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Description
Technical Field

[0001] The present invention relates to an ultrasonic technique for transmitting/receiving ultrasonic waves to/from a
living body to thereby capture an image of the inside of the living body and, more particularly, to an ultrasonic imaging
technique for capturing an image by using a microbubble contrast medium.

Background Art

[0002] An ultrasonicimaging apparatus for transmitting/receiving pulse ultrasonic waves to/from a living body to capture
an image of the inside of the living body is widely used for medical diagnosis.

[0003] In the fields of X rays and MRI among image diagnosis modalities, a contrast medium has been being used
for capturing an image of a blood vessel and the like. The purpose is to obtain a contrast-enhanced image of a structure
and a distribution of a blood vessel system by injecting a contrast medium into blood and to carry out a diagnosis of a
disease reflected in the blood vessel system such as a malignant tumor or an infarct with high accuracy.

[0004] In contrast, a contrast medium has not been widely used for ultrasonic diagnosis. In recent years, contrast
media are being widely used because of appearance of a contrast medium in the form of a formulationobtainedby
stabilizingmicrobubbles in the size of the order of microns. The principle uses the phenomenon such that microbubbles
each having the diameter of about 1 micron vibrate with a large amplitude in resonance with ultrasonic waves of a few
MHz used for ultrasonic diagnosis, as a result, ultrasonic waves in the frequency range are scattered well, and contrast
creating performance increases.

[0005] The microbubble ultrasonic contrast medium is characterized by its nonlinearity for the following reason. Mi-
crobubbles have a nature that increase in the volume when negative pressure is applied is much larger than decrease
in the volume when positive pressure having the same amplitude is applied. Consequently, echo signals scattered by
the microbubbles include many second harmonic components having a frequency twice as high as that of a transmission
signal. V. L. Newhouse et al. have reported a method of obtaining a blood flow Doppler signal emphasized on a soft
tissue on the basis of the second harmonic components for the first time in 1992 (refer to, for example, Document 1:
1992 IEEE Ultrasonics Symposium Proceedings, pp. 1175 - 1177).

[0006] P. N. Burns et al. have proposed a pulse inversion of performing transmitting/receiving operations twice by
using a transmission acoustic pressure pulse waveform obtained by inverting the polarity and adding obtained two echo
signals (refer to, for example, Document 2: United States Patent No. 6, 095, 980) . By the addition, a fundamental wave
component of an echo signal from a soft tissue whose movement can be ignored is cancelled out since a signal whose
phase is turned by 180° is added. However, since a signal whose phase is turned by 360° is added, a second harmonic
wave component grows double by the addition. Although the necessary number of transmission times doubles, in theory,
the fundamental wave component can be eliminated from the soft tissue without a band pass filter, so that a second
harmonic wave echo signal having excellent distance resolution can be obtained. With respect to a scatterer whose
change occurring during the twice of transmitting/receiving operations cannot be ignored like a microbubble contrast
medium in the blood flow, a fundamental wave echo signal from the scatterer is not cancelled out completely. However,
it rather matches the object of today of obtaining an echo image in which a contrast medium is emphasized on a soft tissue.
[0007] P.J. Phillips has proposed a method of performing transmitting/receiving operations three times while inverting
the polarity of a transmission acoustic pressure pulse waveform and, simultaneously, varying the amplitude (refer to,
for example, Document 3: 2001 IEEE Ultrasonics Symposium Proceedings, pp. 1739-1745). In the method, transmit-
ting/receiving operation is performed three times while modulating the transmission amplitude like 0.5, -1, and 0.5, and
echo signals obtained are added. Specifically, the same pulse waveform is used for the transmission of the first and
third times, and a pulse waveform obtained by inverting the phase of the pulse waveform for the first and third times and
doubling the amplitude is used for the transmission of the second time. In a manner similar to the normal pulse inversion,
echo signal components from a linear scatterer whose change is slow cancel each other out, and even-number harmonic
components in an echo signal, which are generated by a nonlinear scatterer and nonlinear propagation are emphasized.
In addition, the method is characterized that all of components including fundamental waves out of echo signal compo-
nents generated by the nonlinear scatterer and nonlinear propagation are extracted by amplification modulation. Ac-
cordingly, higher sensitivity to an echo signal by the nonlinear scatterer and nonlinear propagation than that of the normal
pulse inversion is expected. The higher sensitivity is realized by using the fact that dependency of nonlinear scattering
using microbubbles on an incident acoustic pressure amplitude is much larger than dependency of nonlinear propagation.
By the higher sensitivity, an effect of nonlinear scattering can be detected also at a transmission acoustic pressure at
which an effect of the nonlinear propagation is relatively small. Thus, as compared with normal pulse inversion, a clear
distinction of a contrast medium from a soft tissue can be made more easily.

[0008] US 2002/188199 A1 discloses a phase inversion ultrasonic imaging method and system which allows for the
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extraction of higher harmonic components from the received signal by using phase differences in the transmitted signals.
A similar non-linear imaging method is also described in the article "Phase-Coded Pulse Sequence for Non-Linear
Imaging" by W. Wilkening et al., Ultrasonics Symposium, 2000 IEEE Oct. 22-25, 2000, Piscataway, NJ, USA, IEEE, Vol.
2, Oct. 22, 2000, pp. 1559-1562, XP010540912, ISBN: 978-0-7803-6365-6.

[0009] US2001/0034485 discloses an ultrasound diagnosis apparatus for extracting harmonic components generated
by non linear propagation in the living tissue and the nonlinear response of a contrast medium (microbubbles) from a
received signal.

Disclosure of the Invention

[0010] As described above, the conventional technique (Document 1) proposes a method of obtaining a blood flow
Doppler signal emphasized on a soft tissue on the basis of the second harmonic wave component. However, the
conventional technique has a problem. When only a bandpass filter is used to extract the second harmonic wave
component from an echo signal, the pulse of a second harmonic wave echo signal obtained as an output signal becomes
long.

[0011] The problem occurs for a reason such that, since the amplitude of a fundamental wave component included
in an echo signal is larger than that of the second harmonic wave component by at least one digit, a filter having a sharp
band blocking characteristic or a narrow band pass characteristic has to be used. This problem is particularly severe at
the time of displaying a two-dimensional image of a blood flow since the resolution in the distance direction deteriorates.
[0012] The conventional technique (Document 2) proposes, to solve the problem, pulse inversion of performing trans-
mitting/receiving operation twice by using transmission acoustic pressure pulse waveforms obtained by inverting the
polarity and adding two echo signals derived.

[0013] The sound speed in many substances such as living body soft tissues under high pressure is higher than that
under low pressure. It is known that, due to the nonlinearity, when an ultrasonic pulse propagates a soft tissue, it
propagates in a portion of high acoustic pressure faster than in a portion of low acoustic pressure. As a result, during
propagation, an acoustic pressure waveform which is originally a sine wave shape changes to an N wave shape that
rises sharply and trails smoothly, that is, which comes to have a harmonic component such as a second harmonic wave.
[0014] When the ultrasonic pulse is scattered in a soft tissue, even if a microbubble contrast medium does not exist,
an echo signal having a harmonic component returns from the soft tissue. A method of forming an echo image on the
basis of the harmonic component is called tissue harmonic imaging. The tissue harmonic imaging is generally used
recently because of its acoustic S/N ratio higher than that of an echo image formed on the basis of the fundamental
component. However, it means that even if the pulse inversion is used, an echo signal in which a harmonic component
generated by scattering with the microbubble contrast medium and a harmonic component generated by propagation
of a transmission pulse are mixed is obtained, and it is difficult to perform imaging as an inherent object in which a
contrast medium is clearly distinguished from a soft tissue.

[0015] The nonlinear scattering by the microbubble contrast medium tends to be observed generally also at a low
acoustic pressure as compared with nonlinear propagation in a soft tissue. Consequently, a method of forming an echo
image mainly by nonlinear components from the microbubble contrast medium while suppressing generation of tissue
harmonic components by the pulse inversion with suppressed transmission acoustic pressure is widely employed. Under
present circumstances, due to insufficient signal amplitude, it is not easy to obtain an echo image having an S/N ratio
high enough tomake a definite diagnosis expected for a contrast diagnosis.

[0016] As a method of solving the problem to a certain extent, a conventional technique (Document 3) proposes a
method of inverting the polarity of a transmission acoustic pressure pulse wavef.orm and, simultaneously, performing
transmitting/receiving operation three times while varying the amplitude. However, the method does not eliminate a
tissue harmonic echo signal generated when a transmit pulse nonlinearly propagates a soft tissue as a principle.
[0017] An object of the present invention is to provide an ultrasonic imaging technique realizing a contrast echo image
having an S/N ratio high enough to make a definite diagnosis on the basis of the contrast echo image by clearly distin-
guishing an echo component generated when a transmit pulse is scattered by a microbubble contrast medium from a
tissue harmonic component generated when the transmit pulse nonlinearly propagates and performing imaging.
[0018] To achieve the object, the present invention is defined as in claim 1. Further advantageous features are set
out in the dependent claims.

[0019] Further, in the present invention, transmitting/receiving operation is performed N times (N = an integer of three
or greater) by using transmission pulse waves having a common envelope signal under the same transmission/reception
wave focus condition while varying the carrier waves in phase by 360° /N from one wave to the next, and N pieces of
time-series reception echo signals obtained by the transmitting/receiving operation of N times are summed to obtain a
summed signal, thereby forming the contrast image.

[0020] As an example, the case where N is three will be described. Transmitting/receiving operation is performed
three times while commonly using an envelope signal of transmission acoustic pressure pulse waveforms, and varying
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the carrier waves in phase by about 120° from one wave to the next, and three echo signals obtained are summed. By
the summation, the fundamental component and the second harmonic component of the echo signal scattered by a
linear scatterer whose change can be ignored are cancelled out simultaneously for the following reason. When attention
is paid to the phases of three echo signals from the scatterer, it is natural that the fundamental components vary in phase
by about 120° from one component to another. In addition, the second harmonic components also vary in phase by
about 120° from one component to another in the direction opposite to the direction in the fundamental component.
[0021] Ontheotherhand, echo signals scattered by the contrast microbubbles as nonlinear resonators are not cancelled
out. Consequently, a signal which does not contain a signal component resulted from nonlinear propagation or the like
in a soft tissue but is resulted only from the microbubbles for contrast can be extracted from the echo signal.

[0022] The principle will be easily understood when a problem of vibration of a reciprocating 4-stroke in-line engine is
considered. When a crankshaft rotates at constant angular velocity, linear velocity at which each of pistons constructing
the reciprocating engine includes not only the fundamental component of the angular velocity but also a harmonic
component of an unignorable amplitude.

[0023] The 4-stroke in-line 4-cylinder engine is usually constructed so that two sets each having two in-phase pistons
symmetrically disposed form a crank angle of 180°. Fig. 1 (a) shows the relation of phases of fundamental waves. With
the configuration, fundamental components generated by the pistons of the sets cancel each other out. Fig. 1 (b) shows
the relation of phases of second harmonic waves. The second harmonic component grows double and, as a result,
vibration having a frequency twice as high as the rotational speed of the crankshaft becomes an issue. In the diagram,
the solid line shows the phase of vibration generated by the first piston set, and the dotted line shows the phase of
vibration generated by the second piston set. The 4-cylinder engine having a balancer that rotates at an angular speed
twice as high as that of the crankshaft is provided to cancel out the vibration.

[0024] On the other hand, a 4-stroke in-line 6-cylinder engine is constructed so that each of three sets each constructed
by two in-phase pistons usually symmetrically disposed has a crank angle of 120°. Fig. 2(a) shows the relation of phases
of a fundamental wave. With the configuration, each of the fundamental components generated by the pistons of the
sets forms 120° in the crank angle, and the fundamental components cancel each other out. Fig. 2 (b) shows the relation
of phases of second harmonic waves. Each of the second harmonic components is generated with a phase having a
crank angle of 120° xX2= 240°, that is, 120° from the other direction, so that the second harmonic components cancel
each other out. That's why the in-line 6-cylinder engine has a small amount of vibration. The alternately long and short
dash line in the diagram shows the phase of vibration generated by the third piston set. The configuration of the in-line
4-cylinder engine in which the second harmonic vibration is emphasized in theory corresponds to the pulse inversion.
The configuration of the in-line 6-cylinder engine in which vibrations of not only the fundamental wave but also the second
harmonic wave are canceled out in theory correspond to the method of the present invention.

[0025] Generally, with respect to vibration of an in-line 2N cylinder engine where N is an integer of 3 or greater, the
vibrations from the fundamental wave, that is, the first harmonic wave to the (N-1) th harmonic wave are cancelled out
in theory. When the case is replaced with the case of ultrasonic imaging of the present invention, transmitting/receiving
operation is performed N times by using transmission pulse waves having a common envelope signal while varying the
carrier waves in phase by 360° /N from one wave to the next, and N pieces of echo signals obtained are summed, so
that components of the fundamental wave to the (N-1) th harmonic wave of the echo signal scattered by a linear scatterer
whose change in short time can be ignored are simultaneously cancelled out.

[0026] On the other hand, the phase of the echo signal generated by being scattered by the microbubble contrast
medium is influenced by the amplitude of the envelope due to its strong nonlinear resonance characteristic and does
not have a predetermined relation with the phase of the transmission signal carrier wave. Consequently, even if three
echo signals obtained by performing the transmitting/receiving operation three times while varying the phase of the
transmission pulse carrier wave by 120° each time are summed, in the case of the echo signals generated by being
scattered by the microbubbles for contrast, components which are not cancelled out remain. Since the remaining echo
signal components reflect only the existence of the microbubble contrast medium, ultrasonic imaging in which the contrast
medium is clearly distinguished from the soft tissue can be realized.

[0027] The characteristics of the ultrasonic imaging method employed in the ultrasonic imaging device of the present
invention will be described hereinbelow.

(1) An ultrasonic imaging method for transmitting/receiving ultrasonic pulses to/from a living body in which micro-
bubbles for contrast are introduced, and forming a contrast image of the inside of the living body by the microbubbles
for contrast, comprising: a step of performing transmitting/receiving operations N times (N = an integer of three or
greater) by using transmission pulse waves having different waveforms under the same transmission/reception
wave focus condition; a step of summing N pieces of time-series reception echo signals obtained by the transmit-
ting/receiving operations of N times to obtain a summed signal, thereby suppressing transmission/reception sensi-
tivity to components from a fundamental wave to the (N-1) th-order harmonic wave of an ultrasonic echo signal from
a softtissue in the living body, extracting signals resulted from the microbubbles for contrast, and forming the contrast
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image; and a step of displaying the contrast image.

(2) In the ultrasonic imaging method (1), an amplitude of a summed signal of the N pieces of transmission pulse
waves is smaller than an amplitude of each of the N pieces of transmission pulse waves.

(3) In the ultrasonic imaging method (1), the N pieces of transmission pulse waves have a common envelope signal,
and carrier waves vary in phase by 360° /N from one wave to the next.

(4) In the ultrasonic imaging method (1), N is three, the three transmission pulse waves have a common envelope
signal, and carrier waves vary in phase by about 120° from one wave to the next.

(5) In the ultrasonic imaging method (1), an image of the living body is formed from the amplitude of the summed
signal of N pieces of time-series reception echo signals obtained by the N times of transmitting/receiving operations
and is displayed with luminance in which the amplitude is reflected.

(6) In the ultrasonic imaging method (1), an image of the living body is formed from the amplitude of a weighted
sum signal according to a combination of a plurality of sets of weights of the N pieces of time-series reception echo
signals obtained by the N times of transmitting/receiving operations, and is displayed with luminance in which the
amplitude is reflected.

(7) In the ultrasonic imaging method (6), the amplitude of the weighted sum signal is displayed so as to be super-
imposed in a display color which varies.

(8) In the ultrasonic imaging method (6), at least one of the plurality of sets of combinations of weights is constructed
to suppress the transmit/receive sensitivity to the fundamental wave component and the even-order harmonic wave
component of the ultrasonic echo signal from the soft tissue and to obtain the transmit/receive sensitivity to the
ultrasonic wave echo signal from the microbubbles for contrast, and at least another set is constructed to obtain
transmit/receive sensitivity to the ultrasonic echo signal from the soft tissue.

(9) An ultrasonic imaging method for transmitting/receiving ultrasonic pulses to/from a living body in which micro-
bubbles for contrast are introduced and forming a contrast image of the inside of the living body by using the
microbubble for contrast, including: a step of performing transmitting/receiving operations N times (N = an integer
of three or greater) by using transmission pulse waves having a common envelope signal under the same trans-
mission/reception wave focus condition while varying the carrier waves in phase by 360° /N from one wave to the
next; and a step of summing N pieces of time-series reception echo signals obtained by the N times of transmit-
ting/receiving operations to obtain a summed signal, thereby forming the contrast image.

(10)In the ultrasonic imaging method (9), N is three, the three transmission pulse waves have a common envelope
signal, and carrier waves vary in phase by about 120° from one wave to the next.

Brief Description of Drawings

[0028] Figs. 1 (a)to 1 (b) are diagrams illustrating the principle of the pulse inversion, Figs. 2 (a) to 2(b) are diagrams
illustrating the principle of a three-pulse method employed in the ultrasonic imaging device of the present invention, Fig.
3is a block diagram showing the configuration of an ultrasonic imaging device in the embodiment of the presentinvention,
Figs. 4 (a) to 4 (d) are diagrams showing an example of echo signals from a point reflector in a living body soft tissue
having a nonlinear propagation characteristic, obtained by the presentinvention, Figs. 5 (a) to 5 (c) are diagrams showing
an example of echo signals from a point reflector in a living body soft tissue having a nonlinear propagation characteristic,
obtained by the pulse inversion, Figs. 6 (a) to 6 (d) are diagrams showing an example of the echo signals scattered by
microbubbles for contrast, obtained by the present invention, Figs. 7(a) to 7(f) are diagram showing waveforms of the
echo signals scattered by the microbubbles for contrast obtained by the present invention after passage of a bandpass
filter, Figs. 8(a) to 8(c) are diagrams showing an example of echo signals scattered by the microbubbles for contrast,
obtained by the pulse inversion, Figs. 9(a) to 9(f) are diagrams showing waveforms of echo signals scattered by micro-
bubbles for contrast obtained by the pulse inversion after passage of a bandpass filter, Figs. 10(a) to 10(d) are diagrams
showing an example of echo signals by a point reflector in a living body soft tissue, obtained by intentionally multiplexing
a second harmonic wave on a transmission pulse wave in the present invention, Figs. 11 (a) to 11 (d) are diagrams
showing an example of echo signals scattered by the microbubbles for contrast, obtained by intentionally multiplexing
a second harmonic wave on a transmission pulse wave in the present invention, Figs. 12 (a) to 12 (f) are diagrams
showing waveforms of echo signals scattered by microbubbles for contrast, obtained by intentionally multiplexing a
second harmonic wave on a transmission pulse wave in the present invention, after passage through a bandpass filter,
Figs. 13(a) to 13(c) are diagrams showing an example of adder output signal waveforms of echo signals from a point
reflector in a living body soft tissue, obtained when there is an error in phases of transmission wave pulses in the present
invention, Fig. 14 is a diagram showing phase error dependency of the adder output signal amplitudes, of echo signals
from the point reflector in the living body soft tissue, obtained when there is an error in the phases of transmission wave
pulses in the present invention, and Figs. 15 (a) to 15 (c) are diagrams showing an example of transmission waveforms
in the present invention.
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Best Mode for Carrying Out the Invention

[0029] An embodiment of the present invention will be described hereinbelow with reference to the drawings.

[0030] Fig. 3 is a typical example of a block diagram of an ultrasonic imaging device constructed to carry out the
present invention. Elements constructing an ultrasonic probe 1 are connected to a transmit beamformer 3 and a receive
beamformer 10 via transmit/receive switches 2. The.transmit beamformer 3 generates a signal which becomes an
ultrasonic pulse having directivity when transmitted via the elements by using waveforms selected and read from a
transmit waveform memory 5 by a transmit waveform selector 4 under control of a transmit/receive sequence controller
6. The signal is converted to ultrasonic pulses by the elements of the ultrasonic probe 1, and the ultrasonic pulses are
transmitted to the living body. Ultrasonic echo signals reflected or scattered in the living body and returned to the ultrasonic
probe 1 are received by the elements and converted to electric signals.

[0031] In the receive beamformer 10, under control of the transmit/receive sequence controller 6, to obtain reception
sensitivity having directivity, delay time is given to each of receive signals, and the receive signals are summed to each
other. A time-series signal obtained by delay summation is once written in one of banks in a receive waveform memory
12 selected by a receive waveform selector 11 under control of the transmit/receive sequence controller 6. After time-
series signals to be summed to each other are ready, they are read and summed to each other by an adder 13. An
adder output signal passes through a bandpass filter 14 for eliminating noise components and is converted to an envelope
signal by an envelope detector A 16. The envelope signal is input to a scan converter 18.

[0032] On the other hand, part of the time series signals written in the receive waveform memory 12 is read, passes
through a bandpass filter 15 for removing noise components without being summed to each other, and is converted to
an envelope signal by an envelope detector B 17. The envelope signal is input to the scan converter 18. The scan
converter 18 properly multiplexes a plurality of signals received, and generates/controls the signals so as to display a
two-dimensional or three-dimensional image on a display 19.

[0033] As shown in Figs. 15, three ultrasonic pulse waveforms ((a), (b), and (c) in the diagrams) having a common
envelope signal and whose carrier waves vary in phase by about 120° from one wave to another are written in the
transmit waveform memory 5. Figs. 4 (a), 4 (b), and 4 (c) show signals written in the banks in the receive waveform
memory 12 when a sequence of selecting one of the three ultrasonic pulse waveforms by the transmit waveform selector
4 and transmitting/receiving the selected one is executed three times. For simplicity, a receive echo signal generated
when a transmit ultrasonic pulse propagates a living body soft tissue and is reflected by a point reflector is calculated
by numerical value calculation simulation. It is assumed that the carrier wave frequency is 2MHz. Fig. 4 (d) shows an
output signal obtained when the signals of Figs. 4(a) to 4(c) are input to the adder 13. Since the transmit ultrasonic pulse
nonlinearly propagates the living body soft tissue, the signals of Figs. 4 (a) to 4(c) include not only the fundamental wave
component but also the second harmonic component. In the adder output result of Fig. 4 (d), as estimated from the
principle of the present invention, the fundamental wave components cancel each other out and, moreover, the second
harmonic wave components also cancel each other out, so that the signal amplitude is almost zero.

[0034] Forcomparison, Figs. 5 show results in the case of using the pulse inversion. In this case, two kinds of ultrasonic
pulse waves having a common envelope signal and whose carrier waves vary in phase by about 180° from one wave
to another are written in the transmit wave form memory 5. One of the ultrasonic pulse waveforms is selected and
transmitted/received by the transmit waveform selector 4. Figs. 5 (a) and 5 (b) show signals written in the banks in the
receive waveform memory 12 when the sequence is executed twice while changing the waveforms. Fig. 5 (c) shows an
output signal of the adder 13, which is obtained at that time. In the resultant signal, the fundamental wave components
cancel out each other but the second harmonic wave components rather enhance each other. The signal is called a
tissue harmonic signal which has an advantage that a high acoustic S/N ratio is obtained at the time of drawing a living
body soft tissue. However, in the case of drawing only a distribution or kinetics of a contrast medium so as to be clearly
separated from a soft tissue, the tissue harmonic signal becomes the maximum factor of disturbing the drawing.
[0035] Next, a receive echo signal by the contrast microbubbles in the same transmit/receive sequence as that in the
case of Figs. 4 and 5 will be shown. Figs. 6 and 8 show, as an example, results of obtaining receive echo signals
generated by scattering of mirobubbles each having a radius of 1.5 um by a numerical value calculation simulation, and
Figs. 7 and 9 show input/output signals of the bandpass filter 14 at that time. The scale of the vertical axis proportional
to the acoustic pressure is common in Figs. 6, 7, 8, and 9.

[0036] Each of the correspondences will be described. Figs. 6 (a), 6 (b), and 6 (c) show signals written in banks in the
receive waveform memory 12 in a transmit/receive sequence when the present invention is carried out in a manner
similar to the case of Figs. 4. Each of Figs. 6(d) and 7(a) shows an output signal of the adder 13 obtained at that time,
that s, an input signal of the bandpass filter 14. Figs. 7 (b), 7 (¢), 7 (d), 7 (e), and 7(f) show output signals of the bandpass
filter 14 when the pass band center frequency is set to the fundamental wave frequency (2 MHz), 1.5-times harmonic
frequency (3 MHz), second harmonic frequency (4 MHz), 2.5-times harmonic frequency (5 MHz), and third harmonic
frequency (6 MHz), respectively. Figs. 8 show signals written in banks in the receive waveform memory 12 in a trans-
mit/receive sequence when the pulse inversion is carried out in a manner similar to the case of Figs. 5. Each of Figs.
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8(c) and 9 (a) shows an output signal of the adder 13 obtained at that time, that is, an input signal of the bandpass filter
14. Figs. 9 (b), 9 (c), 9 (d), 9 (e), and 9 (f) show output signals of the bandpass filter 14 when the pass band center
frequency is set in a manner similar to the case of Figs. 8.

[0037] Naturally, signals resulted from the microbubbles including many second harmonic wave components are
obtained from the 1.5-times harmonic waves as shown in Figs. 9(c) and 9(d) by the pulse inversion inherently devised
to emphasize the second harmonic component in the echo signal. However, it is noteworthy that, by the transmit/receive
sequence of the present invention devised to cancel out components generated by nonlinear propagation or the like in
the second harmonic component in the echo signal, as shown in Figs. 7(d), 7(e), and 7 (f), a signal having a sufficient
amplitude resulted from the microbubbles including many the second to third harmonic components is obtained. The
origin of the unique and useful phenomenon is that the microbubble is a resonator having large nonlinearity, generally
speaking, the microbubble has a response characteristic in which delay time depends on amplitude. Specifically, even
if there is nonlinearity among input/output acoustic pressures, if the delay response time does not have dependency on
amplitude, the second harmonic component in an output signal is canceled out as shown in Fig. 4 (d). On the other
hand, a simple linear resonator is out of the question since the second harmonic component itself is not generated.
[0038] On the basis of the principle, the transmit/receive sequence according to the invention also has an advantage
that even if the second harmonic component is intentionally multiplexed on a transmission pulse waveform, while can-
celing out the second harmonic component, a signal having a sufficient amplitude resulted from the microbubbles for
contrast is obtained. By intentionally multiplexing the second harmonic component on an ultrasonic transmit waveform,
vibration, growth, and collapse of microbubbles in a living body or a liquid can be emphasized or, on the contrary,
suppressed (reference: IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, vol. 43, no. 6, pp.
1054-1062). The second harmonic multiplex transmit wave is also considered to be useful also in the case of ultrasonic
imaging using the microbubbles for contrast.

[0039] Figs. 10, 11, and 12 show examples of an echo signal obtained in the case where a second harmonic component
is intentionally multiplexed on the transmit pulse waveform.

[0040] Figs. 10(a), 10 (b), and 10 (c) show signals written into the banks in the receive waveform memory 12 when a
sequence of selecting one of the three ultrasonic pulse waveforms by the transmit waveform selector 4 and transmit-
ting/receiving the selected one is executed three times while varying the waveform. The three ultrasonic pulse waveforms
have a common envelope signal in the transmit waveform memory 5 and whose fundamental waves as carrier waves
and second harmonic waves vary in phase by 120° from one wave to the next. Fig. 10(d) shows an output signal of the
adder 13 obtained at that time.

[0041] A receive echo signal generated by scattering with the microbubbles for contrast is obtained in a manner similar
to the case of Figs. 6. Figs. 11 (a), 11 (b),and 11 (c) show signals to be written in the banks in the receive waveform
memory 12. Each of Fig. 11(d) and Fig. 12(a) shows an output signal of the adder 13 obtained at that time, that is, an
input signal of the band pass filter 14.

[0042] Figs. 12 (b), 12 (c), 12 (d), 12 (e), and 12 (f) show output signals of the bandpass filter 14 when the pass band
center frequency is set in a manner similar to Figs. 8.

[0043] As obvious from Fig. 10(d), also in the case where the second harmonic component is intentionally multiplexed
on the transmit pulse waveform, with respect to a receive echo signal generated by scattering by the point reflector, the
second harmonic components of the input signal to the adder 13 cancel each other out in a manner similar to the second
harmonic components generated by the nonlinear propagation in the case of Figs. 4, so that the adder output signal
amplitude is almost zero. On the other hand, in a manner similar to Figs. 6, the receive echo signals generated by
scattering by the microbubbles for contrast are not cancelled each other out by summing of the adder 13, and an output
signal having a sufficient amplitude including the second and third harmonic components is obtained.

[0044] Further, an error range permissible to obtain the effects of the present invention of the phases of transmit pulse
waves was examined. As examples, an output signal of the adder 13, that is, an input signal of the bandpass filter 14
in the case where the phase of the second transmit pulse wave is shifted by 20° and a filter output signal in the case
where the pass band center frequency is adjusted to the fundamental wave and the second harmonic wave were obtained
in a manner similar to the case of Figs. 4 and shown in Figs. 13(b) and 13(c). For comparison, Fig. 13(a) shows the
signal of the case of Figs. 5, that is, a signal in the case where the pulse inversion could be carried out without a phase
error. Fig. 13(c) shows the case where the phase of the third transmit pulse wave was adjusted by being shifted by 10°
in correspondence with a phase shift of 20° of the second transmit pulse wave so that the sum signal of three transmit
pulse waves becomes zero.

[0045] When an envelope signal of the transmit pulse wave is written as A(t) as the function of time "t", first, second,
and third transmit pulse signals P1 (t), P2(t), and P3(t) can be written as follows when there is no phase error.

Pl (t) = A(t)sinot (1)
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P2 (t)

A(t)sin(ot+2n/3) (2)

P3(t) A(t)sin(eot-2n/3) (3)

At this time, the following relation is satisfied.
P1(t)+P2(t)+P3(t) = O (4)

When the phase error ¢ occurs in the second pulse, the second pulse can be written as follows.

P2(t) = A(t)sin(ot+2n/3+¢) (5)

When the third pulse is adjusted to satisfy the following equations, Equation (4) can be satisfied irrespective of the phase
error ¢.

P3(t) A3 (t)sin(ot-2n/3+$/2) (6)

A3 (t) 2B (t)cos(n/3+6/2) - «(7)

Fig. 13(c) shows a result of making a such correction on the third pulse. The fundamental components in the output
signal of the adder 13 can be cancelled each other out irrespective of a phase error in the second pulse.

[0046] When Equation (4) is satisfied, generally, when the sum signal of N pieces of pulse waveforms used for trans-
mission is substantially zero, the fundamental wave components in signals obtained by summing N pieces of receive
echo signals are cancelled each other out.

[0047] Fig. 14 shows a peak-to-peak value of the output signal amplitude of the adder 13 as a function of the phase
error given to the second pulse. Fig. 14 shows the case ((a) in the diagram) of a signal amplitude normalized with a
value in the case where the pulse inversion could be carried out without a phase error when a correction is not made
on the third pulse, and the case ((b) in the diagram) where the correction is made. When the phase error reaches 20° ,
although the correction is made on the third pulse, a signal amplitude which is resulted from the nonlinear propagation
in a soft tissue and is not resulted from the microbubble for contrast becomes the half or more of the conventional pulse
inversion, and the effects of the present invention are not sufficiently displayed. From the result, it is desirable to set the
phase error of the transmit pulse to about 10° or less in order to sufficiently obtain the effects of the invention.

[0048] As described above, by executing the present invention, a signal which does not include a signal component
resulted not from the nonlinear propagation in a soft tissue or the like but resulted only from the microbubbles for contrast
can be extracted from an echo signal.

[0049] Such a signal can be obtained as an output signal of the adder 13, further, a signal with improved S/N ratio is
obtained as an output signal of the bandpass filter 14, and an output signal of the envelope detector A 16 is obtained
as an envelope signal and is input as a signal indicative of a spatial distribution of the microbubbles for contrast into the
scan converter 18. On the other hand, an envelope signal is obtained by the envelope detector B 17 from the signal
whose S/N ratio is improved by passing a signal written in one of the banks of the receive waveform memory 12 through
the bandpass filter 15. The obtained signal is input as a signal indicative of the position and the form of a soft tissue to
the scan converter 18.

[0050] In the scan converter 18, the output signal of the envelope detector B 17 is used as a background, and an
output signal of the envelope detector A 16 is multiplexed in a color tone different from that of the output signal of the
envelope detector B 17 so as to be conveniently discriminated from the output signal. The resultant is displayed on the
display 19. In such a manner, the distribution of the microbubbles for contrast in the body of a patient as an object of a
test can be displayed by a two-dimensional or three-dimensional image so as to be more easily understood.

[0051] Although the case where a signal written in one of the banks of the receive waveform memory 12 is used as it
is as a signal indicative of the position and the form of a soft tissue has been described in the foregoing embodiment,
generally, a summed signal obtained by properly weighting signals written in three banks in the receive waveform memory
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12 can be used.

[0052] Although the embodiment using three transmit pulse waves has been specifically described in the above de-
scription, as in the description of the principle, the present invention can be also carried out by using N pieces (N = an
integer of three or greater) of transmit pulse waves having a common envelope signal, varying the carrier wave in phase
by 360° /N from one wave to the next, performing N times of transmitting/receiving operations, temporarily writing N
pieces of echo signals obtained by the transmitting/receiving operations into N pieces of banks in the receive waveform
memory 12, and inputting read signals to the adder 13.

Industrial Applicability

[0053] As described above, the present invention can provide an image for diagnosis having a high S/N ratio sufficient
to make a definite diagnosis on the basis of a contrast echo image obtained by extracting signals resulting only from-
microbubbles for contrast, which do not include signal components resulting from nonlinear propagation and the like in
a soft tissue from an echo signal. Consequently, usability for medical diagnosis of an apparatus to which the invention
is applied is extremely high and, therefore, the significance of the present invention in industries supporting medial
diagnosis is also great.

Claims

1. An ultrasonic imaging device for transmitting/receiving ultrasonic pulses to/from a living body in which microbubbles
for contrast are introduced, and forming a contrast image of the inside of the living body,comprising:

a transmit beamformer (3) for generating a transmit pulse;

a receive beamformer (10) for generating a time-series reception echo signal by adding receive signals, to each
of which a delay time is given for generating receiving sensitivity with directivity;

an adder (13) for summing the time series reception echo signals; and

a transmit/receive sequence controller (6) for controlling the transmit beamformer and the receive beamformer;
wherein the transmit/receive sequence controller (6) is adapted to control the transmit beamformer (3) and the
receive beamformer (10) to perform transmitting/receiving operations N times, N = an integer of three or greater,
by controlling N pieces of transmission pulse waves having a common envelope signal and different waveforms
under the same transmission/reception wave focus condition, and controlling carrier waves of the transmission
pulse waves so as to vary in phase by 360°/N from one wave to the next, and receiving returned ultrasonic
waves as N pieces of the time-series reception echo signals; and

wherein the adder (13) is adapted to sum the N pieces of the time-series reception echo signals so as to output
an output signal as a signal indicative of a spatial distribution of the microbubbles.

2. The ultrasonic imaging device according to claim 1,
wherein the adder (13) includes a bandpass filter (14) for eliminating noise components and outputting the signal
indicative of the spatial distribution of the microbubbles as the output signal.

3. The ultrasonic imaging device according to claim 1,
wherein the output signal of the adder (13) obtains transmission/reception sensitivity to an ultrasonic echo signal
from the microbubbles by suppressing transmission/reception sensitivity to components from a fundamental wave
to a harmonic wave of the ultrasonic echo signal from soft tissue in the living body.

4. The ultrasonic imaging device according to claim 3,
wherein the components to be suppressed are the components from the fundamental wave to the (N-1)th-order
harmonic wave of the Ultrasonic echo signal from the soft tissue in the living body.

5. The ultrasonic imaging device according to claim 1,
wherein an amplitude of a sum signal of N pieces of transmission pulse waves is smaller than an amplitude of each
of the N pieces of transmission pulse waves.

6. The ultrasonic imaging device according to claim 1,
wherein a signal indicative of a position and a form of soft tissue in the living body is obtained based on a part of
the received signals.
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The ultrasonic imaging device according to claim 6,
wherein a signal indicative of a position and a form of soft tissue in the living body is obtained from a part of the
time-series reception signals.

The ultrasonic imaging device according to claim 1,

wherein animage of the living body is formed from the amplitude of a weighted sum signal according to a combination
of a plurality of sets of weights of the N pieces of time-series receive echo signals obtained by the N times of
transmitting/receiving operations, and is displayed with luminance in which the amplitude is reflected.

Patentanspriiche

Ultraschallbildgebungsgerat zum Ubertragen/Empfangen von Ultraschallpulsen an/von einen/einem lebenden Kor-
per, in dem Mikroblasen zur Kontrastierung eingefihrt sind, und zum Bilden eines Kontrastbildes des Inneren des
lebenden Korpers, umfassend:

eine Ubertragungsstrahl-Bildungseinrichtung (3) zum Erzeugen eines Ubertragungspulses;

eine Empfangsstrahl-Bildungseinrichtung (10) zum Erzeugen eines Zeitreihen-Empfangsechosignals durch Ad-
dieren von Empfangssignalen, deren jedem eine Verzégerungszeit zugegeben wird, um Empfangsempfindlich-
keit mit Gerichtetheit zu erzeugen;

eine Addierungseinrichtung (13) zum Aufsummieren der Zeitreihen-Empfangsechosignale; und

eine Ubertragungs-/Empfangsfolgensteuerung (6) zum Steuern der Ubertragungsstrahl-Bildungseinrichtung
und der Empfangsstrahl-Bildungseinrichtung;

wobei die Ubertragungs-/Empfangsfolgensteuerung (6) dazu ausgelegt ist, die Ubertragungstrahl-Bildungsein-
richtung (3) und die Empfangsstrahl-Bildungseinrichtung (10) dazu zu steuern, N Male, N = eine ganze Zahl
gréRer als oder gleich drei, Ubertragungs-/Empfangsvorgénge auszufiihren, indem N Teile von Ubertragungs-
pulswellen mit einem gemeinsamen Hiillensignal und verschiedenen Wellenformen unter der gleichen Fokus-
bedingung fiir Ubertragungs-/Empfangswellen gesteuert werden und Tragerwellen der Ubertragungspulswellen
gesteuert werden, um so um 360°/N bezliglich der Phase von einer Welle zur nachsten zu variieren, und
zuriickgekommene Ultraschallwellen als N Teile der Zeitreihen-Empfangsechosignale empfangen werden; und
wobei die Addierungseinrichtung (13) dazu ausgelegt ist, die N Teile der Zeitreihen-Empfangsechosignale zu
summieren, um so ein Ausgabesignal als ein eine rdumliche Verteilung der Mikroblasen anzeigendes Signal
auszugeben.

Ultraschallbildgebungsgerat nach Anspruch 1,
wobei die Addierungseinrichtung (13) einen Bandpassfilter (14) zum Eliminieren von Rauschkomponenten und
Ausgeben des die raumliche Verteilung der Mikroblasen anzeigenden Signals als das Ausgabesignal enthalt.

Ultraschallbildgebungsgerat nach Anspruch 1,

wobei das Ausgabesignal der Addierungseinrichtung (13) Ubertragungs-Empfangsempfindlichkeit auf ein Ultra-
schallechosignal von den Mikroblasen durch Unterdriicken von Ubertragungs-Empfangsempfindlichkeit auf Kom-
ponenten von einer fundamentalen Welle zu einer harmonischen Welle des Ultraschallechosignals von weichem
Gewebe im lebenden Korper erhalt.

Ultraschallbildgebungsgerat nach Anspruch 3,
wobei die zu unterdriickenden Komponenten die Komponenten von der fundamentalen Welle zur harmonischen
Welle (N-1)-ter Ordnung des Ultraschallechosignals vom weichen Gewebe im lebenden Kdrper sind.

Ultraschallbildgebungsgerat nach Anspruch 1,
wobei eine Amplitude eines Summensignals von N Teilen von Ubertragungspulswellen kleiner ist als eine Amplitude
von jedem der N Teile von Ubertragungspulswellen.

Ultraschallbildgebungsgerat nach Anspruch 1,
wobei ein eine Position und eine Form von weichem Gewebe im lebenden Kdérper anzeigendes Signal auf der

Grundlage eines Teils der empfangenen Signale erhalten wird.

Ultraschallbildgebungsgerat nach Anspruch 6,
wobei ein eine Position und eine Form von weichem Gewebe im lebenden Kérper anzeigendes Signal von einem
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Teil der Zeitreihen-Empfangssignale erhalten wird.

Ultraschallbildgebungsgerat nach Anspruch 1,

wobei ein Bild des lebenden Korpers aus der Amplitude eines gewichteten Summensignals gemaf einer Kombination
mehrerer Satze von Gewichten der durch die N-maligen Ubertragungs-/Empfangsvorgénge erhaltenen N Teile von
Zeitreihen-Empfangsechosignalen gebildet wird und mittels Helligkeit, mit der die Amplitude wiedergegeben wird,
angezeigt wird.

Revendications

Dispositif d’'imagerie échographique pour émettre/recevoir des impulsions ultrasonores vers/depuis un corps vivant
dans lequel sont introduites des microbulles servant d’agents de contraste et pour former une image d’échographie
de contraste de l'intérieur du corps vivant, comportant :

un conformateur de faisceau d’émission (3) pour produire d’'une impulsion d’émission ;

un conformateur de faisceau de réception (10) pour produire un écho de réception en séries temporelles en
faisant la somme de signaux de réception a chacun desquels est accordé un délai pour générer une sensibilité
et une directivité en réception ;

un sommateur (13) pour faire la somme des échos de réception en séries temporelles ; et

un moyen de commande séquentielle d’émission/réception (6) pour commander le conformateur de faisceau
d’émission et le conformateur de faisceau de réception ;

dans lequel le moyen de commande séquentielle d’émission/réception (6) est congu pour commander le con-
formateur de faisceau d’émission (3) et le conformateur de faisceau de réception (10) afin d’effectuer N fois
des opérations d’émission/réception, N étant un entier égal ou supérieur a trois, en commandant N ondes
impulsionnelles d’émission ayant un signal d’enveloppe commun et des formes d’ondes différentes dans les
mémes conditions de concentration d’'ondes d’émission/réception, et en commandant des ondes porteuses des
ondes impulsionnelles d’émission de maniéere a créer un déphasage de 360°/N d’'une onde a l'autre, et en
recevant des ultrasons renvoyés sous la forme de N échos de réception en séries temporelles ; et

dans lequel le sommateur (13) est congu pour faire la somme des N échos de réception en séries temporelles
afin de délivrer un signal de sortie sous la forme d’un signal indiquant une répartition spatiale des microbulles.

Dispositif d'imagerie échographique selon la revendication 1,
dans lequel le sommateur (13) comprend un filtre passe-bande (14) pour supprimer des composantes de bruit et
délivrer comme signal de sortie le signal indiquant la répartition spatiale des microbulles.

Dispositif d'imagerie échographique selon la revendication 1,

dans lequel le signal de sortie du sommateur (13) obtient la sensibilité de 'émission/réception a un écho ultrasonore
renvoyé par les microbulles en supprimant la sensibilité de I'émission/réception a des composantes entre une onde
a mode fondamental et une onde & mode harmonique de I'écho ultrasonore renvoyé par des tissus mous du corps
vivant.

Dispositif d'imagerie échographique selon la revendication 3,
dans lequel les composantes a supprimer sont les composantes entre 'onde a mode fondamental et 'onde a mode
harmonique d’ordre N - 1 de I'écho ultrasonore renvoyé par des tissus mous du corps vivant.

Dispositif d'imagerie échographique selon la revendication 1,
dans lequel une amplitude d’'un signal de somme de N ondes impulsionnelles d’émission est inférieure a une
amplitude de chacune des N ondes impulsionnelles d’émission.

Dispositif d'imagerie échographique selon la revendication 1,
dans lequel un signal indiquant une position et une forme de tissus mous dans le corps vivant est obtenu sur la
base d'une partie des signaux regus.

Dispositif d'imagerie échographique selon la revendication 6,

dans lequel un signal indiquant une position et une forme de tissus mous dans le corps vivant est obtenu d’aprés
une partie des signaux de réception en séries temporelles.
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Dispositif d'imagerie échographique selon la revendication 1,

dans lequel une image du corps vivant est formée d’aprés I'amplitude d’'un signal de somme pondéré suivant une
combinaison d’une pluralité d’ensembles de poids des N échos de réception en séries temporelles obtenus par les
N opérations d’émission/réception, et est affichée avec la luminance de réflexion de I'amplitude.
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FIG. 1(a)

FIG. 1b)
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FIG. 2(a)
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