects.
[0041] The ultrasound diagnostic method of a twenty-fifth
aspect of the present invention further includes: an amplitude
image generation step of generating an amplitude image indi-
cating an amplitude of the ultrasonic echo with brightness of
a point on the basis of the ultrasound detection signal; and a
step of displaying the determination result of the local sound
speed value on the display device by changing brightness or
color of the amplitude image, in the twenty-third aspect.
[0042] The ultrasound diagnostic method of a twenty-sixth
aspect of the present invention further includes: a display
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mode switching step of receiving an instruction input from an
operator by a display mode switching device to switch a
display mode between a first display mode in which the
amplitude image is displayed alone and a second display
mode in which the determination result of the local sound
speed value in the subject is displayed, and switching the
display mode, in the twenty-fourth or twenty-fifth aspect.
[0043] According to the present invention, the local sound
speed value in the subject can be determined with high accu-
racy using an amplitude image obtained in generation of a B
mode image, RF data, or data on the received waves received
by the ultrasound transducer elements. The local sound speed
value obtained as described above can be used to detect a
lesion in the subject with higher accuracy. A configuration
exclusively for transmitting ultrasound and a configuration
exclusively for receiving ultrasound are not required to be
arranged separately, in order to measure the local sound speed
value.

BRIEF DESCRIPTION OF THE DRAWINGS

[0044] FIG. 11is a block diagram of an ultrasound diagnos-
tic apparatus according to a first embodiment of the present
invention;

[0045] FIGS. 2A and 2B schematically show an arithmeti-
cal operation process of a local sound speed value according
to the first embodiment of the present invention;

[0046] FIG.3isaflowchart showing the arithmetical opera-
tion process of the local sound speed value according to the
first embodiment of the present invention;

[0047] FIG.4is aflowchart showing the arithmetical opera-
tion process of the local sound speed value according to the
first embodiment of the present invention;

[0048] FIG. 5 schematically shows an arithmetical opera-
tion process of a local sound speed value according to a
second embodiment of the present invention;

[0049] FIG. 6 is a flowchart showing the arithmetical opera-
tion process of the local sound speed value according to the
second embodiment of the present invention;

[0050] FIG.7isaflowchart showing the arithmetical opera-
tion process of the local sound speed value according to the
second embodiment of the present invention;

[0051] FIG. 8 schematically shows an arithmetical opera-
tion procedure of a local sound speed value in a subject
according to a third embodiment of the present invention;
[0052] FIG.9isa flowchart showing an arithmetical opera-
tion process of the local sound speed value according to the
third embodiment of the present invention;

[0053] FIG.10is aflowchart showing a calculation process
of a receiving time of a received wave by acoustic ray tracing
according to the third embodiment of the present invention;
[0054] FIG. 11 schematically shows an arithmetical opera-
tion procedure of a local sound speed value in a subject
according to a fourth embodiment of the present invention;
[0055] FIG. 12 is a flowchart showing a calculation process
of'areceiving time of a received wave by acoustic ray tracing
according to the fourth embodiment of the present invention;
[0056] FIG. 13 is a flowchart showing an arithmetical
operation process of the local sound speed value according to
a fifth embodiment of the present invention; and

[0057] FIGS. 14A and 14B schematically show an arith-
metical operation process of a local sound speed value.
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DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0058] Now, preferred embodiments of an ultrasound diag-
nostic apparatus and an ultrasound diagnostic method accord-
ing to the present invention will be described with reference to
the accompanying drawings.

First Embodiment

[0059] FIG. 1 is a block diagram of an ultrasound diagnos-
tic apparatus according to a first embodiment of the present
invention.

[0060] An ultrasound diagnostic apparatus 10 shown in
FIG. 1 is an apparatus that transmits an ultrasound beam from
an ultrasound probe 300 to a subject OBJ, receives the ultra-
sound beam (ultrasonic echo) reflected by the subject OBJ,
and generates and displays an ultrasound image from a detec-
tion signal of the ultrasonic echo.

[0061] A CPU (Central Processing Unit) 100 controls each
block in the ultrasound diagnostic apparatus 10 according to
an operation input from an operation input unit 200.

[0062] The operation input unit 200 is an input device that
receives an operation input by an operator, and includes a
console 202 and a pointing device 204. The console 202
includes a keyboard that receives an input of character infor-
mation (for example, patient information), a display mode
switch button for switching a display mode between a mode
in which an amplitude image (B (Brightness) mode image) is
displayed alone and a mode in which a determination result of
a local sound speed value is displayed, a freeze button for
giving instruction to switch between a live mode and a freeze
mode, a cine memory reproduction button for giving instruc-
tion to reproduce an image based on data stored in a cine
memory, and an analysis and measurement button for giving
instruction to analyze and measure an ultrasound image. The
pointing device 204 is a device that receives an input of
designation of a region on a screen of a display unit 104, for
example, a trackball or a mouse. A touch panel may be used
as the pointing device 204.

[0063] A storage unit 102 is a storage device that stores a
control program for the CPU 100 to control each block in the
ultrasound diagnostic apparatus 10, for example, a hard disk
or a semiconductor memory.

[0064] The display unit 104 is, for example, a CRT (Cath-
ode Ray Tube) display or a liquid crystal display, and displays
an ultrasound image (moving image and still image) and
various setting screens.

[0065] The ultrasound probe 300 is a probe to be abutted
against the subject OBJ for use, and includes a plurality of
ultrasound transducers 302 that constitute a one-dimensional
or two-dimensional transducer array. The ultrasound trans-
ducer 302 transmits an ultrasound beam to the subject OBJ on
the basis of a drive signal applied from a transmission circuit
402, and receives an ultrasonic echo reflected from the subject
OBJ to output a detection signal.

[0066] Theultrasound transducer 302 includes a transducer
including electrodes formed at opposite ends of a piezoelec-
tric material (piezoelectric body). As the piezoelectric body
included in the transducer, for example, piezoelectric ceramic
such as PZT (Pb (lead) zirconate titanate) or a polymeric
piezoelectric element such as PVDF (polyvinylidene difluo-
ride) can be used. When an electric signal is sent to the
electrode of the transducer to apply a voltage, the piezoelec-
tric body expands or contracts, and the expansion and con-
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traction of the piezoelectric body causes each transducer to
generate ultrasound. For example, when a pulse-like electric
signal is sent to the electrode of the transducer, pulse-like
ultrasound is generated, and when a continuous wave electric
signal is sent to the electrode of the transducer, continuous
wave ultrasound is generated. Then, ultrasound generated
from each transducer is synthesized to form an ultrasound
beam. When each transducer receives ultrasound, the piezo-
electric body in each transducer expands and contracts to
generate an electric signal. The electric signal generated from
each transducer is output to a reception circuit 404 as an
ultrasound detection signal.

[0067] As the ultrasound transducers 302, a plurality of
kinds of elements of different ultrasound conversion types
may be used. For example, the transducer including the piezo-
electric body is used as an element that transmits ultrasound,
and an optical detection type ultrasound transducer may be
used as an element that receives ultrasound. The optical
detection type ultrasound transducer converts an ultrasound
signal into an optical signal for detection, and is, for example,
a Fabry-Perot resonator or a fiber Bragg grating.

[0068] Next, an ultrasound diagnosis process in the live
mode will be described. The live mode is a mode in which an
ultrasound image (moving image) obtained by abutting the
ultrasound probe 300 against the subject OBJ to transmit and
receive ultrasound is displayed, analyzed and measured.
[0069] When the ultrasound probe 300 is abutted against
the subject OBIJ, and ultrasound diagnosis is started by an
instruction input from the operation input unit 200, the CPU
100 outputs an control signal to a transmission and reception
unit 400, and starts transmitting an ultrasound beam to the
subject OBJ and receiving an ultrasonic echo from the subject
OBI. The CPU 100 sets a transmitting direction of the ultra-
sound beam and a receiving direction of the ultrasonic echo
for each ultrasound transducer 302.

[0070] Further, the CPU 100 selects a transmission delay
pattern according to the transmitting direction of the ultra-
sound beam, and selects a reception delay pattern according
to the receiving direction of the ultrasonic echo. The trans-
mission delay pattern is pattern data of a delay time provided
to a drive signal for forming an ultrasound beam in a desired
direction by ultrasound transmitted from the plurality of
ultrasound transducers 302. The reception delay pattern is
pattern data of a delay time provided to a detection signal for
extracting an ultrasonic echo from a desired direction by
ultrasound received by the plurality of ultrasound transducers
302. The transmission delay pattern and the reception delay
pattern are previously stored in the storage unit 102. The CPU
100 selects a transmission delay pattern and a reception delay
pattern from the patterns stored in the storage unit 102, and
outputs a control signal to the transmission and reception unit
400 to perform control to transmit and receive ultrasound
according to the selected transmission delay pattern and
reception delay pattern.

[0071] Thetransmission circuit 402 generates a drive signal
according to a control signal from the CPU 100, and applies
the drive signal to the ultrasound transducer 302. At this time,
the transmission circuit 402 delays the drive signal applied to
each ultrasound transducer 302 on the basis of the transmis-
sion delay pattern selected by the CPU 100. The transmission
circuit 402 adjusts (delays) timing of applying the drive signal
to each ultrasound transducer 302 so that ultrasound trans-
mitted from the plurality of ultrasound transducers 302 forms
an ultrasound beam. The timing of applying the drive signal
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may be adjusted so that ultrasound transmitted at one time
from the plurality of ultrasound transducers 302 reaches the
entire imaging region of the subject OBJ.

[0072] The reception circuit 404 receives and amplifies an
ultrasound detection signal output from each ultrasound
transducer 302. As described above, because of different dis-
tances between the respective ultrasound transducers 302 and
an ultrasound reflection source in the subject OBJ, reflected
waves reach the respective ultrasound transducers 302 at dif-
ferent times. The reception circuit 404 includes a delay cir-
cuit, and delays each detection signal by an amount corre-
sponding to a difference (delay time) between reaching times
of'the reflected waves according to a sound speed (hereinafter
referred to as an assumed sound speed) set on the basis of the
reception delay pattern selected by the CPU 100 or distribu-
tion of the sound speed. Then, the reception circuit 404 per-
forms matching addition of the detection signals delayed by
the delay time to perform a receiving focus process. When
there is a different ultrasound reflection source in a different
position from an ultrasound reflection source X, an ultra-
sound detection signal from the different ultrasound reflec-
tion source reaches at a different time. Thus, the addition by
an addition circuit of the reception circuit 404 causes phases
of ultrasound detection signals from different ultrasound
reflection sources to cancel each other out. Thus, the received
signal from the ultrasound reflection source Xy, is maxi-
mized and comes into focus. The receiving focus process
forms an acoustic ray signal (hereinafter referred to as an RF
(Radio Frequency) signal) with narrowed focus of an ultra-
sonic echo.

[0073] An A/D converter 406 converts an analog RF signal
output from the reception circuit 404 into a digital RF signal
(hereinafter referred to as RF data). The RF data includes
phase information of a received wave (carrier wave). The RF
data output from the A/D converter 406 is input to a signal
processing unit 502 and a cine memory 602.

[0074] The cine memory 602 successively stores the RF
data input from the A/D converter 406. The cine memory 602
stores information on a frame rate (for example, a depth of a
reflection position of ultrasound, a density of scanning lines,
a parameter indicating a width of field of view) input from the
CPU 100 in association with the RF data.

[0075] The signal processing unit 502 corrects the RF data
in attenuation due to a distance according to a depth of a
reflection position of ultrasound by STC (Sensitivity Time
gain Control), and then performs an envelope detection pro-
cess of the RF data to generate a B mode image data (image
data indicating an amplitude of an ultrasonic echo with
brightness of a point).

[0076] The B mode image data generated by the signal
processing unit 502 is obtained by a different scanning
method from a normal television signal scanning method.
Thus, a DSC (Digital Scan Converter) 504 converts (raster
conversion) the B mode image data into normal image data
(for example, image data by the television signal scanning
method (NTSC (National Television System Committee in
the United States) method)). An image processing unit 506
performs various necessary image processes (for example,
gradation processing) on image data input from the DSC 504.

[0077] Animage memory 508 stores image data input from
the image processing unit 506. A D/A converter 510 converts
image data read from the image memory 508 into an analog
image signal, and outputs the signal to the display unit 104.

May 23, 2013

Thus, the ultrasound image (moving image) taken by the
ultrasound probe 300 is displayed on the display unit 104.
[0078] Inthe embodiment, the detection signal subjected to
the receiving focus process in the reception circuit 404 is the
RF signal, but a detection signal that is not subjected to the
receiving focus process may be an RF signal. In this case, the
plurality of ultrasound detection signals output from the plu-
rality of ultrasound transducers 302 are amplified by the
reception circuit 404, and the amplified detection signals, that
is, the RF signals are A/D converted by the A/D converter 406
to generate RF data. Then, the RF data is supplied to the signal
processing unit 502, and stored in the cine memory 602. The
receiving focus process is performed by the signal processing
unit 502 in digital form.

[0079] Next, a cine memory reproduction mode will be
described. The cine memory reproduction mode is a mode in
which an ultrasound diagnosis image is displayed, analyzed
and measured on the basis of the RF data stored in the cine
memory 602.

[0080] When the cine memory reproduction button on the
console 202 is pushed, the CPU 100 switches an operation
mode of the ultrasound diagnostic apparatus 10 to the cine
memory reproduction mode. In the cine memory reproduc-
tion mode, the CPU 100 instructs a cine memory reproduction
unit 604 to reproduce RF data designated by an operation
input by an operator. The cine memory reproduction unit 604
reads the RF data from the cine memory 602 according to the
instruction from the CPU 100, and transmits the read RF data
to the signal processing unit 502 in the image signal genera-
tion unit 500. The RF data transmitted from the cine memory
602 is subjected to predetermined processes (the same pro-
cesses as in the live mode) by the signal processing unit 502,
the DSC 504, and the image processing unit 506 and con-
verted into image data, and then output via an image memory
508 and the D/A converter 510 to the display unit 104. Thus,
the ultrasound image (moving image or still image) based on
the RF data stored in the cine memory 602 is displayed on the
display unit 104.

[0081] When the freeze button on the console 202 is pushed
while the ultrasound image (moving image) is displayed in
the live mode or the cine memory reproduction mode, the
ultrasound image displayed when the freeze button is pushed
is displayed as a still image on the display unit 104. This
allows the operator to display and observe a still image of a
region of interest (ROI).

[0082] When the measurement button on the console 202 is
pushed, analysis and measurement designated by the opera-
tion input by the operator are performed. When the measure-
ment button is pushed in each operation mode, a data analysis
and measurement unit 106 obtains RF data before image
processing from the A/D converter 406 or the cine memory
602, and uses the RF data to perform analysis and measure-
ment designated by the operator (for example, distortion
analysis of a tissue part (diagnosis of hardness), measurement
of’blood flow, measurement of movement of'the tissue part, or
measurement of IMT (Intima-Media Thickness) value).
Results of analysis and measurement by the data analysis and
measurement unit 106 are output to the DSC 504 in the image
signal generation unit 500. The DSC 504 inserts the results of
the analysis and measurement by the data analysis and mea-
surement unit 106 into image data of the ultrasound image
and outputs the data to the display unit 104. Thus, the ultra-
sound image and the results of the analysis and measurement
are displayed on the display unit 104.
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[0083] When the display mode switching button is pushed,
the display mode is switched between a mode in which the B
mode image is displayed alone, a mode in which the deter-
mination result of the local sound speed value is displayed so
as to be superimposed on the B mode image (for example,
display with changing color or brightness according to the
local sound speed value or display with a line connecting
points with the same local sound speed value), and a mode in
which the B mode image and the image of the determination
result of the local sound speed value are placed side by side.
This allows the operator to observe the determination result of
the local sound speed value to find, for example, a lesion.

[0084] A B mode image obtained by performing at least
one of the transmitting focus process and the receiving focus
process may be displayed on the display unit 104 on the basis
of the determination result of the local sound speed value.

[Arithmetical Operation Process of Local Sound Speed
Value]

[0085] FIGS. 2A and 2B schematically show an arithmeti-
cal operation process of the local sound speed value accord-
ing to the first embodiment of the present invention.

[0086] As shown in FIG. 2B, a representative lattice point
in the region of interest ROI in the subject OBJ is determined
as Xzop and lattice points arranged at regular intervals in X
direction in a position shallower than the lattice point Xz,
(that is, closer to the ultrasound transducer 302) are deter-
mined as A1, A2, ..., and it is assumed that a sound speed at
least between the lattice point X, and each of the lattice
points A1, A2, . .. is constant.

[0087] In the embodiment, T and delay times AT of
received waves (W, W, . . ., respectively) from the lattice
points A1, A2, . .. are regarded as known, and a local sound
speed value at the lattice point X, is obtained from a posi-
tional relationship between the lattice point X, and the
lattice points Al, A2, . . .. Specifically, matching is used
between an assumed received wave W - from the lattice point
X zorand a received wave W, of an assumed synthesis of
the received waves from the lattice points A1, A2, . . . by
Huygens’ principle.

[0088] A range (a region where the lattice points A1, A2, .
.. are arranged) and the number of lattice points A1, A2, .. .
used in an arithmetical operation for obtaining the local sound
speed value at the lattice point X, are previously deter-
mined. A wide range of lattice points used for the arithmetical
operation of the local sound speed value causes a large error
in the local sound speed value, and a narrow range causes a
large error from the assumed received wave, and thus the
range of lattice points is determined by a trade-off therebe-
tween.

[0089] The interval between the lattice points A1,A2, .. .1in
the X direction is determined by a trade-off between resolu-
tion and processing time. The interval between the lattice
points A1, A2, . .. in the X direction is, for example, nearly 1
mm to 1 cm.

[0090] A narrow interval between the lattice points A1, A2,
... and Xz, in the Y direction causes a large error in error
calculation, and a wide interval between the lattice points A1,
A2, ...and X, intheY direction causes a large error in the
local sound speed value. The interval between the lattice
points A1, A2, . .. and X, in the Y direction is determined
on the basis of setting of image resolution of an ultrasound
image. The interval between the lattice points A1, A2, .. .and
Xrorin theY direction is, for example, nearly 1 cm.
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[0091] The wide interval between the lattice points A1, A2,
... makes difficult an arithmetical operation (described later)
of a resultant wave, and thus fine lattice points may be gen-
erated by interpolation.

[0092] Now, the arithmetical operation process of the local
sound speed value according to the embodiment will be
described with reference to flowcharts in FIGS. 3 and 4.
[0093] In the embodiment, first, as shown in FIG. 3, opti-
mum sound speed values at all lattice points set in the subject
OBI are previously determined (step S10). The optimum
sound speed value is a sound speed value with the highest
contrast and sharpness of an image, and does not always
match the actual local sound speed value at each lattice. As a
determination method of the optimum sound speed value in
step S10, for example, a method of determining an optimum
sound speed value from contrast of the image, a space fre-
quency of the image in a scanning direction, and dispersion of
the space frequency (for example, Japanese Patent Applica-
tion Laid-Open No. 8-317926) may be applied.

[0094] Next, alocal sound speed value at each lattice point
is determined on the basis of the optimum sound speed value
at each lattice point (step S12).

[0095] A method of determining the local sound speed
value on the basis of the optimum sound speed value will be
described. First, as shown in FIG. 4, a waveform of an
assumed received wave W, with the lattice point X, as a
reflection point is calculated on the basis of the optimum
sound speed value at the lattice point X, (step S20).
[0096] Then, an initial value of an assumed sound speed at
the lattice point X, is set (step S22). Then, the assumed
sound speed is changed by one step (step S24), and an
assumed resultant received wave W, ,, is calculated (step
S26). When the local sound speed value at the lattice point
Xroris assumed as V, times that elapses after the ultrasound
propagating from the lattice point X, before reaching the
lattice points Al, A2, . . . are Xz A1V, XpoA2/V, . ..
respectively. The X ,,Al, X ,;A2, . .. are distances between
the lattice points Al, A2, . . ., respectively, and the lattice
point X ;. The optimum sound speed values at the lattice
points A1, A2, .. . are known by step S10, and thus received
waves from the lattice points Al, A2, . . . can be previously
obtained. Thus, reflected waves (ultrasonic echo) generated
with delays Xz,A1/V, X 0A2/V, . .. from the lattice points
Al1,A2,...canbe synthesized to obtain the assumed resultant
received wave W, .

[0097] Actually, the above described processing is per-
formed on element data (RF signal), and thus times (T1, T2,
... respectively) that elapses after the ultrasound propagating
from the lattice point Xy, before reaching the lattice points
A1, A2, ... are expressed by the following expression (2):

1= \/(XAI/ VY +A2Y,

n= \/ (X P+ (A22),

T3=... @

where X ,;, X, . . . are distances between the lattice points
A1,A2,...and the lattice point X in the scanning direction (X
direction) respectively, and At is a time interval of the lattice
points in the Y direction.

[0098] Received waves from the lattice points A1, A2, . ..
can be synthesized with a delay obtained by adding, to T1, T2,
..., atime (At/2) that elapses before the ultrasound arriving
at the lattice point X, from a lattice point An on the same
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acoustic ray as the lattice point X, (for example, on the
same straight line which extends to the ultrasound probe 300
from the lattice point Xy,) to obtain the assumed resultant
received wave W, .

[0099] When the lattice points are set at regular intervals
(At) on a time axis in the Y direction, the lattice points are not
always arranged at regular intervals on a space. Thus, when
the time that elapses before the ultrasound arriving at each
lattice point is calculated, corrected At/2 may replace At/2 in
the expression (2). The corrected At/2 is, for example, a value
obtained by adding or subtracting, to or from At/2, a value
obtained by dividing by V a difference in a depth (distance in
theY direction) of A1, A2, . . . from the lattice point An on the
same acoustic ray as the lattice point X,,. The depth of each
of the lattice points A1, A2, . . . can be obtained by a known
local sound speed at a shallower lattice point than the lattice
points A1,A2, .. ..

[0100] The assumed resultant received wave W, is cal-
culated by actually superimposing predetermined pulse
waves (W, W ,, ... respectively) generated from the lattice
points A1, A2, . .. with the delays X, ,,A1/V, X ,,A2/V, . ..
respectively.

[0101] Next, an error (delta) between the assumed received
wave W ;- and the assumed resultant received wave W, is
calculated (step S28). The error between the assumed
received wave Wy and the assumed resultant received wave
Warcan be calculated by taking cross-correlation between
the waves; delaying the assumed received wave W by a delay
obtained from the assumed resultant received wave W, to
perform phase matching addition of the waves; or delaying
the assumed resultant received wave Wy, ,, by a delay
obtained from the assumed received wave Wy to perform
phase matching addition of the waves. To obtain the delay
from the assumed received wave W , a time that elapses after
the ultrasound propagating at the sound speed V before reach-
ing each element may be regarded as the delay when the
lattice point Xy, is a reflection point. To obtain the delay
from the assumed resultant received wave Wg.,, an
equiphase line is extracted from a phase difference between
resultant received waves of adjacent elements, and the
equiphase line may be regarded as a delay, or a phase differ-
ence between maximum (peak) positions of the resultant
received waves from the elements may be simply regarded as
a delay. A correlation peak position of the resultant received
wave from the elements may be regarded as a delay. The error
in phase matching addition is obtained from peak to peak of a
waveform after matching addition, or a maximum value of an
amplitude after envelope detection.

[0102] Then, steps S24 to S30 are repeated, and when arith-
metical operations at all assumed sound speed values are
finished (Yes in step S30), the local sound speed value at the
lattice point X, is determined (step S32). With strict appli-
cation of Huygens’ principle, the waveform of the assumed
resultant received wave W, ,obtained in step S26 is equal to
the waveform of the assumed received wave (reflected wave)
W when the local sound speed value at the lattice point Xz,
is assumed as V. In step S32, a value of an assumed sound
speed at which the error between the assumed received wave
Wy and the assumed resultant received wave Wg,,, is at
minimum is determined as a local sound speed value at the
lattice point Xz ;.

[0103] According to the embodiment, the local sound
speed value in the subject can be determined with high accu-
racy by using an amplitude image obtained by generating a B
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mode image, RF data, or data of the received waves received
by the ultrasound transducer elements. The local sound speed
value obtained as described above can be used to detect a
lesion in the subject with higher accuracy. According to the
embodiment, a configuration exclusively for transmitting
ultrasound and a configuration exclusively for receiving
ultrasound are not required to be arranged separately, in order
to measure the local sound speed value.

[0104] Instead of the above described method (calculation
of the waveform of the assumed resultant received wave,
calculation of the error (delta) in waveform between the
assumed resultant received wave and the assumed received
waveform, and determination of the sound speed), a table
may be used with an optimum sound speed at the lattice point
X zorand optimum sound speed values at the lattice points Al,
A2, .. .asinputs and a sound speed value at the lattice point
Xgroras an output.

[0105] Also, multiple times of determination of the local
sound speed value may be performed using lattice points with
a different interval and in a different range (region).

Second Embodiment

[0106] Next, a second embodiment of the present invention
will be described. In the descriptions below, descriptions
relating to the same configurations as in the first embodiment
will be omitted.

[0107] AsshowninFIGS. 5 and 6, in the embodiment, local
sound speed values are determined in order from a lattice
point in a shallow layer (in order of Al,, A2, ...,Al,,A2,,
..o, Al,, A2, .. ) to determine a local sound speed value at
a region of interest (lattice point X.,). It is assumed that a
local sound speed value is constant from lattice points (Al,,
A2,, ...)ina certain depth to lattice points (Al,._;, A2y,
... ) in a one step shallower layer. It is also assumed that a
local sound speed value is constant from lattice points (Al,,
A2, ...)in the shallowest layer to an ultrasound probe 300
[0108] Now, an arithmetical operation process of a local
sound speed value according to the embodiment will be
described in detail with reference to a flowchart in FIG. 7.
[0109] In the embodiment, the arithmetical operation pro-
cess of the local sound speed value shown in FIG. 7 is per-
formed in order from a lattice point in a shallow layer. In the
arithmetical operation of the local sound speed value, to
determine a sound speed value of a lattice point in a certain
depth, a received wave from a lattice point in a shallower
depth than the certain depth is required. Thus, to determine
local sound speed values at lattice points (Al,, A2y, ... )10
a depth N, received waves from all lattice points (Al,, ,,
A2, _,,...)inadepth (N-1) are held in a memory (storage
unit 102). After the processing of all lattice points in the depth
N is finished, the received waves in the depth (N-1) are
abandoned, and received waves from all lattice points in the
depth N are held instead.

[0110] The received waves and the local sound speed val-
ues at the lattice points (Al,, A2, . .. ) in the shallowest layer
can be obtained by a simple method. The received waves and
the local sound speed values at the lattice points (A1, A2,, .
.. )in depth “1” are determined by the arithmetical operation
process by using the received waves and the local sound speed
values at the lattice points (Al,, A2,, . .. ) in depth “0”. By
repeating the process, the local sound speed values at the
lattice points (Al,, A2,, ..., Aly, A2,,...)indepth “2”, ..
., “N” and the lattice point X 5, are determined by using the
received waves and the local speed values at the lattice points
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in the shallower depth (i.e. depth “1”, ..., “(N-1)", “N”). In
the description below concerning the operation for each
depth, the subscripts of the lattice points A1, . . . are omitted,
and the lattice point which becomes a target of determining
the received wave and the local sound speed value in the
operation in each depth is represented as X ;.

[0111] A range of lattice points (a region where the lattice
points Al,, A2, ... ,Al,, A2, ..., Al,, A2,, ... are
arranged) and an interval between the lattice points in XY
directions used in the arithmetical operation of the local
sound speed value are previously determined as in the first
embodiment. Multiple times of determination of the local
sound speed value may be performed using lattice points with
a different interval and in a different range.

[0112] Next, as shown in FIG. 7, an initial value of an
assumed sound speed at a lattice point X, is set (step S50).
Then, the assumed sound speed is changed by one step (step
S52), and an assumed resultant received wave W g, . from the
lattice point X, is calculated from received waves from the
lattice points A1, A2, . . . and a delay obtained from the
assumed sound speed (step S54).

[0113] Then, a delay curve around the lattice point X, is
set from the assumed resultant received wave W, (step
S56). As a method of setting a delay curve from the assumed
resultant received wave Wg,,,, for example, a method of
extracting an equiphase line of the assumed resultant received
wave, a method of extracting a maximum amplitude position,
or a method of extracting a correlation peak position may be
applied.

[0114] The received waves at the lattice points A1, A2, . ..
with the delay may be set as delay curves without calculating
the assumed resultant received wave W g, . to perform match-
ing addition for all delay curves.

[0115] For signals of the lattice points A1, A2, . . . obtained
by matching addition with the received waves at the lattice
points A1, A2, . . . set as the delay curves, further matching
addition may be performed according to delay based on dis-
tances between the lattice point Xz ,,and the lattice points A1,
A2, ....Inthe embodiment, the lattice points A1, A2, . . . are
regarded as assumed elements, a received signal at each
assumed element is obtained as a result of the matching
addition of the received wave from each assumed element.
Then, assuming that a reflected wave from the lattice point
Xzor to each assumed element is a wave propagating an
uniform sound speed medium, a receiving time and a delay of
the reflected wave are obtained to determine a local sound
speed value at the lattice point X

[0116] Then, an ultrasound image (B mode image) around
the lattice point X, is generated on the basis of the delay
curve (step S58), and a sound speed determination index is
calculated from the image around the lattice point X, (step
S60). The sound speed determination index is an index for
determining a sound speed obtained on the basis of at least
one of contrast of the image, a space frequency of the image
in a scanning direction, and dispersion of the space frequency.
Calculation of the sound speed determination index may be
performed after image generation of all assumed sound
speeds (after step S62).

[0117] Then, steps S52 to S62 are repeated, and when arith-
metical operations at all assumed sound speed values are
finished (Yes in step S62), the local sound speed value at the
lattice point X, is determined on the basis of the sound
speed determination index (step S64).

[0118] According to the embodiment, the local sound
speed value is determined in order from the shallow layer in
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the subject OBIJ, thereby allowing the local sound speed value
in the subject to be determined with high accuracy.

Third Embodiment

[0119] Next, a third embodiment of the present invention
will be described. In the descriptions below, descriptions
relating to the same configurations as in the first embodiment
will be omitted.

[0120] FIG. 8 schematically shows an arithmetical opera-
tion procedure of a local sound speed value in a subject
according to a third embodiment of the present invention.
[0121] In the descriptions below, a direction parallel to an
element surface S2 on which an ultrasound transducer 302 is
placed is an X direction, and a direction perpendicular to the
X direction (a depth direction of a subject OBJ) is a’Y direc-
tion.

[0122] As shown in FIG. 8, a representative lattice point in
a region of interest ROI in a region A in the subject OBJ is
determined as Xy, and lattice points arranged at regular
intervals in the X direction in a position shallower than the
lattice point X, (that is, closer to the ultrasound transducer
302) in the subject OBJ are determined as A1, A2, . .., An, .
... The region A is a region between a line (hereinafter
referred to as a boundary surface S1) connecting the lattice
points A1, A2, ..., An, ... and the lattice point X, in the
subject OBJ, and a region B is a region between the boundary
surface S1 and the element surface S2 of the ultrasound probe
300. It is assumed that sound speeds in the region A and the
region B are constant respectively.

[0123] In the embodiment, when local optimum sound
speeds (environmental sound speeds) in the regions from the
lattice points Al, A2, . . . to the element surface S2 of the
ultrasound probe 300 are substantially the same, received
waves from the lattice points A1, A2, . . . are the same each
other, the received waves are considered to be approximately
the same, or the received waves gently change, as shown in
FIG. 8, on the basis of a sound speed (assumed sound speed)
in the region A between the lattice point X, and the lattice
points A1, A2, . . . and an environmental sound speed in the
region B, an acoustic ray refracted at the boundary surface
between the regions A and B is traced by Snell’s law to obtain
a receiving time at each element, instead that the received
waves from the lattice points A1, A2, . . . are synthesized to
generate an assumed received wave and obtain a receiving
time at each element.

[0124] FIG. 9is a flowchart showing an arithmetical opera-
tion process of the local sound speed value in the subject
according to the third embodiment of the present invention.
[0125] First, an optimum sound speed value (environmen-
tal sound speed) V in the region B is calculated on the basis
of received waves received from the lattice points A1, A2, ..
., An, . . . set in the subject OBJ (step S70). Then, a time
(receiving time) T for ultrasound transmitted in a +Y direc-
tion from the ultrasound transducer 302 to be reflected ina =Y
direction at the boundary surface S1 between the regions A
and B and return to the ultrasound transducer 302 is mea-
sured, and a depth D of the region B is calculated based on
the environmental sound speed V and the receiving time T
by the following expression (3):

Dp=TyxVy/2 3)

[0126] The optimum sound speed value is a sound speed
value with the highest contrast and sharpness of an image, and
does not always match the actual local sound speed value at
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each lattice. As a method of determining an optimum sound
speed value in step S70, for example, a method of determi-
nation from contrast of the image, a space frequency of the
image in a scanning direction, and dispersion of the space
frequency (for example, Japanese Patent Application Laid-
Open No. 8-317926) may be applied.

[0127] Next, aninitial valueV , ofalocal sound speed value
(assumed sound speed) in the region A is set (step S72). Then,
the assumed sound speed V is changed by one step (step
S74). Then, a time (receiving time) T, for ultrasound trans-
mitted in the +Y direction from a lattice point An in line with
the lattice point X, in the Y direction (on the same X
coordinate) to be reflected in the -Y direction at the lattice
point X, and return to the lattice point An is measured, and
adepth D, oftheregion A is calculated based on the assumed
sound speed V , and the receiving time T, by the following
expression (4):

D =T xV.J2 )

[0128] Then, on the basis of the assumed sound speed V ,
and the environmental sound speed V5, acoustic ray tracing of
the received wave reflected at the lattice point Xz ,,and reach-
ing the ultrasound transducer 302 is performed, and a receiv-
ing time of the received wave is calculated (step S76). Pro-
cessing of the acoustic ray tracing in step S76 will be
described later.

[0129] Then, in step S70, an error (delta) between a
received wave W1 received from the lattice points A1, A2, ..
.,An, .. .and a received wave W2 calculated by the acoustic
ray tracing in step S76 is calculated (step S78). In step S78,
the error between the received waves W1 and W2 can be
calculated by taking cross-correlation between the waves;
delaying the received wave W1 received from the lattice
points A1, A2, ..., An, . .. by a delay obtained from the
received wave W2 calculated by the acoustic ray tracing to
perform phase matching addition of the waves; or, conversely,
by delaying the received wave W2 calculated by the acoustic
ray tracing by the delay obtained from the received wave W1
received from the lattice points A1, A2, ..., An, . .. to perform
phase matching addition of the waves. To obtain the delay
from the received wave W1 received from the lattice points
Al, A2, ..., An, ..., and a time that elapses after the
ultrasound propagating at the sound speed V before reaching
each element may be regarded as a delay when the lattice
point X, is regarded as a reflection point. To obtain the
delay from the received wave W2 calculated by the acoustic
ray tracing, an equiphase line is extracted from a phase dif-
ference between resultant received waves obtained by syn-
thesizing received waves of adjacent elements, and the
equiphase line may be regarded as a delay; or a phase differ-
ence between maximum (peak) positions of the resultant
received waves of the elements may be regarded as a delay. A
correlation peak position of the resultant received wave from
the elements may be regarded as a delay. The error in phase
matching addition is obtained from peak to peak of a wave-
form after matching addition or a maximum value of an
amplitude after envelope detection.

[0130] Then, steps S74 to S80 are repeated, and when arith-
metical operations at all assumed sound speed values are
finished (Yes in step S80), a local sound speed value at the
lattice point X, is determined (step S82). In step S82, a
value of the assumed sound speed V , at which a difference in
receiving time (absolute value of difference) between the
received wave W1 received from the lattice points A1, A2, ..

May 23, 2013

., An, .. .instep S70 and the received wave W2 calculated by
the acoustic ray tracing in step S76 is at minimum is deter-
mined as a local sound speed value at the lattice point Xz,
[0131] Now, a calculation process of the receiving time of
the received wave by the acoustic ray tracing in step S76 will
be described with reference to a flowchart in FIG. 10.
[0132] First, an initial value of an emission angle ® of
ultrasound from the lattice point X, is set, and a parameter
n is set to n=0 (step S90). Then, the emission angle ® is
changed by one step and updated to @=0+A0 (AO: prede-
termined angle), and the parameter n is updated to n=n+1
(step S92).

[0133] Then, a propagation time T, that elapses after
ultrasound emitted from the lattice point X 5, at the updated
emission angle © before reaching the boundary surface S1
between the region A and the region B, and a reaching posi-
tion X' of the ultrasound on the boundary surface S1 is cal-
culated (step S94).

[0134] When an X coordinate of the lattice point X 5,1 X,
and an X coordinate of a point X'is X', a distance X , inthe X
direction between the lattice point X, and the point X' is
obtained by the following expression (5):

X,=LX"-Xy|=Ddxtan © )

[0135] The propagation time T, that elapses after the
ultrasound emitted from the lattice point X, before reach-
ing the point X' on the boundary surface S1 is obtained by the
following expression (6).

T4gr=D4/V /cos © (6)

[0136] Then, an emission angle ®' when the ultrasound
emitted from the lattice point X, at the emission angle ©
and reaching the point X' on the boundary surface S1 is
emitted from the point X' to the region B is calculated accord-
ing to Snell’s law. Then, an ultrasound propagation time Tz,
that elapses after the ultrasound emitted from the point X' at
the emission angle ©' before reaching the element surface S2
of'the ultrasound probe 300, and a reaching position X" of the
ultrasound on the element surface S2 are calculated (step
S96).

[0137] The emission angle ®' from the point X' is obtained
by the following expression (7):

O'=arcsin(Vyxsin ©/V ) (7

[0138] When an X coordinate of a point X" is X", a distance
X in the X direction between the point X' and the point X" is
obtained by the following expression (8):

Xp=IX"-X"|=Dyxtan ©' ®)

[0139] The propagation time Ty, that elapses after the
ultrasound emitted from the point X' before reaching the point
X" on the boundary surface S2 is obtained by the following
expression (9):

Tgr=Dp/Vp/cos ©' )

[0140] Then, a time Tg,, T A4Tg4T g+ 15z that
elapses after the ultrasound emitted from the element surface
S2 to be reflected at the lattice point X, before returning to
the element surface S2 is calculated, and stored as n-th receiv-
ing time data Dn with the reaching position X" of the ultra-
sound (step S98).

[0141] T, and Ty, are transmission times for the ultra-
sound transmitted in the +Y direction from the ultrasound
transducer 302 to propagate through the regions A and B,
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respectively. The transmission times T ,,and T z,are obtained
by the following expressions (10) and (11):

Ta=T42, (10)
Tpr=T5/2, an
[0142] Then, steps S92 to S100 are repeated, and arithmeti-

cal operations at all emission angles ® (for example, angles in
arange receivable by the element surface S2 of the ultrasound
probe 300, |©1<90°) are performed (step S100).

[0143] Then, by the processes from the steps S90 to S100,
among receiving time data D,, (n=1, 2, . . . ) obtained at each
emission angle O, receiving time data D,, with the ultrasound
reaching position (receiving position) X" being closest to the
position of the element (ultrasound transducer 302) on the
element surface S2 (for example, with an absolute value of a
difference between the X coordinate of the point X" and the X
coordinate of the closest element being a predetermined value
or less) is extracted. Then, the extracted receiving time data
D,, is stored in the memory (storage unit 102) as receiving
time data of the element (the ultrasound transducer 302 clos-
est to the reaching position X" of the received wave) (step
S102).

[0144] In the processing shown in FIG. 9, the receiving
time data stored in step S102 is used to determine the local
sound speed value in the region A (lattice point X.,).
[0145] In the embodiment, by superimposing the received
waves from the lattice points, and the propagation time T,
of the ultrasound is calculated for only a path where the
received waves strengthen each other except a path where the
received waves cancel each other. Specifically, acoustic ray
tracing of the ultrasound reflected at the lattice point X, in
the region of interest ROI in the subject OBJ is performed,
and only the receiving time of the received wave directly
reaching each element of the ultrasound probe 300 (or reach-
ing the position closest to each element) is used to determine
the local sound speed value at the lattice point X ;. Accord-
ing to the embodiment, the local sound speed value at the
lattice point X, in the subject OBJ can be calculated in
fewer processes with accuracy.

Fourth Embodiment

[0146] Next, a fourth embodiment of the present invention
will be described. In the descriptions below, descriptions
relating to the same configurations as in the first embodiment
will be omitted.

[0147] In the embodiment, in the acoustic ray tracing in
step S76 in FIG. 9, a time (receiving time) that elapses after
the ultrasound transmitted from the ultrasound probe 300 to
be reflected at the lattice point X, before reaching the ele-
ment surface S2 of the ultrasound probe 300 is calculated for
all elements C,, (n=1, 2, . . . ) on the element surface S2.
[0148] FIG. 11 schematically shows an arithmetical opera-
tion procedure of a local sound speed value in a subject
according to the fourth embodiment of the present invention.
[0149] In the embodiment, first, as shown in FIG. 11, a
linear acoustic ray L connecting a lattice point Xz, in a
region of interest ROI and each element C,, (n=1, 2, ... ) ofan
ultrasound probe 300 is assumed, and a propagation time T
for the ultrasound to reach the element C, along the acoustic
ray L is calculated.

[0150] Then, an intersection point X' of the acoustic ray L
and a boundary surface S1 is moved in +X directions by a
predetermined amount AX to set acoustic rays (L(+) and L(-)
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respectively), and propagation times T, and T,_ for the
ultrasound to reach the element C,, along the acoustic rays
L(+) and L(-) are calculated.

[0151] Then, the propagation time T, and the propagation
times Ty, and T,_ are compared to determine a movement
direction of the point X' for reducing the propagation time Ty
of the ultrasound.

[0152] Then, the same arithmetical operation is repeated
for the acoustic ray (L(+) or L(-)) obtained by moving the
point X' in a direction of reducing the propagation time T, to
specify an acoustic ray of ultrasound from the lattice point
Xzorto each element C, (n=1, 2, .. .) of the ultrasound probe
300. Then, a receiving time T, 5, for the ultrasound transmit-
ted in the +Y direction from the ultrasound probe 300 to reach
eachelement C, (n=1, 2, ... ) along the acoustic ray specified
by the above described process is calculated.

[0153] As described above, in the embodiment, acoustic
rays for all elements C,, (n=1, 2, . . . ) of the ultrasound probe
300 can be obtained to allow the local sound speed value to be
determined with higher accuracy.

[0154] Now, an acoustic ray tracing process according to
the fourth embodiment of the present invention will be
described with reference to a flowchart in FIG. 12.

[0155] First, an element position C, for an arithmetical
operation is set to C, (step S110). Then, the element position
C,, for the arithmetical operation is updated to C,,, (step
S112).

[0156] Then, a linear acoustic ray L from the lattice point
Xzor to the element C,, of the ultrasound probe 300 is set.
Then, a propagation time Ty for ultrasound output from the
lattice point X, to reach the element surface S2 along the
acoustic ray L is calculated (step S114).

[0157] Whenan X coordinate of the lattice point X 5, 1s X,
an X coordinate of the element C, is X ,,, and an X coordinate
of the intersection point X' of the boundary surface S1
between the regions A and B and the acoustic ray L is X', a
distance X , in the X direction between the lattice point X,
and the point X', and a distance X in the X direction between
the point X' and the element C,, is obtained by the following
expressions (12) and (13).

X = X=X | =X, XolxD /(D 4+Dy) (12)
Xp=1X(,~X'=1X (= XoxDp/(D4+Dy) (13)

[0158] The propagation time Tj is obtained by the follow-
ing expression (14):

To=V X 24D, 217 N X2+ D2/ ¥ (14)

[0159] Next, a point X'(+) shifted in the +X direction from
the point X' by a predetermined amount AX, and a point X'(-)
shifted in the —X direction from the point X' by the predeter-
mined amount AX are set. A propagation time T, for ultra-
sound from the lattice point X, to reach the element C,,
along the acoustic ray I(+) from the lattice point Xz,
through the point X'(+) to the element C,, and a propagation
time T_ for ultrasound from the lattice point X, to reach
the element C,, along the acoustic ray L(-) from the lattice
point X, through the point X'(-) to the element C,, are
calculated.

[0160] The propagation time T,, is obtained by assigning
X =X +AX and Xz=X;-AX to the expression (14). The
propagation time T,_ is obtained by assigning X ,=X ,-AX
and X=X ,+AX to the expression (14).
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[0161] Then, the propagation time T and the propagation
times Tx, and Tx_ calculated as described above are com-
pared to determine a movement direction of the point X' for
reducing the propagation time T (step S116). In step S116,
whenTx_ZTx>T,,, the movement direction of the point X'is
set in the +X direction. When T, <T=T,,, the movement
direction of the point X' is set in the —-X direction.

[0162] When movements of the point X' in either of the +X
directions do not reduce the propagation time T, (that is,
when TR=T,_and Tx=T,,) (Yes in step S118), a propaga-
tion time T, for the ultrasound transmitted from the ele-
ment surface S2 of the ultrasound probe 300 to be reflected at
the lattice point X 5, to reach the element C,, along the acous-
ticray L is calculated, and stored as receiving time data of the
element C,, in the memory (storage unit 102) (step S126).
[0163] Inthecaseof Noinstep S118, the point X'is shifted
by the predetermined amount AX in a direction determined to
reduce the propagation time Tj (hereinafter referred to as a
reducing direction) (step S120). Also, a propagation time
(specifically, the smaller one of T,_ and Tx, in step S116) for
the ultrasound emitted from the lattice point X, to reach the
element C, along the acoustic ray obtained by connecting the
point X' shifted in step S120 and the lattice point Xz, and the
element C,, is held as a propagation time T.

[0164] Then, an acoustic ray L(2) is set obtained by con-
necting a point X'(2) further shifted from the point X' by AX
in the reducing direction and the lattice point X, and the
element C,,. Then, a propagation time Tj' for the ultrasound
emitted from the lattice point Xy, to reach the element C,
along the acoustic ray [.(2) is calculated (step S122). In the
example shown in FIG. 8, the +X direction is assumed as the
reducing direction.

[0165] Then, the propagation time T' and the propagation
time T, held in step S120 are compared (step S124). When
Tx'<Tx (Yes in step S124), the process returns to step S120.
[0166] When TZ=T, (No in step S124), a time T, for
the ultrasound transmitted from the ultrasound probe 300 to
be reflected at the lattice point X, to reach the element C,
along the acoustic ray set in step S120 is calculated, and
stored as receiving time data of the element C, in the memory
(storage unit 102) (step S126).

[0167] As the processes insteps S112 to S128 are repeated,
and the arithmetical operations for all the elements C,, (n=1, 2,
... ) on the ultrasound probe 300 are performed.

[0168] A position of a reaching position X on the element
surface S2 when the point X' is moved is calculated, and X'
and X closest to an element position to be obtained may be
used.

Fifth Embodiment

[0169] Next, a fifth embodiment of the present invention
will be described. In the descriptions below, descriptions
relating to the same configurations as in the first embodiment
will be omitted.

[0170] Inthe embodiment, the receiving time data obtained
by the method shown in FIG. 10 or 12 is used as a delay curve,
and an arithmetical operation process of a local sound speed
value is performed in order from a lattice point in a shallow
layer to obtain a local sound speed value in a desired region of
interest in a subject OBJ (see FIG. 5).

[0171] FIG. 13 is a flowchart showing the arithmetical
operation process of the local sound speed value in the subject
according to the fifth embodiment of the present invention.
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[0172] In the embodiment, the arithmetical operation pro-
cess of the local sound speed value is performed in order from
the lattice point in the shallow layer. In the arithmetical opera-
tion of the local sound speed value, to determine a local sound
speed value at a lattice point X 5, a received wave from a
lattice point in a shallower depth than the lattice point X 5, is
required. Thus, in order to determine local sound speed values
at lattice points (Al,, A2y, ...)in a depth N, received waves
from all lattice points (Al,,_,,A2, ,...)inadepth (N-1)are
held in a memory (storage unit 102). After the processing of
all lattice points in the depth N is finished, the received waves
in the depth (N-1) are abandoned, and received waves from
all lattice points in the depth N are held instead.

[0173] Optimum sound speed values (environmental sound
speeds) at lattice points Al,, A2, . . . in the shallowest layer
are obtained on the basis of received waves received from the
lattice points Al,, A2, . . . set in the subject OBJ.

[0174] A range of lattice points (a region where the lattice
points Al,, A2, ...,Al,A2,,...,Al,, A2,, ... are
arranged) and an interval between the lattice points in XY
directions used in the arithmetical operation of the local
sound speed value are previously determined as in the first
embodiment. Multiple times of determination of the local
sound speed value may be performed using lattice points with
a different interval and in a different range.

[0175] Next, as shown in FIG. 13, an initial value V, of an
assumed sound speed at the lattice point X, is set (step
S130). Then, the assumed sound speed is changed by one step
(step S132), and on the basis of the assumed sound speed V
and the environmental sound speed (that is, the environmental
sound speed in the shallowest layer) V, acoustic ray tracing
of a received wave reflected at the lattice point X, and
reaching the ultrasound transducer 302 is performed to cal-
culate the a receiving time of the received wave (step S134).
The acoustic ray tracing process in step S134 is the same as
the embodiment shown in FIG. 10 or 12.

[0176] A delay curve around the lattice point X, is set
from the receiving time of the received wave obtained in step
S134 (step S136).

[0177] Then, an ultrasound image (B mode image) around
the lattice point X, is generated on the basis of the delay
curve (step S138), and a sound speed determination index is
calculated from the image around the lattice point X, (step
S140). The sound speed determination index is an index for
determining a sound speed obtained on the basis of at least
one of contrast of the image, a space frequency of the image
in a scanning direction, and dispersion of the space frequency.
Calculation of the sound speed determination index may be
performed after image generation at all assumed sound
speeds (after step S142).

[0178] Then, steps S132 to S142 are repeated, and when
arithmetical operations at all assumed sound speed values are
finished (Yes in step S142), a local sound speed value at the
lattice point X, is determined on the basis of the sound
speed determination index (step S144).

[0179] Then, the processing shownin FIG. 13 is repeated in
order from the shallowest layer, and local sound speed values
at lattice points (Al,, A2, ...,Al,,A2,, ..., Al,\, A2,, ..
. ) in a deeper layer are successively obtained to calculate a
local sound speed value in the desired region of interest ROI
(lattice point X 5, in the subject OBJ.

[0180] According to the embodiment, the acoustic ray trac-
ing is repeated in order from the shallow layer in the subject
OB to determine the local sound speed value, thereby allow-
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ing the local sound speed value in the subject OBJ to be
determined with high accuracy.

[0181] In the embodiments, the lattice points are arranged
in the XY directions at regular intervals, but may be arranged
at non-regular intervals so that the lattice points are arranged
on a boundary between regions with a substantially uniform
sound speed. The region with a substantially uniform sound
speed is considered to be a substantially identical region with
uniform brightness in an amplitude image, and thus the lattice
points may be arranged along a boundary where average
brightness changes by a threshold or more. High brightness is
obtained in a tissue boundary with different acoustic imped-
ances, and thus the lattice points may be arranged along a
place with higher brightness than other places by a threshold
or more. Further, an edge (of brightness of the B mode image)
is detected by a differentiation filter or the like, and the lattice
points may be set along the edge. Further, a user can set the
arrangement of the boundary between the regions A and B
and the lattice points on the boundary using a pointing device
204 or the like while watching the B mode image.

[0182] The embodiments may be applied to a case where
the ultrasound transducers are two-dimensionally arranged,
or the ultrasound transducers are arranged in any curved
shape rather than a planar shape.

[0183] Also, at least one of a transmitting focus process and
a receiving focus process may be performed according to the
optimum sound speed, the received waveform, or the delay
curve of each region (each lattice point) obtained in the
embodiments to reconstruct the B mode image.

[0184] In the embodiments, a threshold for setting the lat-
tice points may be adjusted so that the number oflattice points
per unit area is a predetermined number or more, or the lattice
points are laterally arranged at a predetermined density or
more.

[0185] In the embodiment, when the environmental sound
speeds at the lattice points Al, A2, . . . and the lattice point
X zorare obtained, or when the local sound speed at the lattice
point X, is obtained based on the received waves from the
lattice points A1, A2, . . ., the received waves are not deter-
mined on the basis of only the environmental sound speeds or
the local sound speeds, but correlation of ultrasound detection
signals detected by adjacent elements may be taken, and
contrast and sharpness may be determined to determine the
received waves by adjusting a delay. This provides a smooth
waveform of the received wave and increases accuracy of
sound speed determination.

[0186] In the environmental sound speed determination
process or the local sound speed determination process, the
transmitting focus may be changed in addition to the receiv-
ing focus process. Not only that a delay is obtained based on
an assumed resultant received wave determined by a local
sound speed value assumed for the lattice point X, the
receiving focus is performed according to the delay; or the
receiving focus is performed according to the delay deter-
mined by the environmental sound speed assumed for the
lattice point Xy, but also that the transmitting focus is
performed to allow an increase in determination accuracy of
a sound speed. For example, a delay added at transmitting
timing of ultrasound from each element in actual transmis-
sion of ultrasound to the lattice point X 5, may be changed, or
an assumed transmission delay in aperture synthesis of an
ultrasound beam (transmission wave) may be changed.

What is claimed is:
1. An ultrasound diagnostic apparatus comprising:

an ultrasound probe including a plurality of ultrasound
transducers configured to transmit ultrasound to a sub-
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ject and configured to receive the ultrasound reflected by
the subject to output an ultrasound detection signal; and
a local sound speed calculating device configured to cal-
culate a local sound speed in a region including two or
more points in the subject based on ultrasound detection
signals which correspond to the two or more points and
are output by the plurality of ultrasound transducers,
wherein depths of the two or more points with respect to
the ultrasound probe are different from each other.
2. The ultrasound diagnostic apparatus according to claim
15
wherein when the ultrasound probe outputs the ultrasound
detection signals corresponding to the two or more
points in the subject, the ultrasound probe changes a
transmitting focus for each of the two or more points to
transmit the ultrasound to the subject.
3. The ultrasound diagnostic apparatus according to claim
la
wherein the local sound speed calculating device com-
prises:
an optimum sound speed obtaining device configured to
obtain optimum sound speeds of the two or more points
based on the ultrasound detection signals output by the
plurality of ultrasound transducers corresponding to the
two or more points in the subject; and
a calculating device configured to calculate the local sound
speed in the region including the two or more points
based on the optimum sound speeds.
4. The ultrasound diagnostic apparatus according to claim
3, further comprising
a received wave calculating device configured to calculate
received waves of the plurality of ultrasound transducers
based on the optimum sound speeds of the two or more
points,
wherein the local sound speed calculating device compares
received waves from the two or more points with result-
ant received waves from the two or more points to cal-
culate the local sound speed,
wherein each of the resultant received waves is calculated
based on a propagation time of the ultrasound from the
two or more points to shallow points and a received wave
from the shallow points,
wherein the shallow points are located between the ultra-
sound probe and the two or more points, and
wherein the propagation time is calculated based on an
assumed sound speed set in the region.
5. The ultrasound diagnostic apparatus according to claim
35
wherein the local sound speed calculating device compares
receiving times at the two or more points with resultant
receiving times at the two or more points,
wherein the resultant receiving times are calculated based
on propagation times of the ultrasounds from the two or
more points to shallow points and optimum sound
speeds at the shallow points,
wherein the shallow points are located between the ultra-
sound probe and the two or more points, and
wherein the propagation time is calculated based on an
assumed sound speed set in the region.
6. The ultrasound diagnostic apparatus according to claim
3,
wherein the local sound speed calculating device calcu-
lates the local sound speed in the region including the
two or more points based on optimum sound speed of the
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two or more points and a look up table representing a
relationship between an optimum sound speed and a
local sound speed.

7. The ultrasound diagnostic apparatus according to claim

1:

wherein the local sound speed calculating device compris-
ing:

a optimum sound speed obtaining device configured to
obtain optimum sound speeds at shallow points which
are located between the ultrasound probe and the two or
more points;

an image generating device configured to generate an
image of a region near each of the two or more points
based on an assumed sound speed in a region including
the two or more points and the optimum sound speeds at
the shallow points;

an image analyzing device configured to perform an analy-
sis of the generated image; and

a calculating device configured to calculate the local sound
speed of the region including the two or more points
based on a result of the analysis of the generated image.

8. The ultrasound diagnostic apparatus according to claim

7, further comprising

areceived wave calculating device configured to calculate
received waves received based on the optimum sound
speeds at the shallow points,

wherein the image generating device synthesizes a result-
ant received wave from the two or more points based on
a propagation time which is calculated based on an
assumed sound speed set in the region and the received
waves from the shallow points, and the image generating
device generates the image based on a delay obtained
from the resultant received wave.

9. The ultrasound diagnostic apparatus according to claim

75

wherein the image generating device obtains a delay based
on a propagation time calculated based on an assumed
sound speed set in the region and the optimum sound
speeds at the shallow points, and generates the image
based on the delay.

10. The ultrasound diagnostic apparatus according to claim

6, further comprising
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a received signal obtaining device configured to obtain,
when the shallow points are regarded as assumed ele-
ments, received signals at the assumed elements based
on the optimum sound speeds at the shallow points,

wherein the image generating device generates the image
from the received signals at the assumed elements based
on the assumed sound speed of the region.

11. The ultrasound diagnostic apparatus according to claim

1, further comprising

a point setting device configured to set at least one of the
two or more points on a boundary between regions with
a uniform sound speed in the subject.

12. The ultrasound diagnostic apparatus according to claim

1, further comprising

a display device configured to display a calculation result
of the local sound speed.

13. The ultrasound diagnostic apparatus according to claim

12, further comprising

an amplitude image generation device configured to gen-
erate an amplitude image indicating an amplitude of the
ultrasonic detection signal with brightness of a point,

wherein the display device displays the calculation result
of the local sound speed so as to be superimposed on the
amplitude image or placed with the amplitude image
side by side.

14. The ultrasound diagnostic apparatus according to claim

12, further comprising

an amplitude image generation device configured to gen-
erate an amplitude image indicating an amplitude of the
ultrasonic detection signal with brightness of a point,

wherein the display device displays the calculation result
of the local sound speed by changing brightness or color
of the amplitude image.

15. The ultrasound diagnostic apparatus according to claim

12, further comprising

a display mode switching device configured to switch a
display mode between a first display mode in which the
amplitude image is displayed alone and a second display
mode in which the calculation result of the local sound
speed in the subject is displayed.

* * % % *
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