US20070197916A1

a2 Patent Application Publication (o) Pub. No.: US 2007/0197916 A1

asy United States

Kawagishi et al.

(43) Pub. Date: Aug. 23, 2007

(54) ULTRASONIC DIAGNOSTIC APPARATUS
AND ULTRASONIC DIAGNOSTIC METHOD

(75) TInventors: Tetsuya Kawagishi, Nasushiobara-Shi
(JP); Hiroyuki Ohuchi,
Nasushiobara-Shi (JP); Takeshi Sato,
Nasushiobara-Shi (JP); Makoto
Hirama, Otawara-Shi (JP); Tomohisa
Imamura, Nasushiobara-Shi (JP)

Correspondence Address:

OBLON, SPIVAK, MCCLELLAND, MAIER &
NEUSTADT, P.C.

1940 DUKE STREET

ALEXANDRIA, VA 22314 (US)

(73) Assignees: KABUSHIKI KAISHA TOSHIBA,
Tokyo (JP); TOSHIBA MEDICAL SYS-
TEMS CORPORATION, Otawara-Shi
(IP)

(21) Appl. No.:  11/627,667

(22) Filed: Jan. 26, 2007
(30) Foreign Application Priority Data
Jan. 26, 2006 (IP) oo 2006-017772

Publication Classification

(51) Int. CL
AGIB /14 (2006.01)

(52) US. Cl oo 600/459

(7) ABSTRACT

An ultrasonic diagnostic apparatus comprises a first recep-
tion echo obtaining unit, a second reception echo obtaining
unit, a reception echo combining unit, and an image gener-
ating unit. The first reception echo obtaining unit transmits
a plurality of ultrasonic pulses having frequency spectra
different from one another to an object, and obtains each of
reception echoes corresponding to the plurality of ultrasonic
pulses. The second reception echo obtaining unit transmits
an ultrasonic pulse having the same frequency component
characteristics as an combined pulse obtained by combining
the plurality of ultrasonic pulses, and to obtain an reception
echo. The reception echo combining unit combines the
reception echoes obtained by the first reception echo obtain-
ing unit and the reception echo obtained by the second
reception echo obtaining unit to generate a combined signal.
The image generating unit generates an image of echoes
reflected from the object on the basis of the combined signal.
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ULTRASONIC DIAGNOSTIC APPARATUS AND
ULTRASONIC DIAGNOSTIC METHOD

BACKGROUND OF THE INVENTION
[0001]

[0002] The present invention relates to ultrasonic diagnos-
tic apparatuses and ultrasonic diagnostic method that obtain
biological information of an object by irradiating ultrasonic
pulses into the object, receiving ultrasonic echoes generated
in the object, and performing various processing operations.
In particular, the present invention relates to an ultrasonic
diagnostic apparatus and an ultrasonic diagnostic method
capable of performing imaging according to a contrast echo
method using a contrast medium.

[0003] 2. Description of the Related Art

[0004] Ultrasonic diagnostic apparatuses are apparatuses
that obtain biological information, such as tomographic
images of tissues of a living body in an object and blood flow
images, by irradiating ultrasonic pulses into the object from
piezoelectric transducers (ultrasonic transducers) included
in an ultrasonic probe, receiving ultrasonic echoes generated
in the object with the piezoelectric transducers, and per-
forming various processing operations on the received ultra-
sonic echoes.

1. Field of the Invention

[0005] An imaging method employed by such ultrasonic
diagnostic apparatuses is an imaging method referred to as
a contrast echo method. In the contrast echo method,
microbubbles are injected into the blood vessel of the object
as a contrast medium to enhance the scattering ultrasonic
echoes. More specifically, in imaging according to the
contrast echo method, ultrasonic pulses having predeter-
mined frequency spectra are irradiated, and nonlinear com-
ponents of the ultrasonic echoes reflected from the
microbubbles as the contrast medium, are used for visual-
ization.

[0006] However, in an imaging technique according to a
known contrast echo method, only some of the bubbles
injected into the object contribute to the visualization. This
is because, when the frequency of the ultrasonic pulses to be
irradiated 1s kept constant, the signal strength of the non-
linear components included in the ultrasonic echoes strongly
depends on the radiuses of the bubbles. That is, since the
resonant frequencies of the bubbles differ depending on the
radiuses thereof, only some of the bubbles having radiuses
that are resonant with the frequencies of the transmitted
ultrasonic pulses are utilized for the visualization.

[0007] Thus, it is desirable to obtain ultrasonic echoes
reflected from more bubbles having different radiuses so as
to visualize images from the aspect of sensitivity.

[0008] On the other hand, the transmitted ultrasonic pulses
undesirably destroy some of the bubbles. Accordingly, in the
imaging according to the contrast echo method, the signifi-
cantly low intensity ultrasonic pulses, having amplitude only
one-tenth of the ultrasonic pulses normally used for non-
contrast imaging, are used for the imaging. Thus, there may
be a problem that the sensitivity is insufficient for, particu-
larly, regions deep within the object. In particular, in low MI
(mechanical index) mode imaging that uses ultrasonic pulses
having low sound pressure in order not to destroy the
bubbles, the sensitivity is actually insufficient.
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[0009] In addition, a technique that uses second harmonic
components for the visualization as nonlinear components
included in ultrasonic echoes reflected from bubbles has
been developed. However, in this technique, tissue harmonic
components reflected from tissues of a living body are also
visualized, which undesirably makes it difficult to see blood
flow contrast images enhanced by the bubbles.

SUMMARY OF THE INVENTION

[0010] The present invention has taken into consideration
the above-described problems, and it is an object of the
present invention to provide an ultrasonic diagnostic appa-
ratus and an ultrasonic diagnostic method, recognition of a
contrast enhancement by bubbles is allowed easy at a higher
sensitivity.

[0011] In addition, the present invention has taken into
consideration the above-described problems, and it is an
object of the present invention to provide an ultrasonic
diagnostic apparatus and an ultrasonic diagnostic method, a
motion artifact of an ultrasonographic image can be reduced.

[0012] In addition, the present invention has taken into
consideration the above-described problems, and it is an
object of the present invention to provide an ultrasonic
diagnostic apparatus and an ultrasonic diagnostic method, a
signal strength of a bubble echo can be increased, whereas
a signal strength of a tissue echo can be reduced.

[0013] In addition, the present invention has taken into
consideration the above-described problems, and it is an
object of the present invention to provide an ultrasonic
diagnostic apparatus and an ultrasonic diagnostic method, an
intensity of vertical lines appeared on the ultrasonographic
image can be decreased.

[0014] To solve the above-described problems, the present
invention provides the ultrasonic diagnostic apparatus to
mention it in claim 1, comprising: a first reception echo
obtaining unit configured to transmit a plurality of ultrasonic
pulses having frequency spectra different from one another
to an object, and to obtain each of reception echoes corre-
sponding to the plurality of ultrasonic pulses; a second
reception echo obtaining unit configured to transmit an
ultrasonic pulse having the same frequency component
characteristics as an ultrasonic pulse obtained by combining
the plurality of ultrasonic pulses, and to obtain an reception
echo; a reception echo combining unit configured to com-
bine the reception echoes obtained by the first reception
echo obtaining unit and the reception echo obtained by the
second reception echo obtaining unit to generate a combined
signal; and an image generating unit configured to generate
an image of echoes reflected from the object on the basis of
the combined signal.

[0015] To solve the above-described problems, the present
invention provides the ultrasonic diagnostic method to men-
tion it in claim 16, comprising steps of: obtaining first
reception echoes for transmitting a plurality of ultrasonic
pulses having frequency spectra different from one another
to an object, and for obtaining each of reception echoes
corresponding to the plurality of ultrasonic pulses; obtaining
second reception echoes for transmitting an ultrasonic pulse
having the same frequency component characteristics as an
combined pulse obtained by combining the plurality of
ultrasonic pulses, and to obtain an reception echoes; gener-
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ating reception echoes for combining the reception echoes
obtained by the step of obtaining first reception echoes and
the reception echoes obtained by the step of obtaining
second reception echoes to generate a combined signal; and
generating an image for generating an image of echoes
reflected from the object on the basis of the combined signal.

[0016] Therefore, according to the present invention to
provide the ultrasonic diagnostic apparatus and the ultra-
sonic diagnostic method, recognition of a contrast enhance-
ment by bubbles is allowed casy at a higher sensitivity.

[0017] In addition, according to the present invention to
provide the ultrasonic diagnostic apparatus and the ultra-
sonic diagnostic method, a motion artifact of an ultrasono-
graphic image can be reduced.

[0018] In addition, according to the present invention to
provide the ultrasonic diagnostic apparatus and the ultra-
sonic diagnostic method, a signal strength of a bubble echo
can be increased, whereas a signal strength of a tissue echo
can be reduced.

[0019] In addition, according to the present invention to
provide the ultrasonic diagnostic apparatus and the ultra-
sonic diagnostic method, the intensity of vertical lines
appeared on the ultrasonographic image can be decreased.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] In the accompanying drawings:

[0021] FIG. 1 is a configuration diagram showing an
ultrasonic diagnostic apparatus according to a first embodi-
ment of the present invention;

[0022] FIG. 2 is a flowchart showing a procedure that the
ultrasonic diagnostic apparatus shown in FIG. 1 performs
when visualizing a blood flow according to a contrast echo
method using microbubbles as a contrast medium;

[0023] FIG. 3 is a schematic diagram showing an example
of frequency spectra for a plurality of ultrasonic pulses to be
sequentially transmitted from an ultrasonic probe of the
ultrasonic diagnostic apparatus shown in FIG. 1;

[0024] FIG. 4 is a schematic diagram showing an example
of frequency spectra for reception echoes from bubbles
obtained by transmitting each of ultrasonic pulses shown in
FIG. 3;

[0025] FIG. 5 is a diagram showing a visualization band
visualized by the ultrasonic diagnostic apparatus shown in
FIG. 1;

[0026] FIG. 6 is a block diagram showing a flow of a
signal of reception echoes used as contrast image data and
of the reception echoes used as background tissue image
data by the ultrasonic diagnostic apparatus shown in FIG. 1,

[0027] FIG. 7 is a schematic diagram showing an example
of displaying a contrast image and a background tissue
image in parallel on a monitor in the ultrasonic diagnostic
apparatus shown in FIG. 1;

[0028] FIG. 8 is a schematic diagram showing an example
of displaying the contrast image over the background tissue
image on the monitor in the ultrasonic diagnostic apparatus
shown in FIG. 1,
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[0029] FIG.9 is a schematic diagram showing an example
of displaying the contrast image and the background tissue
image on the monitor so that the background tissue image is
seen through the contrast image in the ultrasonic diagnostic
apparatus shown in FIG. 1,

[0030] FIG. 10 is a diagram showing an alternative
example of a combination of a frequency spectrum of each
ultrasonic pulse to be transmitted by the ultrasonic diagnos-
tic apparatus shown in FIG. 1;

[0031] FIG. 11 is a diagram showing a configuration of an
ultrasonic diagnostic apparatus according to a second
embodiment of the present invention,

[0032] FIG. 12 is a flowchart showing a procedure that the
ultrasonic diagnostic apparatus shown in FIG. 11 performs
when visualizing a blood flow according to a contrast echo
method using microbubbles as a contrast medium;

[0033] FIG. 13 is a schematic diagram showing an
example of frequency spectra for a plurality of ultrasonic
pulses to be sequentially transmitted from an ultrasonic
probe of the ultrasonic diagnostic apparatus shown in FIG.
11,

[0034] FIG. 14 is a diagram showing a visualization band
visualized by the ultrasonic diagnostic apparatus shown in
FIG. 11;

[0035] FIG. 15 is a diagram showing a configuration of an
ultrasonic diagnostic apparatus according to a third embodi-
ment of the present invention;

[0036] FIG. 16 is a flowchart showing a procedure that the
ultrasonic diagnostic apparatus shown in FIG. 15 performs
when visualizing a blood flow according to a contrast echo
method using microbubbles as a contrast medium;

[0037] FIG. 17 is a diagram showing an example of two
pulse shapes of ultrasonic pulses when two ultrasonic pulses
having different frequency spectra are transmitted in phase,
and of a pulse shape obtained by combining these pulse
shapes.

[0038] FIG. 18 is a diagram showing an example of two
pulse shapes of ultrasonic pulses when two ultrasonic pulses
having different center frequencies are transmitted with a
phase of one of the ultrasonic pulses being inverted, and of
a pulse shape obtained by combining these pulse shapes;

[0039] FIG. 19 is a diagram showing frequency spectra of
a bubble echo and a tissue echo when the one of the
ultrasonic pulses is inverted and is not inverted;

[0040] FIG. 20 is a diagram showing a configuration of an
ultrasonic  diagnostic apparatus according to a fourth
embodiment of the present invention;

[0041] FIG. 21 is a diagram illustrating a method for
transmitting an ultrasonic pulse employed by the ultrasonic
diagnostic apparatus shown in FIG. 20;

[0042] FIG. 22 is a diagram illustrating the method for
transmitting the ultrasonic pulse employed by the ultrasonic
diagnostic apparatus shown in FIG. 20;

[0043] FIG. 23 is a diagram illustrating the method for
transmitting the ultrasonic pulse employed by the ultrasonic
diagnostic apparatus shown in FIG. 20;
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[0044] FIG. 24 is a diagram illustrating the method for
transmitting the ultrasonic pulse employed by the ultrasonic
diagnostic apparatus shown in FIG. 20;

[0045] FIG. 25 is a diagram showing a configuration of an
ultrasonic diagnostic apparatus according to a fifth embodi-
ment of the present invention;

[0046] FIG. 26 is a diagram illustrating a method for
transmitting the ultrasonic pulses employed by the ultrasonic
diagnostic apparatus shown in FIG. 25;

[0047] FIG. 27 is a diagram illustrating a method for
transmitting the ultrasonic pulses employed by the ultrasonic
diagnostic apparatus shown in FIG. 25; and

[0048] FIG. 28 is a diagram illustrating an ultrasono-
graphic image generated by the ultrasonic diagnostic appa-
ratus shown in FIG. 25.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0049] An ultrasonic diagnostic apparatus and an ultra-
sonic diagnostic method according to embodiments of the
present invention will be described with reference to the
accompanying drawings.

[0050] FIG. 1 is a configuration diagram showing an
ultrasonic diagnostic apparatus according to a first embodi-
ment of the present invention.

[0051] An ultrasonic diagnostic apparatus 1 according to
the first embodiment is constituted by an apparatus main
body 2, an ultrasonic probe 3, and a monitor 4. The appa-
ratus main body 2 has a transmitting/receiving unit 5, an A/D
(analog to digital) converter 6, a signal processing unit 7, a
detection unit 8, a scan sequence controlling unit 9, a system
controlling unit 10, and a display unit 11. Each unit in the
apparatus main body 2 may be implemented by circuits or by
a CPU (central processing unit) of a computer loading a
control program.

[0052] The ultrasonic probe 3 has a plurality of ultrasonic
transducers. Each ultrasonic transducer transmits ultrasonic
pulses into an object (not shown) after converting transmis-
sion signals, applied by the transmitting/receiving unit 5 as
electric pulses, into the ultrasonic pulses. In addition, each
of the ultrasonic transducers has a function to supply recep-
tion echoes, i.e., electronic signals, to the transmitting/
receiving unit 5 after receiving ultrasonic echoes caused by
the ultrasonic pulses having transmitted into the object.

[0053] The transmitting/receiving unit 5 has a function to
supply the transmission signals to each ultrasonic transducer
of the ultrasonic probe 3 according to a control signal fed by
the scan sequence controlling unit 9 as a scan sequence
signal, thereby controlling the ultrasonic probe 3 so that the
ultrasonic pulses having predetermined characteristics are
transmitted from the ultrasonic probe 3. In addition, the
transmitting/receiving unit 5 has a function to receive recep-
tion echoes from the ultrasonic probe 3, to perform prede-
termined preprocessing, such as delay and phased addition,
and to supply the processed reception echoes to the A/D
converter 6.

[0054] The scan sequence controlling unit 9 has a function
to control the transmitting/receiving unit 5 by supplying the
control signal to the transmitting/receiving unit 5 as the scan
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sequence signal so that the ultrasonic pulses having prede-
termined frequency spectra (frequency components) are
transmitted from the ultrasonic probe 3. More specifically,
the scan sequence controlling unit 9 has a function to control
the transmitting/receiving unit 5 by supplying the control
signal to the transmitting/receiving unit 5 so that a plurality
of ultrasonic pulses, having a plurality of frequency spectra
at least one of whose center frequency, amplitude, and
frequency band differ from those of the other spectra, are
sequentially transmitted from the ultrasonic probe 3. In
addition, the scan sequence controlling unit 9 can cause the
plurality of ultrasonic pulses to be sequentially transmitted
while differing at least one of a phase, a transmission
aperture, and a transmission focus for each of the plurality
of ultrasonic pulses.

[0055] In particular, the scan sequence controlling unit 9
sets the scan sequence so that the plurality of the ultrasonic
pulses having different frequency spectra and a ultrasonic
pulse, having the same frequency component characteristics
as the ultrasonic pulse obtained by performing a linear
operation to combine the plurality of pulses, are sequentially
transmitted.

[0056] The A/D converter 6 has a function to supply
digital reception echoes to the signal processing unit 7 or the
detection unit 8 after digitalizing the analog reception ech-
oes received from the transmitting/receiving unit 5.

[0057] The signal processing unit 7 has a function to
perform signal processing on the reception echoes received
from the A/D converter 6. The signal processing unit 7 also
has a fonction to supply a combined signal obtained by the
signal processing to the detection unit 8. More specifically,
the signal processing unit 7 performs the signal processing
so as to combine the reception echoes corresponding to the
ultrasonic pulses each having a different frequency spectrum
and generate the combined signal.

[0058] The detection unit 8 obtains the necessary pulse
signals or reception echoes from the signal processing unit
7 or the A/D converter 6, has a function to perform envelope
detection on the obtained pulse signals or reception echoes,
and to supply the detection result to the display unit 11 as a
detection signal. In particular, the detection unit 8 obtains
the pulse signals from the signal processing unit 7 for
generation of a contrast image using microbubbles accord-
ing to a contrast echo method, and generates the detection
signal. The detection unit 8 also obtains predetermined
reception echoes from the A/D converter 6 for generation of
a tissue (B-mode) image, which becomes a background
image of the contrast image, and generates the detection
signal.

[0059] It may be come from behind placement of the
signal processing unit 7 and the detection unit 8. In that case,
the detection unit 8 obtains the necessary reception echoes
from the A/D converter 6, and performs envelope detection
on the obtained reception echoes. In addition, the signal
processing unit 7 performs signal processing on the recep-
tion echoes received from the detection unit 8.

[0060] The display unit 11 has a DSC (digital scan con-
verter). The display unit 11 has a function to generate a video
signal used for displaying an image on the monitor from the
detection signal received from the detection unit 8, and to
supply the generated video signal to the monitor 4 to cause
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the monitor 4 to display the image. The DSC of the display
unit 11 converts the scan mode of the detection signal
received from the detection unit 8 from an ultrasonic scan
mode into a television scan mode for displaying.

[0061] The system controlling unit 10 has a function to
entirely control each unit in the apparatus main body 2 by
supplying control signals to the transmitting/receiving unit
5, the A/D converter 6, the signal processing unit 7, the
detection unit 8, and the scan sequence controlling unit 9.

[0062] An operation of the ultrasonic diagnostic apparatus
1 will be described next.

[0063] FIG. 2 is a flowchart showing a procedure that the
ultrasonic diagnostic apparatus 1 shown in FIG. 1 performs
when visualizing the blood flow according to the contrast
echo method using microbubbles as a contrast medium. An
alphabet “S” followed by a numeral in the figure represents
each step of the flowchart.

[0064] Firstly, the contrast medium including
microbubbles is injected to the object. Many microbubbles
having various radiuses are then inducted to an imaging
target part such as a blood vessel.

[0065] At step S1, for example, ultrasonic pulses pl and
p2 having different center frequencies f1 and {2 are trans-
mitted to the imaging target part of the object from the
ultrasonic probe 3 at different timings. The ultrasonic probe
3 then receives ultrasonic echoes, which are caused by the
microbubbles at the imaging target part, and the signal
processing unit 7 obtains the ultrasonic echoes as reception
echoes E1 and E2, respectively.

[0066] More specifically, the scan sequence controlling
unit 9 generates a scan sequence signal so that the ultrasonic
pulse p1 having the center frequency f1 and the ultrasonic
pulse p2 having the center frequency f2 are sequentially
transmitted from the ultrasonic probe 3 at regular intervals.
At this time, the center frequency 12 is set at a value different
from the center frequency f1.

[0067] The scan sequence controlling unit 9 supplies the
generated scan sequence signal to the transmitting/receiving
unit 5. This causes the transmitting/receiving unit 5 to
generate transmission signals according to the scan sequence
signal received from the scan sequence controlling unit 9,
and to supply the generated transmission signals to each of
ultrasonic transducers of the ultrasonic probe 3. Accord-
ingly, each of the ultrasonic pulse pl having the center
frequency f1 and the ultrasonic pulse p2 having the center
frequency {2 (£2=11) is transmitted to the imaging target part
of the object.

[0068] Since many microbubbles having different radiuses
exist at the imaging target part, the ultrasonic echoes, which
are caused by the ultrasonic pulses reflecting from the
microbubbles and tissues, are received by the ultrasonic
probe 3. The ultrasonic echoes, corresponding to two ultra-
sonic pulses pl and p2, received by the ultrasonic probe 3
are converted into the reception echoes E1 and F2, i.e., the
electric signals, and are sequentially supplied to the trans-
mitting/receiving unit 5.

[0069] The transmitting/receiving unit 5 sequentially sup-
plies each of the reception echoes E1 and E2, received from
the ultrasonic probe 3, to the A/D converter 6. The A/D
converter 6 converts the analog reception echoes E1 and E2
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supplied from the transmitting/receiving unit 5 into digital
reception echoes E1 and E2, respectively. The A/D converter
6 sequentially supplies each of the digitalized reception
echoes E1 and E2 to the signal processing unit 7.

[0070] The signal processing unit 7 performs predeter-
mined processing, such as delay and phased addition, on
each of the reception echoes E1 and E2 received from the
A/D converter 6. The signal processing unit 7 then tempo-
rarily stores the reception echoes E1 and E2 corresponding
to two kinds of transmitted ultrasonic pulses pl and p2,
respectively.

[0071] FIG. 3 is a schematic diagram showing an example
of frequency spectra for a plurality of ultrasonic pulses to be
sequentially transmitted from the ultrasonic probe 3 of the
ultrasonic diagnostic apparatus 1 shown in FIG. 1. FIG. 4 is
a schematic diagram showing an example of frequency
spectra for reception echoes from the bubbles obtained by
transmitting each of the ultrasonic pulses shown in FIG. 3.

[0072] Horizontal axes of FIGS. 3 and 4 represent a
frequency. As shown in FIG. 3, the ultrasonic pulse p1 has
an ultrasonic spectrum centered at the center frequency fl,
whereas the ultrasonic pulse p2 has an ultrasonic spectrum
centered at the center frequency f2. Fach of the ultrasonic
pulses pl and p2 is sequentially transmitted to the
microbubbles in the object from the ultrasonic probe 3.

[0073] The microbubbles existing at the imaging target
part have different radius values. Nonlinear signal compo-
nents are obtained from the microbubbles having radiuses
that are resonant with each frequency spectrum of the
transmitted ultrasonic pulses in a broad frequency band
including a fundamental band. That is, by setting the center
frequency of each of the ultrasonic pulses to be transmitted
at a different value and shifting each frequency spectrum, the
nonlinear components can be obtained from the
microbubbles having more kinds of radiuses in the broad
frequency band including the fundamental band.

[0074] Accordingly, as shown in FIG. 4, bubble echoes
Ebl1 and Eb2, which are the nonlinear components obtained
from the microbubbles, in the reception echoes E1 and E2
have frequency spectra centered at the center frequencies f1
and 2, which are different from each other. On the other
hand, it is considered that tissue echoes Ecl and Ec2, which
are clutter components obtained from a tissue of a living
body, in the reception echoes E1 and E2 are substantially
linear components in the fundamental band.

[0075] Then, at step S2, an ultrasonic pulse p3, obtained
by adding the ultrasonic pulses p1 and p2, is transmitted
from the ultrasonic probe 3. The signal processing unit 7
then obtains a reception echo E3. Transmission of the
ultrasonic pulse p3 and acquisition of the reception echo E3,
like the transmission of the ultrasonic pulses p1 and p2 and
the acquisition of the reception echoes E1 and E2, are
performed under the control of the scan sequence controlling
unit 9.

[0076] That is, the ultrasonic pulse p3 having the fre-
quency spectrum shown in FIG. 3 is transmitted from the
ultrasonic probe 3. Then, as in the case of transmission of the
ultrasonic pulses pl and p2, a bubble echo Eb3 having a
frequency spectrum, shown in FIG. 4, corresponding to that
of the ultrasonic pulse p3 is obtained as a nonlinear com-
ponent in a broad frequency band including the fundamental
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band. It is also considered that a tissue echo Ec3, which is
a clutter component obtained from a tissue of a living body,
in the reception echo E3 obtained by transmitting the
ultrasonic pulse p3 is a substantially linear component in the
fundamental band, as in the case of the tissue echoes Ec1 and
Ec2, i.e., the clutter components of the reception echoes E1
and E2, respectively.

[0077] As described above, three kinds of ultrasonic
pulses pl, p2, and p3, i.e., two ultrasonic pulses pl and p2
having different frequency spectra and the ultrasonic pulse
p3 obtained by adding these two ultrasonic pulses p1 and p2,
are sequentially transmitted from the ultrasonic probe 3.
Then, the reception echoes E1, E2, and E3 corresponding to
the ultrasonic pulses pl, p2, and p3, respectively, are
obtained and temporarily stored in the signal processing unit
7. In addition, in the fundamental band, the reception echoes
FE1, E2, and E3 contain the bubble echoes Eb1, Eb2, and
Eb3, ie., the nonlinear components, and the tissue echoes
Ecl, Ec2, and Ec3, i.e., the substantially linear components,
respectively. In addition, in convenience of explanation, an
order of transmission is considered to be order of the
ultrasonic pulses pl, p2 and p3. However, the order of
transmission is not limited in order of the ultrasonic pulses
pl, p2 and p3.

[0078] Then, at step S3, the signal processing unit 7
performs a linear operation on the reception echoes E1, E2,
and E3. More specifically, the signal processing unit 7 adds
the reception echoes E1 and E2, and then subtracts the
reception echo E3. As described above, the reception echoes
F1, E2, and E3 contain the bubble echoes Eb1, Eb2, and Eb3
and the tissue echoes Ecl, Ec2, and Ec3 as shown by
Equations (1-1), (1-2), and (1-3), respectively.

[0079] [Equation 1]

E1=Ecl+Ebl (1-1)
E2=Ec2+Eb2 (1-2)
E3=Ec3+Eb3 (1-3)

[0080] In addition, the tissue echo Ec3 corresponds to the
ultrasonic pulse p3 obtained by adding two ultrasonic pulses
pl and p2 corresponding to the tissue echoes Ecl and Ec2,
respectively. Each of the tissue echoes Ecl, Ec2, and Ec3
can be considered to be a substantially linear component.
Thus, Equation (2) is derived.

[0081] [Equation 2]
Ec3=FEcl+Ec2 2)
[0082] On the other hand, since each of the bubble echoes

Ebl, Eb2, and Eb3 is a nonlinear component, Equation (3)
is derived.

[0083] [Equation 3]
Eb3=Eb1+Eb2 3
[0084] Equation (4) is derived by adding the reception

echoes E1 and E2, and subtracting the reception echo E3,
using Equations (1-1), (1-2), (1-3), (2), and (3).

[0085] [Equation 4]

B14E2-E3=Ec1+Eb14Ec2+Eb2-Ec3-Eb3=Ebl+

Eb2-Eb3=Eb )
[0086] Accordingly, a result obtained by adding the recep-
tion echoes E1 and E2 and subtracting the reception echo E3
corresponds to a pulse signal Eb containing only compo-
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nents of the bubble echoes, which are nonlinear componerts
in the fundamental band of each of the reception echoes El1,
E2, and E3. That is, by performing the linear operation, it is
possible to remove the tissue echoes Ecl, Ec2, and Ec3,
which can be considered to be constituted by only substan-
tially linear components in the fundamental band, from the
reception echoes E1, E2, and E3, respectively.

[0087] On the other hand, generally, signal strengths of the
bubble echoes Eb1, Eb2, and Eb3 are stronger than those of
the tissue echoes Ecl, Ec2, and Ec3, respectively, in the
fundamental band. In addition, since many nonlinear
responses for the ultrasonic waves from the bubbles exist in
the fundamental band, the bubble echoes, which are non-
linear components from the bubbles, remain as the pulse
signal Eb by the linear operation.

[0088] The signal processing unit 7 then supplies the pulse
signal Eb obtained by performing such signal processing to
the detection unit 8.

[0089] Next, at step S4, the fundamental band of the pulse
signal Eb is selected as a visualization band, and compo-
nents included therein are visualized. The visualization band
of the pulse signal Eb is shown in FIG. 5. To perform
visualization, the detection unit 8 performs envelope detec-
tion of the pulse signal Eb, and supplies the detection result
to the display unit 11 as the detection signal. The display unit
11 then generates the video signal used for displaying
images on the monitor from the detection signal received
from the detection unit 8. The display unit 11 supplies the
generated video signal to the monitor 4 to cause the monitor
to display the image thereon.

[0090] As aresult, a contrast image of the blood vessel of
the object, obtained using the contrast medium, is displayed
on the monitor 4. Since the contrast image is generated from
the nonlinear components remaining at the fundamental
band by the linear operation, the echoes reflected from the
tissue are suppressed and the echoes reflected from the
bubbles are selectively used for the visualization. In addi-
tion, since the echoes reflected from the bubbles having
different radiuses are used for the visualization, the blood
vessel is visualized more clearly in the contrast image.

[0091] Tt may be difficult to set or maintain the tomo-
graphic image to be clear in such a tissue-echo-suppressed
contrast image.

[0092] Accordingly, at step S5, not only the contrast image
but also the tissue image are generated and displaved. The
reception echoes used for the generation of the contrast
image and not having undergone the linear addition can be
used for generation of the tissue image.

[0093] FIG. 6 is a block diagram showing a flow of a
signal of the reception echoes used as the contrast image
data and of the reception echoes used as the background
tissue image data by the ultrasonic diagnostic apparatus 1
shown in FIG. 1.

[0094] As shown in FIG. 6, after being fed to the signal
processing unit 7 and having undergone the linear addition,
the reception echoes E1, E2, and E3 are output to the
detection unit 8 as a contrast image signal. Then, the
detection signal generated from the contrast image pulse
signal is supplied to the display unit 11, and the contrast
image is displayed on the monitor 4.
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[0095] Here, a given reception echo, e.g., the reception
echo El, not having undergone the linear addition by the
signal processing unit 7 is obtained by the detection unit 8
as the tissue (B-mode) image signal. The detection unit 8
then detects the tissue echo components contained in the
reception echo E1, and supplies the detection result to the
display unit 11 as the detection signal for the tissue image.
Furthermore, the display unit 11 generates a video signal of
the tissue image used for displaying an image on the monitor
from the detection signal, and supplies the generated video
signal to the monitor 4, whereby the tissue image is dis-
played.

[0096] That is, by treating the reception echoes at the
signal processing unit 7, the detection unit 8, and display
unit 11 in parallel, it is possible to generate and display the
tissue image as well as the contrast image. The contrast
image and the tissue image generated in this manner can be
displayed on the monitor 4 using an arbitrary display
method.

[0097] FIG. 7is a schematic diagram showing an example
of displaying the contrast image and the background tissue
image in parallel (hereinafter, referred to as “parallel dis-
play”) on the monitor 4 in the ultrasonic diagnostic appa-
ratus 1 shown in FIG. 1. In addition, FIG. 8 is a schematic
diagram showing an example of displaving the contrast
image over the background tissue image (hereinafter,
referred to as “superimposed display™) on the monitor 4 in
the ultrasonic diagnostic apparatus 1 shown in FIG. 1.
Furthermore, FIG. 9 is a schematic diagram showing an
example of displaying the contrast image and the back-
ground tissue image on the monitor 4 so that the background
tissue image is seen through the contrast image (hereinafter,
referred to as “see-through display”) in the ultrasonic diag-
nostic apparatus 1 shown in FIG. 1.

[0098] In addition to the parallel display, the superim-
posed display, and the see-through display of the contrast
image and the tissue image as shown in FIGS. 7, 8, and 9,
it may be also possible to switch the display screen to
display the contrast image and the tissue image (hereinafter,
referred to as “switching display™).

[0099] The ultrasonic diagnostic apparatus 1 having the
above-described configuration transmits a plurality of ultra-
sonic pulses having different frequency distributions (fre-
quency spectra) and an ultrasonic pulse obtained by linearly
adding each of the ultrasonic pulses. The ultrasonic diag-
nostic apparatus 1 then calculates the difference between the
result of the addition of the reception echoes corresponding
to the former ultrasonic pulses and the reception echo
corresponding to the latter ultrasonic pulse. The ultrasonic
diagnostic apparatus 1 visualizes the components in the
fundamental band of the difference.

[0100] Accordingly, it is possible to sufficiently suppress
the echoes from the tissue and to visualize the echoes from
bubbles that response the different frequencies, i.e., the
bubbles having different radiuses. This can improve the
sensitivity of the ultrasonic diagnostic apparatus 1.

[0101] An example of transmitting two ultrasonic pulses
having different center frequencies has been shown. How-
ever, after N ultrasonic pulses having different center fre-
quencies and an ultrasonic pulse obtained by combining N
ultrasonic pulses are transmitted in the same manner, the
linear addition may be performed on each reception echo.
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[0102] An alternative example of a combination of a
frequency spectrum of each ultrasonic pulse to be transmit-
ted by the ultrasonic diagnostic apparatus 1 will be described
next.

[0103] FIG. 10 is a diagram showing an alternative
example of a combination of a frequency spectrum of each
ultrasonic pulse to be transmitted by the ultrasonic diagnos-
tic apparatus 1 shown in FIG. 1.

[0104] As shown in FIG. 10, the ultrasonic pulses pl, p2
and p3 can be set to have various frequency spectra. Regard-
ing the ultrasonic pulses p1 and p2, at least one of the center
frequency, the amplitude, and the band can be set to differ
from one another. In addition, the ultrasonic pulses p1 and
p2 can be sequentially transmitted toward the microbubbles
in the object from the ultrasonic probe 3 with at least one of
a phase and a transmission focus being differed. In the
example shown in FIG. 10, the ultrasonic pulse p1 having a
frequency spectrum centered at the center frequency {1,
whose amplitude and band are set at Al and B, is trans-
mitted from the ultrasonic probe 3 at a phase C1 and a
transmission focus F1. On the other hand, the ultrasonic
pulse p2 having a frequency spectrum centered at the center
frequency 12, whose amplitude and band are set at A2 and
B2, is transmitted from the ultrasonic probe 3 at a phase C2
and a transmission focus F2.

[0105] In addition, the ultrasonic pulse p3 is obtained by
combining the ultrasonic pulses pl and p2. More specifi-
cally, the ultrasonic pulse p3 corresponds to a signal
obtained by linearly addition the ultrasonic pulses p1 and p2,
and multiplying the amplitude by A, and shifting the phase
by “AC(C2-C1)”.

[0106] The signal processing unit 7 then obtains the recep-
tion echoes E1, E2, and E3 obtained by transmitting such
ultrasonic pulses p1, p2, and p3.

[0107] The signal processing unit 7 performs phase cor-
rection to shift the phase of the reception echo E3 obtained
by transmitting the ultrasonic pulse p3 by “-AC” and
amplitude correction to multiply the amplitude by 1/A. As
shown by Equation (5), a reception echo E3' having under-
gone the phase correction and the amplitude correction is
subtracted from a result of adding the reception echoes E1
and E2 obtained by transmitting the ultrasonic pulses p1 and
p2, respectively, whereby the pulse signal Eb containing
components of the bubble echoes is generated.

[0108] [Equation 5]
Eb=E1+E2-E3' (5)
[0109] As described above, a plurality of ultrasonic pulses

having given frequency spectra different from one another
and a combined ultrasonic pulse obtained by performing the
linear operation on at least some of these ultrasonic pulses
may be transmitted.

[0110] That is, the amplitude and the phase of the ultra-
sonic pulses to be transmitted can be set at any values if
necessary. In addition, the amplitude correction and/or the
phase correction can be performed on the reception echoes
according to the amplitude and the phase of the transmitted
ultrasonic pulses. Thus, it becomes possible to generate
ultrasonographic images matching imaging conditions and

purposes.
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[0111] For example, it may be possible to sufficiently
reduce the amplitude of the ultrasonic pulse to be transmit-
ted so as not to destroy the bubbles injected into the object
as the contrast medium. At the same time, it may be possible
to perform the amplitude correction to increase the ampli-
tude of the reception echoes. In addition, it may be possible
to set the ultrasonic pulse p3 as —(ultrasonic pulses pl+p2)
by inverting the phases of the ultrasonic pulses to be
transmitted to obtain the target reception echoes. In such a
case, the processing for generating the pulse signal Eb is
represented by Equation (6), and the signal components
from the tissue are suppressed and the signal components
from the bubbles remain.

[0112]
Eb=E1+E2+E3 (6)

[Equation 6]

[0113] According to the ultrasonic diagnostic apparatus 1
and the ultrasonic diagnostic method according to the
embodiment, the ultrasonic echoes reflected from the tissue
of the living body are suppressed and the ultrasonic echoes
reflected from more bubbles having different radiuses are
visualized, thereby allowing easy recognition of the contrast
enhancement by the bubbles at a higher sensitivity.

[0114] FIG. 11 is a diagram showing a configuration of an
ultrasonic diagnostic apparatus according to a second
embodiment of the present invention.

[0115] An ultrasonic diagnostic apparatus 1A according to
the second embodiment is constituted by an apparatus main
body 2A, an ultrasonic probe 3, and a monitor 4. The
apparatus main body 2A has a transmitting/receiving unit 5,
an A/D converter 6, a signal processing unit 7, a detection
unit 8, a scan sequence controlling unit 9A, a system
controlling unit 10, and a display unit 11. Each unit in the
apparatus main body 2A may be implemented by circuits or
by a CPU of a computer loading a control program. The
same units in the ultrasonic diagnostic apparatus 1A shown
in FIG. 11 as those in the ultrasonic diagnostic apparatus 1
shown in FIG. 1 are denoted by the same numerals, and
description thereof is omitted.

[0116] The scan sequence controlling unit 9A not only
performs the function of the scan sequence controlling unit
9 but also generates a scan sequence signal so that ultrasonic
pulses p1 and p4 whose frequency bands do not overlap each
other are transmitted from the ultrasonic probe 3 at regular
intervals. It is preferable that the ultrasonic pulses pl and p4
have relatively narrow frequency bands.

[0117] An operation of the ultrasonic diagnostic apparatus
1A will be described next.

[0118] FIG. 12 is a flowchart showing a procedure that the
ultrasonic diagnostic apparatus 1A shown in FIG. 11 per-
forms when visualizing the blood flow according to the
contrast echo method using microbubbles as a contrast
medium. An alphabet “S” followed by a numeral in the
figure represents each step of the flowchart.

[0119] Steps S11 to S13 and step S15 correspond to steps
S1 to 83 and step S5 described using FIG. 2, if the ultrasonic
pulses p2 and p3 are replaced by the ultrasonic pulses p4 and
p5, respectively. In addition, in convenience of explanation,
an order of transmission is considered to be order of the
ultrasonic pulses pl, p4 and p5. However, the order of
transmission is not limited in order of the ultrasonic pulses
pi, p4 and p5.
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[0120] FIG. 13 is a schematic diagram showing an
example of frequency spectra for the ultrasonic pulses pl,
p4, and p5 sequentially transmitted from the ultrasonic
probe 3 at steps S11 and S12. Each frequency spectrum
shown in FIG. 13 is an alternative example of the corre-
sponding frequency spectrum shown in FIGS. 3 and 10.

[0121] Horizontal axes of FIG. 13 represent the frequency.
FIG. 13 shows the ultrasonic pulse pl having an ultrasonic
spectrum centered at the center frequency f1, the ultrasonic
pulse p4 having an ultrasonic spectrum centered at the center
frequency f4, and the ultrasonic pulse p5 obtained by adding
the ultrasonic pulses pl and p4.

[0122] At step S14, a band of a pulse signal Eb including
no overlapped fundamental bands is selected as a visualiza-
tion band, and components included therein are visualized.
The visualization band of the pulse signal Eb is shown in
FIG. 14. The display unit 11 then generates a video signal
used for displaying images on the monitor from a detection
signal received from the detection unit 8. The display unit 11
supplies the generated video signal to the monitor 4 to cause
the monitor to display the image thereon.

[0123] For example, when visualizing a moving organ
such as a heart, an effect of the movement causes a change
at each part of reception signals having a rate. As a result, the
fundamental wave remains, which causes a motion artifact
on the ultrasonographic image. Accordingly, the ultrasonic
diagnostic apparatus 1A according to the embodiment
reduces tissue echoes by visualizing components in a band
where the fundamental bands do not overlap, namely an area
where there are not tissue echoes, at step S14, which can
reduce the motion artifact on the ultrasonographic image.

[0124] In addition, an echo having a center frequency fl1
corresponding to the ultrasonic pulse p1 contains nonlinear
components and includes harmonic components each having
a frequency equal to an integral multiple of the frequency f1.
Thus, preferably, the center frequency 4 of the ultrasonic
pulse p4 is set at an integral multiple (double or more) of the
center frequency f1 of the ultrasonic pulse p1, and a band
where the fundamental bands do not overlap is selected as
the visualization band and components included therein is
visualized.

[0125] According to the ultrasonic diagnostic apparatus
1A and the ultrasonic diagnostic method according to the
embodiment, the ultrasonic echoes reflected from the tissue
of the living body are suppressed and the ultrasonic echoes
reflected from more bubbles having different radiuses are
visualized, thereby allowing easy recognition of the contrast
enhancement by the bubbles at a higher sensitivity.

[0126] In addition, according to the ultrasonic diagnostic
apparatus 1A and the ultrasonic diagnostic method accord-
ing to the embodiment, by setting the visualization band to
exclude the fundamental components, the motion artifact of
the ultrasonographic image can be reduced.

[0127] FIG. 15 is a diagram showing a configuration of an
ultrasonic diagnostic apparatus according to a third embodi-
ment of the present invention.

[0128] An ultrasonic diagnostic apparatus 1B according to
the third embodiment is constituted by an apparatus main
body 2B, an ultrasonic probe 3, and a monitor 4. The
apparatus main body 2B has a transmitting/receiving unit 5,
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an A/D converter 6, a signal processing unit 7, a detection
unit 8, a scan sequence controlling unit 9B, a system
controlling unit 10, and a display unit 11. Each unit in the
apparatus main body 2B may be implemented by circuits or
by a CPU of a computer loading a control program. The
same units in the ultrasonic diagnostic apparatus 1B shown
in FIG. 15 as those in the ultrasonic diagnostic apparatus 1
shown in FIG. 1 are denoted by the same numerals, and
description thereof is omitted.

[0129] The scan sequence controlling unit 9B not only
performs the function of the scan sequence controlling unit
9 but also generates a scan sequence signal so that ultrasonic
pulses pl and p2 having different frequency spectra are
transmitted from the ultrasonic probe 3 at regular intervals
with a phase of one of the pulses being inverted. In addition,
as for the ultrasonic diagnostic apparatus 1B, a combination
with the ultrasonic diagnostic apparatus 1A is possible.

[0130] An operation of the ultrasonic diagnostic apparatus
1B will be described next.

[0131] FIG. 16 is a flowchart showing a procedure that the
ultrasonic diagnostic apparatus 1B shown in FIG. 15 per-
forms when visualizing the blood flow according to the
contrast echo method using microbubbles as a contrast
medium. An alphabet “S” followed by a numeral in the
figure represents each step of the flowchart.

[0132] At step S21, the ultrasonic diagnostic apparatus 1B
performs phase inversion of a pulse shape of one of the
ultrasonic pulse p1 having the center frequency f1 and the
ultrasonic pulse p2 having the center frequency 2, and
transmits the ultrasonic pulses. The ultrasonic diagnostic
apparatus 1B then receives the reception echoes E1 and E2.

[0133] Steps S22 to S25 correspond to steps S2 and S5
described using FIG. 2, respectively. In addition, in conve-
nience of explanation, an order of transmission is considered
to be order of the ultrasonic pulses p1, p2 and p3. However,
the order of transmission is not limited in order of the
ultrasonic pulses pl, p2 and p3.

[0134] FIG. 17 is a diagram showing an example of two
pulse shapes of the ultrasonic pulses when two ultrasonic
pulses having different frequency spectra (in FIGS. 17 and
18, different center frequencies) are transmitted in phase,
and of a pulse shape obtained by combining these pulse
shapes. On the other hand, FIG. 18 shows shapes of three
pulses transmitted by the ultrasonic diagnostic apparatus 1B.
More specifically, FIG. 18 is a diagram showing an example
of two pulse shapes of the ultrasonic pulses when two
ultrasonic pulses having different center frequencies are
transmitted with the phase of one of the ultrasonic pulses
being inverted, and of a pulse shape obtained by combining
these pulse shapes.

[0135] Horizontal axes shown in FIGS. 17 and 18 repre-
sent time. Three pulse shapes shown in FIG. 17 correspond
to pulse shapes of the ultrasonic pulses p1 and p2 when the
ultrasonic pulses pl and p2 having different center frequen-
cies are transmitted in phase, and a pulse shape obtained by
combining the pulse shapes of the ultrasonic pulses p1 and
p2 when the pulses are transmitted in phase.

[0136] On the other hand, three pulse shapes shown in
FIG. 18 correspond to pulse shapes of the ultrasonic pulses
pl and p2 when the ultrasonic pulses pl and p2 having

Aug. 23,2007

different center frequencies are transmitted with the phase of
one of the pulses (e.g., the ultrasonic pulse p2) being
inverted, and a pulse shape of an ultrasonic pulse p3
obtained by combining the ultrasonic pulses pl and p2
having opposite phases by the linear operation. Compared
with the pulse shape of the ultrasonic pulse p3 shown in FIG.
17, the peak is reduced in the pulse shape of the ultrasonic
pulse p3 shown in FIG. 18. When the peak in the pulse shape
of the ultrasonic pulse p3 decreases as shown in FIG. 18, the
saturation of the received echo signals caused by the trans-
mission of the ultrasonic pulse p3 is advantageously
reduced. That is, when the peak in the pulse shape of the
ultrasonic pulse p3 decreases as shown in FIG. 18, the gain
of the received echo signals caused by the transmission of
the ultrasonic pulse p3 is advantageously set at a greater
value.

[0137] FIG. 19 is a diagram showing frequency spectra of
the bubble echo and the tissue echo when the one of the
ultrasonic pulses is inverted and is not inverted.

[0138] The upper diagram of FIG. 19 shows the frequency
spectra of the bubble echo and the tissue echo when the
ultrasonic pulses pl, p2, and p3 having the pulse shapes
shown in FIG. 17 are transmitted. On the other hand, the
lower diagram of FIG. 19 shows the frequency spectra of the
bubble echo and the tissue echo when the ultrasonic pulses
pl, p2, and p3 having the pulse shapes shown in FIG. 18 are
transmitted.

[0139] FIG. 19 shows that, when the ultrasonic pulses
having the pulse shapes shown in FIG. 18 are transmitted,
the saturation of the echo signal is reduced, which allows an
increase in the signal strength of the bubble echo and a
decrease in the signal strength of the tissue echo. When the
saturation of the echo signal is caused, it cannot cancel the
clutter components for the linear operation by the tissue
echo becoming Ecl=Ec2=FEc3.

[0140] According to the ultrasonic diagnostic apparatus
1B and the ultrasonic diagnostic method according to the
embodiment, the ultrasonic echoes reflected from the tissue
of the living body are suppressed and the ultrasonic echoes
reflected from more bubbles having different radiuses are
visualized, thereby allowing easy recognition of the contrast
enhancement by the bubbles at a higher sensitivity.

[0141] In addition, according to the ultrasonic diagnostic
apparatus 1B and the ultrasonic diagnostic method accord-
ing to the embodiment, by performing the phase inversion of
the ultrasonic pulse p2 so as to reduce the peaks in the pulse
shape of the ultrasonic pulse p3, the signal strength of the
bubble echo can be increased, whereas the signal strength of
the tissue echo can be reduced.

[0142] FIG. 20 is a diagram showing a configuration of an
ultrasonic diagnostic apparatus according to a fourth
embodiment of the present invention.

[0143] An ultrasonic diagnostic apparatus 1C according to
the fourth embodiment is constituted by an apparatus main
body 2C, an ultrasonic probe 3, and a monitor 4. The
apparatus main body 1C has a transmitting/receiving unit 5,
an A/D converter 6, a signal processing unit 7, a detection
unit 8, a scan sequence controlling unit 9C, a system
controlling unit 10, and a display unit 11. Each unit in the
apparatus main body 2C may be implemented by circuits or
by a CPU of a computer loading a control program. The
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same units in the ultrasonic diagnostic apparatus 1C shown
in FIG. 20 as those in the ultrasonic diagnostic apparatus 1
shown in FIG. 1 are denoted by the same numerals, and
description thereof is omitted.

[0144] Compared with the scan sequence controlling unit
9, the scan sequence controlling unit 9C employs different
usage of the ultrasonic probe 3 and different ultrasonic
pulses to be transmitted. In addition, as for the ultrasonic
diagnostic apparatus 1C, a combination with at least one is
possible among the ultrasonic diagnostic apparatus 1, 1A
and 1B.

[0145] An operation of the ultrasonic diagnostic apparatus
1C is substantially the same as that of the ultrasonic diag-
nostic apparatus 1 shown in FIG. 1, the ultrasonic diagnostic
apparatus 1A, or the ultrasonic diagnostic apparatus 1B
except for the usage of the ultrasonic probe 3 and the
ultrasonic pulses to be transmitted.

[0146] FIGS. 21 to 24 are diagrams illustrating a method
for transmitting the ultrasonic pulses employed by the
ultrasonic diagnostic apparatus 1C shown in FIG. 20.

[0147] As shown in FIGS. 21 to 24, in the ultrasonic
diagnostic apparatus 1C, different transmission apertures 3¢
of the ultrasonic probe 3 used for the transmission/reception
are used for each transmission/reception. That is, the trans-
mission apertures 3a of the ultrasonic probe 3 are divided
into a plurality of groups, each having at least one different
ultrasonic transducer. Dividing the transmission apertures 3¢
of the ultrasonic probe 3 into a plurality of groups, each
having at least one exclusive ultrasonic transducer, is easier
for controlling and is practical.

[0148] For example, as shown in FIG. 21, when the
ultrasonic probe 3 has a plurality of transmission apertures
3a arranged one-dimensionally on a probe surface, a first
transmission aperture group A and a second transmission
aperture group B are set. For example, the first transmission
aperture group A and the second transmission aperture group
B do not have a common part, and are exclusive.

[0149] As shown in shaded areas of FIG. 22, only the
transmission apertures 3a belonging to the first transmission
aperture group A is firstly used for the transmission. The first
ultrasonic pulse p1 having the frequency spectrum centered
at the center frequency f1 is transmitted from the transmis-
sion apertures 3a belonging to the first transmission aperture
group A. Then, a first sound field is formed by the first
ultrasonic pulse p1, and the reception echo E1 correspond-
ing to the first sound field can be obtained.

[0150] Next, as shown in shaded areas of FIG. 23, only the
transmission apertures 3a belonging to the second transmis-
sion aperture group B is then used for the transmission. The
second ultrasonic pulse p2 having the frequency spectrum
centered at the center frequency 2, which is different from
the center frequency f1 of the first ultrasonic pulse pl, is
transmitted from the transmission apertures 3a belonging to
the second transmission aperture group B. Then, a second
sound field is formed by the second ultrasonic pulse p2, and
the reception echo E2 corresponding to the second sound
field can be obtained. Here, parameters of the second
ultrasonic pulse p2 other than the center frequency {2, such
as the band B2 and the amplitude A2, may be set at values
different from parameters, such as the band B1 and the
amplitude A1, of the first ultrasonic pulse pl.
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[0151] Then, as shown in FIG. 24, both the transmission
apertures 3a belonging to the first transmission aperture
group A and the transmission apertures 3a belonging to the
second transmission aperture group B are used for the
transmission at the same time. The first ultrasonic pulse pl
having the frequency spectrum centered at the center fre-
quency f1 is transmitted from the transmission apertures 3a
belonging to the first transmission aperture group A, while
the second ultrasonic pulse p2 having the frequency spec-
trum centered at the center frequency f2 is transmitted from
the transmission apertures 3a belonging to the second trans-
mission aperture group B. Then, a third sound field is formed
by the first ultrasonic pulse pl and the second ultrasonic
pulse p2, and the reception echo E3 corresponding to the
third sound field can be obtained.

[0152] The reception echo E3 obtained from the third
sound field formed by simultaneously transmitting the first
ultrasonic pulse p1 and the second ultrasonic pulse p2 is
equivalent to a reception echo obtained when a third ultra-
sonic pulse p3, which is obtained by combining the first
ultrasonic pulse pl and the second ultrasonic pulse p2. That
is, simultaneously transmitting the first ultrasonic pulse p1
and the second ultrasonic pulse p2 from the transmission
apertures 3a, belonging to the different groups, of the
ultrasonic probe 3 is substantially equivalent to transmitting
the third ultrasonic pulse p3 obtained by combining the first
ultrasonic pulse p1 and the second ultrasonic pulse p2.

[0153] The ultrasonic diagnostic apparatus 1C is config-
ured to transmit the ultrasonic pulses pl and p2, which have
not been combined, from the different transmission aper-
tures 3a so as to compose the ultrasonic pulse p3 to be
combined not as a transmission pulse but as a transmission
sound field. That is, the ultrasonic diagnostic apparatus 1C
not only transmits the ultrasonic pulses pl and p2, which
have not been combined, by switching the channels to be
used in the ultrasonic probe 3 but also composes the ultra-
sonic pulse p3 as the transmission sound field using both
channels used for transmitting the ultrasonic pulses pl and
p2.

[0154] Accordingly, as in the case of the ultrasonic diag-
nostic device 1 shown in FIG. 1, the ultrasonic diagnostic
device 1C can suppress the tissue echo and visualize the
echoes reflected from the bubbles having different radiuses,
thereby allowing improvement of the visualization sensitiv-
ity of the blood flow. Furthermore, since the ultrasonic pulse
p3 is composed as the transmission sound field, the advan-
tage from the suppression of the tissue echo can be suffi-
ciently provided, even if a pulser included in the transmit-
ting/receiving unit 5 does not have a sufficient capability of
accurately generating and transmitting the ultrasonic pulse
p3 to be combined.

[0155] A transmission order shown in FIGS. 22 to 24 may
be changed randomly. In addition, the transmission apertures
3a may be divided into three or more transmission aperture
groups, and three or more ultrasonic pulses having different
frequency spectra may be composed as a sound field.
Additionally, ultrasonic transducers common to each trans-
mission aperture group may exist as long as the desired
sound field can be formed. In addition, there may be an
ultrasonic transducer that is not used.

[0156] Furthermore, the phase correction and the ampli-
tude correction may be performed in the linear operation of
the reception echo by the signal processing unit 7.
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[0157] According to the ultrasonic diagnostic apparatus
1C and the ultrasonic diagnostic method according to the
embodiment, the ultrasonic echoes reflected from the tissue
of the living body are suppressed and the ultrasonic echoes
reflected from more bubbles having different radiuses are
visualized, thereby allowing easy recognition of the contrast
enhancement by the bubbles at a higher sensitivity.

[0158] FIG. 25 is a diagram showing a configuration of an
ultrasonic diagnostic apparatus according to a fifth embodi-
ment of the present invention.

[0159] An ultrasonic diagnostic apparatus 1D according to
the fifth embodiment is constituted by an apparatus main
body 2D, an ultrasonic probe 3, and a monitor 4. The
apparatus main body 2D has a transmitting/receiving unit 5,
an A/D converter 6, a signal processing unit 7, a detection
unit 8, a scan sequence controlling unit 9D, a system
controlling unit 10, and a display unit 11. Each unit in the
apparatus main body 2D may be implemented by circuits or
by a CPU of a computer loading a control program. The
ultrasonic diagnostic apparatus 1D is assumed to be used for
convex scan and linear scan. The same units in the ultrasonic
diagnostic apparatus 1D shown in FIG. 25 as those in the
ultrasonic diagnostic apparatus 1 shown in FIG. 1 are
denoted by the same numerals, and description thereof is
omitted.

[0160] Compared with the scan sequence controlling unit
9, the scan sequence controlling unit 9D employs different
usage of the ultrasonic probe 3 and different ultrasonic
pulses to be transmitted. In addition, as for the ultrasonic
diagnostic apparatus 1D, a combination with at least one is
possible among the ultrasonic diagnostic apparatus 1A and
1B.

[0161] An operation of the ultrasonic diagnostic apparatus
1D is substantially the same as that of the ultrasonic diag-
nostic apparatus 1 shown in FIG. 1, the ultrasonic diagnostic
apparatus 1A, or the ultrasonic diagnostic apparatus 1B
except for the usage of the ultrasonic probe 3 and the
ultrasonic pulses to be transmitted.

[0162] FIGS. 26 and 27 are diagrams illustrating a method
for transmitting the ultrasonic pulses employed by the
ultrasonic diagnostic apparatus 1D shown in FIG. 25.

[0163] As shown in FIGS. 26 and 27, in the ultrasonic
diagnostic apparatus 1D, ultrasonic pulses p6 and p7 are
assigned alternatively to each ultrasonic transducer group of
the ultrasonic probe 3 having a predetermined number of ch
(channels) (e.g., 16 ch). However, it is preferable for the
transmission apertures of the ultrasonic probe 3 to be
divided into a plurality of groups that assume the ultrasound
transducers that does not overlap each other.

[0164] FIG. 26 is a diagram illustrating a case where a
transmission beam (or a reception beam) is formed by
transmission aperture groups, which are set independently of
the number of channels of the ultrasonic transducer group.
When a reception beam R is formed by the transmission
aperture groups A and B (e.g., 20 ch for both group), a ratio
of the ultrasonic pulse p6 to the ultrasonic pulse p7 differs
between a reception beam RA received by the transmission
aperture group A and a reception beam RB received by the
transmission aperture group B. Thus, if the reception beams
RA and RB are formed from the ultrasonic pulse p1 (or the
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ultrasonic pulse p2) transmitted by the ultrasonic diagnostic
apparatus 1, a nonlinear effect and the degree of the satu-
ration are different.

[0165] On the other hand, FIG. 27 shows transmission
aperture groups used by the ultrasonic diagnostic apparatus
1D. More specifically, FIG. 27 is a diagram illustrating a
case where a transmission beam (a reception beam) is
formed by a transmission aperture group, whose number of
channels is set at positive even times of the number of
channels of the ultrasonic transducer group. When the
reception beam R is formed by the transmission aperture
groups A and B (e.g., 32 ch for both groups), the ratio of the
ultrasonic pulse p6 to the ultrasonic pulse p7 agrees between
the reception beam RA received by the transmission aperture
group A and the reception beam RB received the transmis-
sion aperture group B.

[0166] FIG. 28 is a diagram illustrating an ultrasono-
graphic image generated by the ultrasonic diagnostic appa-
ratus 1D shown in FIG. 25.

[0167] The upper diagram of FIG. 28 shows an ultrasono-
graphic image generated by the transmission apertures
whose group is set independently of the number of channels
of the ultrasonic transducer group as shown in FIG. 26. On
the other hand, the lower diagram of FIG. 28 shows an
ultrasonographic image generated by the transmission aper-
tures whose group is set at double of the number of channels
of the ultrasonic transducer group as shown in FIG. 27.

[0168] Compared with the ultrasonographic image of the
upper diagram of FIG. 28, in the ultrasonographic image of
the lower diagram of FIG. 28, the degree of the nonlinear
effect and of the saturation are suppressed, and an intensity
of vertical lines appeared on the ultrasonographic image is
decreased.

[0169] According to the ultrasonic diagnostic apparatus
1D and the ultrasonic diagnostic method according to the
embodiment, the ultrasonic echoes reflected from the tissue
of the living body are suppressed and the ultrasonic echoes
reflected from more bubbles having different radiuses are
visualized, thereby allowing easy recognition of the contrast
enhancement by the bubbles at a higher sensitivity.

[0170] In addition, according to the ultrasonic diagnostic
apparatus 1D and the ultrasonic diagnostic method accord-
ing to the embodiment, by setting the ratio of the ultrasonic
transducers, in the transmission aperture, that transmit the
ultrasonic pulse pl to the ultrasonic transducers that transmit
the ultrasonic pulse p2 at a constant value, the intensity of
vertical lines appeared on the ultrasonographic image can be
decreased.

What is claimed is:
1. An ultrasonic diagnostic apparatus, comprising:

a first reception echo obtaining unit configured to transmit
a plurality of ultrasonic pulses having frequency spec-
tra different from one another to an object, and to obtain
each of reception echoes corresponding to the plurality
of ultrasonic pulses;

a second reception echo obtaining unit configured to
transmit an ultrasonic pulse having the same frequency
component characteristics as an combined pulse
obtained by combining the plurality of ultrasonic
pulses, and to obtain an reception echo;



US 2007/0197916 Al

a reception echo combining unit configured to combine
the reception echoes obtained by the first reception
echo obtaining unit and the reception echo obtained by
the second reception echo obtaining unit to generate a
combined signal; and

an image generating unit configured to generate an image
of echoes reflected from the object on the basis of the
combined signal.

2. An ultrasonic diagnostic apparatus according to claim
1, wherein the first reception echo obtaining unit generates
the ultrasonic pulses by making at least one of a center
frequency, an amplitude and a frequency band of the fre-
quency spectra be different.

3. An ultrasonic diagnostic apparatus according to claim
2, wherein the first reception echo obtaining unit transmits
the ultrasonic pulses by making at least one of a phase, a
transmission aperture and a transmission focus for each of
the ultrasonic pulses be different.

4. An ultrasonic diagnostic apparatus according to claim
3, wherein while the first reception echo obtaining unit
transmits two ultrasonic pulses as the ultrasonic pulses, the
first reception echo obtaining unit performs phase inversion
of a pulse shape of one of the two ultrasonic pulses.

5. An ultrasonic diagnostic apparatus according to claim
3, wherein the transmission aperture is set at positive even
times of an ultrasonic transducer group transmitting the
ultrasonic pulses.

6. An ultrasonic diagnostic apparatus according to claim
5, wherein the transmission aperture is set at double of the
ultrasonic transducer group.

7. An ultrasonic diagnostic apparatus according to claim
1, wherein the first reception echo obtaining unit sets the
ultrasonic pulses, while each frequency band of the ultra-
sonic pulses does not overlap each other.

8. An ultrasonic diagnostic apparatus according to claim
7, wherein each center frequency of the ultrasonic pulses is
set at an integral multiple of not less than double each other.

9. An ultrasonic diagnostic apparatus according to claim
1, wherein the reception echo combining unit combines the
reception echoes obtained by the first reception echo obtain-
ing unit and the reception echo obtained by the second
reception echo obtaining unit by processing including addi-
tion and subtraction.

10. An ultrasonic diagnostic apparatus according to claim
1, wherein the reception echo combining unit corrects an
amplitude of at least one of the reception echoes obtained by
the first reception echo obtaining unit and the reception echo
obtained by the second reception echo obtaining unit.

11. An ultrasonic diagnostic apparatus according to claim
1, wherein the reception echo combining unit corrects a
phase of at least one of the reception echoes obtained by the
first reception echo obtaining unit and the reception echo
obtained by the second reception echo obtaining unit.

12. An ultrasonic diagnostic apparatus according to claim
1, further comprising a tissue image generating unit config-
ured to generate a tissue image of the object based on at least
one of the reception echoes obtained by the first reception
echo obtaining unit and the reception echo obtained by the
second reception echo obtaining unit, and a display unit
configured to control a display of the image and the tissue
image.

13. An ultrasonic diagnostic apparatus according to claim
1, wherein the second reception echo obtaining unit gener-
ates a control signal for irradiating the ultrasonic pulse
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having the same frequency component characteristics as the
combined pulse obtained by combining the ultrasonic
pulses, from a ultrasonic probe.

14. An ultrasonic diagnostic apparatus according to claim
1, wherein the second reception echo obtaining unit com-
bines a transmission sound field based on the ultrasonic
pulse having the same frequency component characteristics
as the combined pulse obtained by combining the ultrasonic
pulses.

15. An ultrasonic diagnostic apparatus according to claim
14, the first reception echo obtaining unit transmits the
ultrasonic pulses by changing a channel of a ultrasonic
probe, on the other hands, the second reception echo obtain-
ing unit combines the transmission sound field by using a
channel used the transmitting of the ultrasonic pulses.

16. An ultrasonic diagnostic method, comprising steps of:

obtaining first reception echoes for transmitting a plurality
of ultrasonic pulses having frequency spectra different
from one another to an object, and for obtaining each
of reception echoes corresponding to the plurality of
ultrasonic pulses;

obtaining second reception echoes for transmitting an
ultrasonic pulse having the same frequency component
characteristics as an combined pulse obtained by com-
bining the plurality of ultrasonic pulses, and to obtain
an reception echoes;

generating reception echoes for combining the reception
echoes obtained by the step of obtaining first reception
echoes and the reception echoes obtained by the step of
obtaining second reception echoes to generate a com-
bined signal; and

generating an image for generating an image of echoes
reflected from the object on the basis of the combined
signal.

17. An ultrasonic diagnostic method according to claim
16, wherein the step of obtaining first reception echoes
generates the ultrasonic pulses by making at least one of a
center frequency, an amplitude and a frequency band of the
frequency spectra be different.

18. An ultrasonic diagnostic method according to claim
17, wherein the step of obtaining first reception echoes
transmits the ultrasonic pulses by making at least one of a
phase, a transmission aperture and a transmission focus for
each of the ultrasonic pulses be different.

19. An ultrasonic diagnostic method according to claim
18, wherein while the step of obtaining first reception echoes
transmits two ultrasonic pulses as the ultrasonic pulses, the
step of obtaining first reception echoes performs phase
inversion of a pulse shape of one of the two ultrasonic
pulses.

20. An ultrasonic diagnostic method according to claim
18, wherein the transmission aperture is set at positive even
times of an ultrasonic transducer group transmitting the
ultrasonic pulses.

21. An ultrasonic diagnostic method according to claim
20, wherein the transmission aperture is set at double of the
ultrasonic transducer group.

22. An ultrasonic diagnostic method according to claim
16, wherein the step of obtaining first reception echoes sets
the ultrasonic pulses, while each frequency band of the
ultrasonic pulses does not overlap each other.
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23. An ultrasonic diagnostic method according to claim
22, wherein each center frequency of the ultrasonic pulses is
set at an integral multiple of not less than double each other.

24. An ultrasonic diagnostic method according to claim
16, wherein the step of generating reception echoes com-
bines the reception echoes obtained by the step of obtaining
first reception echoes and the reception echoes obtained by
the step of obtaining second reception echoes by processing
including addition and subtraction.

25. An ultrasonic diagnostic method according to claim
16, wherein the step of generating reception echoes corrects
an amplitude of at least one of the reception echoes obtained
by the step of obtaining first reception echoes and the
reception echoes obtained by the step of obtaining second
reception echoes.

26. An ultrasonic diagnostic method according to claim
16, wherein the step of generating reception echoes corrects
a phase of at least one of the reception echoes obtained by
the step of obtaining first reception echoes and the reception
echoes obtained by the step of obtaining second reception
echoes.

27. An ultrasonic diagnostic method according to claim
16, further comprising a step of generating tissue image for
generating a tissue image of the object based on at least one
of the reception echoes obtained by the step of obtaining first
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reception echoes and the reception echoes obtained by the
step of obtaining second reception echoes, and a step of
display for controlling a display of the image and the tissue
image.

28. An ultrasonic diagnostic method according to claim
16, wherein the step of obtaining second reception echoes
generates a control signal for irradiating the ultrasonic pulse
having the same frequency component characteristics as the
combined pulse obtained by combining the ultrasonic
pulses, from a ultrasonic probe.

29. An ultrasonic diagnostic method according to claim
16, wherein the step of obtaining second reception echoes
combines a transmission sound field based on the ultrasonic
pulse having the same frequency component characteristics
as the combined pulse obtained by combining the ultrasonic
pulses.

30. An ultrasonic diagnostic method according to claim
29, the step of obtaining first reception echoes transmits the
ultrasonic pulses by changing a channel of a ultrasonic
probe, on the other hands, the step of obtaining second
reception echoes combines the transmission sound field by
using a channel used the transmitting of the ultrasonic
pulses.
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