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7) ABSTRACT

An ultrasonic diagnosis apparatus and method wherein both
imaging of a contrast effect and imaging of a tissue appear-
ance before and after inflow of a contrast medium can be
realized on condition that low-power transmission and a
high frame rate are maintained. The ultrasonic diagnostic
apparatus includes a transmission/reception unit for trans-
mitting subject ultrasonic waves with a band substantially
centered at a fundamental frequency and generating a
received signal based on an ultrasonic echo from the subject,

(21) Appl. No.: 10/359,681 a harmonic unit for extracting a signal of a harmonic
’ component of the fundamental frequency included in the
(22) Filed: Feb. 7, 2003 received signal and extracting a signal of the fundamental
component with the band substantially centered the funda-
(30) Foreign Application Priority Data mental frequency included in the received signal, and a
display unit for generating a display image based on the
Feb. 8, 2002 (JP) oo JP2002-032770 extracted harmonic and fundamental components.
14
DISPLAY MODE
SELECTION
30 31 @ 32
SIGNAL
FUNDEMENTAL / / /
1o LAGE DATR | rag GRAY SCALE | 76
- MEMORY LT -
36 37
HRRMONC A A N / /
g LUBST OMIR | e | | GRAY SCRIE | 6 PRO“E#%%EING o | e g
MEMORY T iy MEMORY '
UNIT
35
LR 1




Patent Application Publication Sep. 18,2003 Sheet 1 of 12 US 2003/0176792 Al

e if
— 10
PULSER/PREAMPLIFIER UNIT
I
RECEPTION DELAY CIRCUIT \

JvL 19 HOST CPU
7
DETECTOR UNIT

U

HARMONIC UNIT

DISPLAY UNIT

}-18

\/
w8 FIG. 7

HARMONIC UNIT 17

;i /)

(
POSITIVE
19205 - —_— | HARMONIC IMAGE o
o _NEGNTVE| 7| GENERATOR -
| FUNDAMENTAL | FUNDAMENTAL TMAGE T
FILTER | GENERATOR -
7 \
7 )
21

FIG. 2 4



Patent Application Publication Sep. 18, 2003 Sheet 2 of 12 US 2003/0176792 Al

AMPLITUDE (dB)

AMPLITUDE (dB) 4

POSITIVE POLARITY
\ BEFORE ADDITION

FUNDAMENTAL ~ HARMONIC
FIG. 44

| NEGATIVE POLARITY
BEFORE ADDITION

FUNDAMENTAL]  HARMONIC

FIG. 4P



Patent Application Publication Sep. 18,2003 Sheet 3 of 12 US 2003/0176792 A1

\ ~ AFTER ADDITION

o
T

FUNDAMENTAL HARMONIC
FIG.5A4

EXTRACT FUNDAMENTAL
WAVE FROM SIGNAL BEFORE
‘ ADDITION BY FILTER

fffff

FUNDAMENTAL - HARMONIC
7G55

HARMONIC UNIT

; [ )

POSITIVE \- :

19 T | HARMONIC TMAGE .

g NEGATIVE | GENERATCR 3
| e | FOVDMENTRL TwGE| |
- GENERATOR
/ \
, \
26

FIG. 6 i



Patent Application Publication Sep. 18, 2003 Sheet 4 of 12 US 2003/0176792 Al

FIG. 7
POSITIVE POLARITY | AFTZR ADDITION
REFORE ADDITION |
m ADDITION /\
FUNDAMENTAL  HERMONIC FUNDAVENTAL  HARMONIC

POSITIVE POLARITY
AFTER ADDITION

U BRONIC | SUBTRACTION  FUNDMMENTAL  HARMONIC

FUNDAMENTAL
F/G. &
_ EARVONIC UNIT
27 24
LARGE / /
19 POST-AMPLITUDE-SCALING ~ HARMONIC IMAGE —18
19 SUBTRACTOR CIRCUIT GENERATOR CIRCUIT
SMALL
il A2
FUNDAMENTAL FUNDAMENTAL IMAGE —1
FILTER GENERATOR CIRCUIT




Patent Application Publication Sep. 18,2003 Sheet 5 of 12 US 2003/0176792 A1

FIG. 94

FIG. 95

FIG. 704

FIG. 708

IMPLITUDE 4

AMPLITUDE 4
(dB)

VATA%A

LARGE AMPLITUCE BEFORE SCALING

FUNDAMENTAL HARMONIC

SMALL AMPLITUDE BEFORE SCALING

/ N\
/ \
/ \o-~- MMPLITUDE AFTER SCALING
r \
r \
m -

FUNDAMENTAL ~ HARMONIC



Patent Application Publication Sep. 18,2003 Sheet 6 of 12

F7G. 774

FIG. 7758

Fr6¢. 72

19

AFTER AMPLITUDE
SCALING AND SUBSTRACTION

FUNDAMENTAL HARMONIC
EXTRACT FUNDAMENTAL WAVE
FROM RECEIVED SIGNAL WITH
LARGE AMPLITUDE BY FILTER
277N
/ \
\
\
\
|
FUNDAVENTAL HARMONIC
KEYBOARD |40
Y
FILTER |4 1]
CONTROLLER /
% % HARMONIC UNIT
‘ TMAGE GENERATOR X
FILTER - CIRCULT - 18

US 2003/0176792 Al



Patent Application Publication Sep. 18,2003 Sheet 7 of 12 US 2003/0176792 A1

FIG. 734

BALANCE ADJUSTMENT
FILTER CHARACTERISTIC

|/ _

FUNDAMENTAL HARMONIC

FIG. 735

AFTER BALANCE ADJUSTMENT

FUNDAMENTAL HARMONIC



US 2003/0176792 Al

Patent Application Publication Sep. 18,2003 Sheet 8 of 12

(] ~=—

- KONIN
Jva - ek
/ /
LE 9¢

2L TA
- B LT 90700
G
LINN
B 10T
INISSEON =5 g5 1vas
TN ——
be
- 0T
5% | 2TH0S AV
NM TUNOIS H\m
NOILOUTHS

JAOW AVTdSIC

il

REOWAN |
AN d YI¥0 391
o DINCHSYH
RIOWAR |
Wvdd YI¥d 39T
\ TYINIRYAND]
0¢

61

o1



Patent Application Publication Sep. 18,2003 Sheet 9 of 12 US 2003/0176792 A1

@ SYNTHESTS BY
ADDITION
=]

FIG. 75

SYNTHESIS BY
SELECTION
E——— —

FIG. 76



Patent Application Publication Sep. 18,2003 Sheet 10 of 12 US 2003/0176792 Al

BEFORE INJECTION OF
CONTRAST MEDIUM

AFTER INJECTION OF
CONTRAST MEDIUM

M
i B CONTRAST
7 i | = e
[ \ o~ i [ SN /
HARMONTC COMPONENT HARMONIC COMPONENT
BEFORE CONTRAST AFTER CONTRAST
Fr/G. 774
FUNDANENTAL
COMPONENT
AFTER CONTRAST
———————— . \
FUNDAMENTAL { } |
COMPONENT | | CONTRAST
BEFCRE CONTRAST | ________ ] > BT
| | :
| ! i |
L Z } v 7
N 3L | NN NN N | /
HARMONIC COMPONENT HARMONTC COMPONENT
BEFORE CONTRAST AFTER CONTRAST
FICG. 7785

i
e D

FlG. 78




Patent Application Publication Sep. 18,2003 Sheet 11 of 12 US 2003/0176792 Al

4 A\

@m
e LAY

FIG. 79
l >
SYNTHESIS BY
ADDITION . @@
FICG. 20

' >
SYNTHESIS BY
SUACTION @

FlG. 27



Patent Application Publication Sep. 18,2003 Sheet 12 of 12 US 2003/0176792 Al

4<ii:::i§§5 SYNTHESIS BY
ADDITION Z{ii:::ifx
TN —

L

o aa

Flrc. 22

SYNTHESIS BY
SELECTION Z{iﬁ:::iiﬁ;
> —>

a8

-
\Y%

Fr7¢. 223



US 2003/0176792 Al

APPARATUS AND METHOD FOR ULTRASONIC
DIAGNOSTIC IMAGING

BACKGROUND OF THE INVENTION
[0001]

[0002] This invention relates to an ultrasonic diagnostic
apparatus, and particularly to a contrast medium imaging
technique.

Field of the Invention

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0003] This application is based upon and claims the
benefit of priority from the prior Japanese Patent Application
No. 2002-32770, filed Feb. 8, 2002, the entire contents of
which are incorporated herein by reference.

DESCRIPTION OF THE RELATED ART

[0004] Microbubbles contained in a contrast medium used
for ultrasonic diagnosis are collapsed by ultrasonic trans-
mission and tend be collapsed when the transmitted sound
pressure is higher. To maintain a contrast effect, a certain
measure needs to be taken such as imaging a contrast
medium while suppressing its collapse by using a low sound
pressure (real-time perfusion image or RPI).

[0005] The case of extracting a second harmonic compo-
nent of a transmitted fundamental wave from a received
echo in RPI will now be considered. When the sound
pressure is high, the second harmonic component contains a
nonlinear propagation component generated in the tissue.

[0006] When the sound pressure is low as in RPI, the
nonlinear propagation component generated from the tissue
has very low intensity, which is insufficient for imaging. A
tissue image can hardly be observed before inflow of a
contrast medium, and only after inflow of the contrast
medium, a harmonic component due to the contrast medium
begins to appear.

[0007] In short, in the ultrasonic test using a contrast
medium, when the sound pressure is lowered to maintain the
contrast effect, a nonlinear propagation component gener-
ated in the tissue has very low intensity and therefore a tissue
image hardly appears before inflow of the contrast medium.
On the other hand, when the sound pressure is raised to
enable appearance of the nonlinear propagation component
generated from the tissue before inflow of the contrast
medium, the contrast effect momentarily disappears. Par-
ticularly, this problem is noticeable at the time of ultra-low
sound pressure driving where an MI (mechanical index)
value, which is an index showing an output reference
obtained by normalizing a maximum peak negative sound
pressure in a transmitted beam by the square root of the
fundamental frequency, is approximately 0.1.

[0008] To solve this problem, it may be conceivable to use
a conventional color Doppler processing unit to prepare and
display a B mode with a fundamental wave as a tissue
(background) image and to display a Doppler image (includ-
ing phase inversion Doppler) as a contrast image. However,
since separate transmissions and receptions are necessary for
the tissue and for the contrast, respectively, the frame rate,
which is particularly important for imaging a cardiovascular
system, is lowered and the real-time property cannot be
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utilized. Moreover, the transmission for the tissue may cause
unwanted collapse of and adverse effects on the contrast
medium.

[0009] When an image is generated using only a harmonic
component with a low MI value, even if contrast-enhance-
ment is performed, the brightness of the image is low and it
may be difficult to confirm the enhanced region. If the gain
is increased only to increase the brightness, noise appears in
the image. Even if the dynamic range is narrowed to
brighten a maximum brightness part, only a part having
relatively high brightness is emphasized and the contrast-
enhancement cannot be correctly evaluated.

BRIEF SUMMARY OF THE INVENTION

[0010] Tt is an object of this invention to realize both
imaging of a contrast effect and imaging of a tissue appear-
ance before and after inflow of a contrast medium on
condition that low-power transmission and a high frame rate
are maintained in an ultrasonic diagnostic apparatus.

[0011] TItis accordingly an aspect of the present invention
to provide an ultrasonic diagnostic apparatus, including a
transmitter configured to transmit a first ultrasonic wave and
a second ultrasonic wave for each scan line, the first and
second ultrasonic waves having a common predetermined
fundamental frequency in their frequency bands and at least
one different condition other than frequency; a receiver
configured to receive first and second echo signals reflected
from the object body in response to the first and second
ultrasonic waves, respectively, and to generate first and
second reception signals based on the first and second echo
signals; a harmonic component extracting unit configured to
extract a harmonic component of the fundamental frequency
from the first and second reception signals; a fundamental
component extracting unit configured to extract a funda-
mental component from at least one of the first and second
reception signals; an image processor configured to produce
the ultrasonic image based on the harmonic component and
the fundamental component; and a display configured to
display the ultrasonic image.

[0012] According to another aspect of the invention, there
is provided an ultrasonic diagnostic apparatus including a
transmitter configured to transmitting an ultrasonic wave; a
receiver configured to receive an echo signal reflected from
the object body in response to the ultrasonic wave and to
generate a reception signal based on the echo signal; a filter
having pass bands such that a fundamental component and
a harmonic component in the reception signal are extracted,
respectively, wherein a relative intensity of the harmonic
signal is larger than the intensity of the fundamental com-
ponent; an image processor configured to produce the ultra-
sonic image based on the harmonic component and the
fundamental component; and a display configured to display
the ultrasonic image.

[0013] According to yet another aspect of the invention,
there is provided an ultrasonic diagnostic method including
the steps of transmitting a first ultrasonic wave and a second
ultrasonic wave for each scan line, the first and second
ultrasonic waves having a common predetermined funda-
mental frequency in their frequency bands and different
conditions other than frequency; receiving the first and
second echo signals reflected from the object body in
response to the first and second ultrasonic waves, respec-
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tively, and generating first and second reception signals
based on the first and second echo signals; extracting a
harmonic component of the fundamental frequency from the
first and second reception signals; extracting a fundamental
component from at least one of the first and second reception
signals; producing the ultrasonic image based on the har-
monic component and the fundamental component; and
displaying the ultrasonic image.

[0014] According to yet another aspect of the invention,
there is provided an ultrasonic diagnostic method including
the steps of transmitting an ultrasonic wave; receiving an
echo signal reflected from the object body in response to the
ultrasonic wave and generating a reception signal based on
the echo signal; filtering the reception signal such that a
fundamental component and a harmonic component in the
reception signal are extracted, wherein a relative intensity of
the harmonic signal is larger than the intensity of the
fundamental component; producing the ultrasonic image
based on the harmonic component and the fundamental
component; and displaying the ultrasonic image.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The accompanying drawings, which are incorpo-
rated in and constitute a part of the specification, illustrate
presently preferred embodiments of the invention, and
together with the general description given above and the
detailed description of the preferred embodiments given
below, serve to explain the principles of the invention.

[0016] FIG. 1 is a block diagram of an ultrasonic diag-
nostic apparatus of an embodiment of the invention,

[0017] FIG. 2 shows a block diagram of a harmonic unit
for a Phase Inversion/Filter method of the invention,

[0018] FIGS. 3A-3B are illustrations of an example of a
set of transmission ultrasound waves for a Pulse Inversion
method,

[0019] FIGS. 4A-4B show spectrums of received signals
in the Phase Inversion method,

[0020] FIGS. 5A-5B are illustrations of extracted har-
monic and fundamental components in the Phase Inversion/
Filter method,

[0021] FIG. 6 is a block diagram of a harmonic unit for the
Phase Inversion method of the invention,

[0022] FIG. 7 is an illustration of processing in the Phase
Inversion method,

[0023] FIG. 8 is a block diagram of a harmonic unit for a
Pulse Modulation method using a filter,

[0024] FIGS. 9A-9B are illustrations of an example of a
set of transmission ultrasound waves for the Pulse Modu-
lation method,

[0025] FIGS. 10A-10B show spectrums of received sig-
nals in the Pulse Modulation method,

[0026] FIGS. 11A-11B are illustrations of extracted har-
monic and fundamental components in the Pulse Modula-
tion method,

[0027] FIG. 12 is a block diagram of a harmonic unit for
a Balance Change method of the invention,
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[0028] FIGS. 13A-13B are illustrations of a process in the
Balance Change method,

[0029] FIG. 14 is a block diagram of a display unit of an
embodiment of the invention,

[0030] FIG. 15 illustrates a process of a First Display
mode of the invention,

[0031] FIG. 16 illustrates a process of a Second Display
made of the invention,

[0032] FIGS. 17A-17B illustrate an effect of a synthetic
image in the First and Second Display modes,

[0033] FIG. 18 illustrates a process of a Third Display
mode of the invention,

[0034] FIG. 19 illustrates a process of a Fourth Display
mode of the invention,

[0035] FIG. 20 illustrates a process of a Fifth Display
mode of the invention,

[0036] FIG. 21 illustrates a process of a Sixth Display
mode of the invention,

[0037] FIG. 22 illustrates a process of a Seventh Display
mode of the invention, and

[0038] FIG. 23 illustrates a process of an Eighth Display
mode of the invention,

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0039] Referring now to the drawings, wherein like ref-
erence numerals designate the same or corresponding parts
throughout the several views, various embodiments of this
invention will now be described.

[0040] FIG. 1 shows a structure of an ultrasonic diagnos-
tic apparatus according to one embodiment. Reference
numeral 11 denotes an ultrasonic probe including plural
transducer elements (electroacoustic transducer elements)
arranged one-dimensionally or two-dimensionally and typi-
cally utilizing a piezoelectric effect. The ultrasonic probe 11
is connected to an apparatus body 12 having a host CPU 14
as its main part, via a connector, not shown. One or
neighboring several transducer elements constitute one
channel. It is now assumed that one transducer element
constitute one channel. To the transducer elements of this
ultrasonic probe 11, transmission pulse voltage is applied
from a pulser/preamplifier unit 15 under a transmission
condition that MI is 0.6 or less. The transducer elements
convert the electrical oscillation to mechanical vibration.
This causes generation of ultrasonic waves having a fre-
quency band centering a fundamental frequency w1 from the
transducer elements. The pulser/preamplifier unit 15 pro-
vides a time difference between channels with respect to the
application timing of the transmission pulse voltage. This
time difference (delay time) is provided for focusing the
ultrasonic waves generated from the plural transducer ele-
ments and for deflecting the focused ultrasonic waves. By
changing this delay time, it is possible to arbitrarily change
the focal length and the deflection angle (direction of
transmission).

[0041] Ultrasonic waves are transmitted to a subject from
the probe 11 connected to the apparatus body 12. The
ultrasonic waves are reflected back to the probe 11 as an
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echo and are converted to electric signals by the transducer
elements. This echo includes a fundamental component of a
band centered at the fundamental wave, and a harmonic
component of a band centered at a frequency that is an
integral multiple of the fundamental frequency, in this case,
twice the fundamental frequency. In the case a contrast
medium (microbubbles) has been injected in the subject,
nonlinear oscillation of the contrast medium generates a
harmonic component. The echo of the contrast medium
having the fundamental component centered at the funda-
mental frequency wl and the harmonic component centered
at a frequency that is an integral multiple (twice or more) of
the fundamental frequency is received by the same probe 11.

[0042] This electric signal is sent as a received signal to a
harmonic unit 17 via the pulser-preamplifier unit 15, a
reception delay circuit 16 and a phase detector unit 19.
Through this phase detection (quadrature detection), a car-
rier component becomes a DC component having a phase.
This phase detection processing may be performed in the
harmonic unit 17. The reception delay circuit 16 is config-
ured to perform beam forming (phasing addition processing)
in reception and controlling the direction and convergence
of an ultrasonic beam. The reception delay circuit 16 may
include plural circuit sets in order to form plural beams and
simultaneously receive the ultrasonic beams in parallel. The
received signal is sampled with a sampling frequency suit-
able for signal processing and then converted to a digital
signal, thus forming a beam.

[0043] The harmonic unit 17 generates harmonic image
data from the harmonic component substantially centered at
a frequency that is an integral multiple (in this case, twice)
of the fundamental frequency included in the received
signal, and also generates fundamental image data from the
fundamental component substantially centered at the funda-
mental frequency included in the same received signal.
These two types of image data generated by the harmonic
unit 17, that is, the harmonic image data and the fundamental
image data, are converted to display data of one frame by a
display unit 18 and simultaneously displayed on a monitor
13.

[0044] A characteristic feature of this embodiment is that
the harmonic component substantially centered at the fre-
quency that is an integral multiple of the fundamental
frequency and the fundamental component substantially
centered at the fundamental frequency are extracted from the
same received signal to generate harmonic image data and
the fundamental image data, respectively, and simulta-
neously display these data.

[0045] With the harmonic image after inflow of the con-
trast medium, its enhancement can be visually confirmed
properly. Moreover, the low-power transmission adjusted to
such a level as to continuously maintain the contrast effect
has a problem that the harmonic component from the tissue
has very low intensity before inflow of the contrast medium
and that the tissue appearance can hardly be visually con-
firmed, whereas in this embodiment, since the fundamental
image is generated using the fundamental component having
signal intensity that is approximately several ten times or
several hundred times that of the harmonic component and
the fundamental image is displayed together with the har-
monic image, the tissue appearance can be confirmed using
the fundamental image even before inflow of the contrast
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medium. In addition, since these two types of image data are
generated from the same received signal, the frame rate is
not lowered. Furthermore, since increase in brightness due
to the contrast effect occurs both in the harmonic image and
the fundamental image, the visibility of the enhanced part is
improved in comparison with the case of imaging with only
the harmonic image.

[0046] In this embodiment, plural types of techniques to
generate harmonic image data and to generate fundamental
image data by the harmonic unit 17 are provided together
with corresponding transmission/reception techniques. One
of these techniques may be employed. Alternatively, all
these techniques or an arbitrary combination of these may be
provided in the apparatus to enable selective use. The
respective techniques will now be described in order.

[0047] (Phase Inversion/Filter Method)

[0048] In this phase inversion/filter method, a harmonic
component is extracted by a phase inversion method, theo-
retically without including a residual fundamental compo-
nent, while a fundamental component is extracted by a filter.
In the phase inversion method, transmission of ultrasonic
waves and reception of echo are carried out twice on each
ultrasonic scanning line. In one transmission, ultrasonic
waves are transmitted with a positive waveform as shown in
FIG. 3A. In the other transmission, ultrasonic waves are
transmitted with a negative waveform as shown in FIG. 3B.
In other words, there is a 180 degree phase difference
between the first and the second ultrasonic waves.

[0049] FIG. 4A shows the spectrum of a received signal
received from the positive transmission. FIG. 4B shows the
spectrum of a received signal received from the negative
transmission. As is already known, a nonlinear phenomenon
can be approximated as a square of the fundamental wave.
When the fundamental wave is expressed by a(t)sin wt, the
nonlinearity is approximated as (a(t)sin wt)”. Therefore, the
harmonic component is generated with the positive polarity
both in positive and negative transmissions, whereas the
fundamental component is generated with the positive/
negative polarity inverted depending on the transmission
polarity.

[0050] By adding the received signal due to the two
positive and negative transmissions at an adder 25 as shown
in FIG. 2, it becomes possible to eliminate the fundamental
component as shown in FIG. SA and extract the harmonic
component with its intensity substantially doubled. A filter
using, as its passband, a band centered or substantially
centered at a high frequency that is an integral multiple of
the fundamental frequency or an arbitrary band may be
arranged on the subsequent stage of the adder 25, thus
controlling the band for imaging. Meanwhile, in FIG. 2, the
fundamental component is extracted from the received sig-
nal of the negative transmission pulse, using the filter
method. However, the fundamental component may be
extracted from the positive-side signal.

[0051] (Phase Inversion Method)

[0052] In the above-described phase inversion/filter
method, the fundamental component is extracted by a filter.
However, the fundamental component may also be extracted
by the phase inversion method.

[0053] Previously, utilizing the characteristic that the har-
monic component is constantly generated with positive
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polarity, the fundamental component is eliminated by adding
the received signals of the two positive and negative trans-
missions at the adder 25, thus extracting the harmonic
component. However, since the fundamental component is
generated depending on the transmission polarity, the har-
monic component may be eliminated by subtracting the
received signals of the two positive and negative transmis-
sions at a subtractor 26, thus extracting the fundamental, as
shown in FIGS. 6 and 7.

[0054] A filter using, as its passband, a band centered or
substantially centered at the fundamental frequency or an
arbitrary band may be arranged on the subsequent stage of
the subtractor 26, thus controlling the band for imaging.

[0055] (Pulse Modulation Method)

[0056] As is already known, a harmonic component has
lower intensity than a fundamental component. Under a
transmission condition that MI is 0.1 or less, a slight
fundamental component is generated but little harmonic
component is generated. A technique to extract a harmonic
component using this characteristic is a pulse modulation
method.

[0057] In the pulse modulation method, transmission and
reception are carried out twice on each ultrasonic scanning
line. In one transmission, ultrasonic waves are transmitted
with a relatively high amptitude (high sound pressure) as
shown in FIG. 9A under a transmission condition that MI is,
for example, 0.6 or less. In the other transmission, ultrasonic
waves are transmitted with a relatively low amplitude (low
sound pressure) as shown in FIG. 9B under a transmission
condition that M1 is, for example, 0.1 or less.

[0058] FIG. 10A shows the spectrum of a received signal
of a transmitted pulse with the relatively high amplitude.
FIG. 10B shows the spectrum of a received signal of a
transmitted pulse with the relatively low amplitude. In the
transmission with the relatively high amplitude, the received
signal includes a fundamental component and a harmonic
component. In the transmission with the relatively low
amplitude, the received signal includes a fundamental com-
ponent with low intensity and a harmonic component with
extremely low intensity that is equivalent to zero.

[0059] By scaling the received signal of the transmitted
pulse with the relatively low amplitude using a transmitted
sound pressure ratio of the sound pressure with the high
amplitude to the sound pressure with the low amplitude (that
is, multiplying the transmitted sound pressure ratio to equal-
ize the reference amplitude) as shown in FIG. 8, and
subtracting the result from the received signal of the trans-
mission with the relatively high amplitude at a post-ampli-
tude-scaling subtractor circuit 27, it is possible theoretically
to eliminate the fundamental component and extract the
harmonic component, as shown in FIG. 11A.

[0060] Meanwhile, the fundamental component is
extracted from the received signal of the transmitted pulse
with the relatively high amplitude by the filter. Alternatively,
the received signal of the transmitted pulse with the rela-
tively low amplitude after the scaling may be passed through
the filter 21.

[0061] (Balance Change Method)

[0062] FIG. 12 shows an exemplary structure of the
harmonic unit 17 corresponding to a balance change method
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in the above-described techniques, the harmonic component
and the fundamental component are separately extracted
from the received signal, and also in the image generation
processing their respective image data are generated using
separate parameters.

[0063] On the other hand, in the balance change method,
by passing the received signal through a filter 28 for attenu-
ating a band of a fundamental component shown in FIG.
13A and relatively amplifying a band of a harmonic com-
ponent, it is possible to adjust the relative relation of
intensity between the harmonic component and the funda-
mental component as shown in FIG. 13B and thus extract a
noticeable contrast echo. The filter 28 uses a complex digital
filter having an asymmetric frequency passing characteristic.
The passing rate of the fundamental component and the
harmonic component can he arbitrarily changed using a
keyboard 40, a volume control or the like on an operating
panel. When an operator changes a parameter related to the
rate of the fundamental component and the harmonic com-
ponent using the keyboard 40 or the like on the operating
panel, a filter coefficient corresponding to the parameter is
set for the filter 28 under the control of a filter controller 41,
thus changing the passing rate of the fundamental compo-
nent and the harmonic component.

[0064] In this balance change method, it suffices to trans-
mit and receive ultrasonic waves only once on each ultra-
sonic scanning line and a high frame rate can be secured.

[0065] The balance change method can also be applied to
the phase inversion method. Specifically, after the intensity
of the fundamental component is made lower than that of the
harmonic component through a filter for attenuating the
band of the fundamental component of one echo signal and
relatively amplifying the band of the harmonic component,
addition is performed.

[0066] As described above, in the techniques other than
the balance change method, the fundamental image data and
the harmonic image data are separately generated. There-
fore, various variations can be provided for image display.
As typical display modes, eight types of display modes, that
is, first to eighth display modes will be described hereinafter.
An operator can arbitrarily select one of these eight types of
first to eighth display modes.

[0067] FIG. 14 shows a structure of the display unit 18.
Fundamental image data are converted to fundamental
image data expressed by gray scale (hereinafter referred to
as FG) by a frame memory 30 and a gray scale lookup table
(LUT) 31 and then sent to an image processing unit 32.
Harmonic image data are converted to harmonic image data
expressed by gray scale (hereinafter referred to as HG) by a
frame memory 33 and a gray scale lookup table 34 and then
sent to the image processing unit 32. The harmonic image
data are also converted to harmonic image data of color
expression (hereinafter referred to as HC) by a color lookup
table 35 and then similarly sent to the image processing unit
32. The color lookup table 35 assigns colors in accordance
with the power value of the harmonic image data so that, for
example, red is assigned for a small power value and color
gradually changes to yellow as the power value increases.

[0068] The image processing unit 32 generates display
data corresponding to a display mode designated by the
operator, from these three types of image data FG, HC and
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HC. Scan conversion of the display data is performed by a
frame memory 36 on the output stage. The resulting display
data is passed through a digital analog converter (DAC) 37
and outputted to the monitor 13. Anumber of display modes
will now be described in order.

[0069] (First Display Mode)

[0070] In the first display mode, as shown in FIG. 15, the
image processing unit 32 adds the gray-scale fundamental
image data FG and the gray-scale harmonic image data HC
pixel-by-pixel, thus generating one frame of synthetic image
data C1. This synthetic image data C1 is converted by itself
to one frame of display data.

[0071] Before inflow of a contrast medium, the tissue
appearance can be visually confirmed on the fundamental
image. After inflow of the contrast medium, the state of the
inflow can be visually confirmed satisfactorily on the har-
monic image.

[0072] By adding the gray-scale fundamental image data
FG and harmonic image data HG, it is possible to reinforce
the increase in brightness due to the contrast effect more
effectively than in the case of displaying the gray-scale
harmonic image data HG alone, as shown in FIG. 17A.
Since the amount of increase due to the contrast effect of the
fundamental component is added to the amount of increase
due to the contrast effect of the harmonic component in the
displayed image, as shown in FIG. 17B, the increase in
brightness is reinforced and the visibility of the contrast
range is improved.

[0073] (Second Display Mode)

[0074] 1In the second display mode, as shown in FIG. 16,
the image processing unit 32 partly synthesizes the gray-
scale fundamental image data FG and the color harmonic
image data HC, thus generating one frame of synthetic
image data C2. Specifically, when the pixel brightness of the
color harmonic image data HC exceeds O or its approximate
value, the pixel brightness of the harmonic image data is
selected as the pixel value of the pixel. When the pixel
brightness of the harmonic image data does not exceed 0 or
its approximate value, the pixel brightness of the fundamen-
tal image data is selected as the pixel value of the pixel. In
other words, in a region where the harmonic component is
generated, the harmonic image is displayed, whereas in a
region where the harmonic component is not generated, the
fundamental image is displayed.

[0075] By thus partly synthesizing the gray-scale funda-
mental image data FG and the color harmonic image data
HC, it is possible to visually confirm the state of spatial
spread of distribution of the harmonic component (contrast
medium) satisfactorily on the color image. Moreover, even
before or after inflow of the contrast medium, the tissue
appearance can be visually confirmed on the basis of the
fundamental component in the region where the harmonic
component is not generated. Since the harmonic component
and the fundamental component have different colors, these
components can be easily identified.

[0076] (Third Display Mode)

[0077] In the third display mode, as shown in FIG. 18, the
image processing unit 32 arranges the gray-scale fundamen-
tal image data FG and the gray-scale harmonic image data
HG side by side within the same screen.
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[0078] By thus simultaneously displaying the gray-scale
fundamental image data FG and harmonic image data HG
side by side, it is possible to observe both the distribution of
the contrast medium (harmonic component) and the tissue
appearance (fundamental component). Therefore, before
inflow of the contrast medium, the tissue appearance can be
confirmed mainly based on the fundamental image. After
inflow of the contrast medium, the contrast effect can be
confirmed using both the fundamental image and the har-
monic image.

[0079] (Fourth Display Mode)

[0080] In the fourth display mode, as shown in FIG. 19,
the image processing unit 32 arranges the gray-scale fun-
damental image data FG and the color harmonic image data
HC side by side within the same screen.

[0081] By thus simultaneously displaying the gray-scale
fundamental image data FG and the color harmonic image
data HC side by side, it is possible to observe both the
distribution of the contrast medium (harmonic component)
and the tissue appearance (fundamental component). There-
fore, before inflow of the contrast medium, the tissue
appearance can be confirmed mainly on the fundamental
image. After inflow of the contrast medium, the contrast
effect can be confirmed using both the fundamental image
and the harmonic image.

[0082] (Fifth Display Mode)

[0083] In the fifth display mode, as shown in FIG. 20, the
image processing unit 32 adds pixels of the gray-scale
fundamental image data FG and the gray-scale harmonic
image data HG, thus generating synthetic image data CI.
The synthetic image data C1 and the grayscale fundamental
image data FG are arranged side by side within the same
screen.

[0084] By thus simultancously displaying the synthetic
image data C1 and the gray-scale fundamental image data
FG side by side, it is possible to improve the visibility of the
tissue appearance in addition to the effect of the first display
mode.

[0085] (Sixth Display Mode)

[0086] In the sixth display mode, as shown in FIG. 21, the
image processing unit 32 partly synthesizes the gray-scale
fundamental image data FG and the color harmonic image
data HC, thus generating synthetic image data C2. The
synthetic image data C2 and the gray-scale fundamental
image data FG are arranged side by side within the same
screen.

[0087] By thus simultancously displaying the synthetic
image data C2 and the gray-scale fundamental image data
FG side by side, it is possible to improve the visibility of the
tissue appearance in addition to the effect of the second
display mode.

[0088] (Seventh Display Mode)

[0089] In the seventh display mode, as shown in FIG. 22,
the image processing unit 32 adds pixels of the gray-scale
fundamental image data FG and the gray-scale harmonic
image data HG, thus generating synthetic image data CI.
The synthetic image data C1 and the color harmonic image
data HC are arranged side by side within the same screen.
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[0090] By thus simultaneously displaying the synthetic
image data C1 and the color harmonic image data HC side
by side, it is possible to improve the visibility of spatial
distribution of the harmonic component, that is, spread of
distribution of the contrast medium, in addition to the effect
of the first display mode.

[0091] (Eighth Display Mode)

[0092] In the eighth display mode, as shown in FIG. 23,
the image processing unit 32 partly synthesizes the gray-
scale fundamental image data FG and the color harmonic
image data HC, thus generating synthetic image data C2.
The synthetic image data C2 and the color harmonic image
data HC are arranged side by side within the same screen.

[0093] By thus simultaneously displaying the synthetic
image data C2 and the color harmonic image data HC side
by side, it is possible to improve the visibility of spatial
distribution of the harmonic component, that is, spread of
distribution of the contrast medium, in addition to the effect
of the second display mode.

[0094] This invention is not limited to the above-described
embodiment and various modifications can be effected at
embodiment stages without departing from the scope of the
invention. Moreover, the embodiment includes various
stages, and various inventions can be extracted by suitable
combinations of the plural constituent elements disclosed
herein. For example, of all the constituent elements dis-
closed in the embodiment, some constituent elements may
be deleted.

What is claimed is:
1. An ultrasonic diagnostic apparatus for obtaining an
ultrasonic image of an object body, comprising:

a transmitter configured to transmit a first ultrasonic wave
and a second ultrasonic wave for each scan line, the
first and second ultrasonic waves having a common
predetermined fundamental frequency in their fre-
quency bands and at least one different condition other
than frequency;

&

receiver configured to receive first and second echo
signals reflected from the object body in response to the
first and second ultrasonic waves, respectively, and to
generate first and second reception signals based on the
first and second echo signals;

&

harmonic component extracting unit configured to
extract a harmonic component of the fundamental
frequency from the first and second reception signals;

a fundamental component extracting unit configured to
extract a fundamental component from at least one of
the first and second reception signals;

an image processor configured to produce the ultrasonic
image based on the harmonic component and the
fundamental component; and

a display configured to display the ultrasonic image.

2. The ultrasonic diagnostic apparatus according to claim
1, wherein the first and the second ultrasonic waves are 180
degrees different in phase.

3. The ultrasonic diagnostic apparatus according to claim
2, wherein the harmonic component extracting unit com-
prises an adder configured to extract the harmonic compo-
nent by adding the first and second reception signals.
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4. The ultrasonic diagnostic apparatus according to claim
2, wherein the fundamental component extracting unit com-
prises a subtractor configured to extract the fundamental
component by subtracting the second reception signal from
the first reception signal.

5. The ultrasonic diagnostic apparatus according to claim
2, wherein the fundamental component extracting unit com-
prises a filter having a pass brand corresponding to a
frequency band of the fundamental component and config-
ured to extract the fundamental component from one of the
first and second reception signals.

6. The ultrasonic diagnostic apparatus according to claim
1, wherein the transmitter is configured to transmit the first
ultrasonic wave with a larger amplitude than that of the
second ultrasonic wave.

7. The ultrasonic diagnostic apparatus according to claim
6, wherein the harmonic component extracting unit com-
prises:

a scaling unit configured to adjust the fundamental com-
ponents of the first and second reception signals to be
substantially the same in amplitude; and

a subtractor configured to extract the harmonic compo-
nent by subtracting the second reception signal from
the first reception signal after the adjustment.

8. The ultrasonic diagnostic apparatus according to claim

7, wherein the harmonic component extracting unit further
comprises:

a filter having a pass band corresponding to a frequency
band of the fundamental wave and configured to extract
the fundamental component from the adjusted second
reception signal.

9. The ultrasonic diagnostic apparatus according to claim

1, wherein, when an ultrasonic contrast medium containing
microbubbles is injected in the object body, the transmitter
is configured to transmit the first and second ultrasonic
waves with an MI value such that the microbubbles are not
substantially collapsed.

10. The ultrasonic diagnostic apparatus according to
claim 9, wherein the MI value is less than 0.6.

11. The ultrasonic diagnostic apparatus according to claim
1, wherein the image processor is configured to produce a
synthetic image by adding the harmonic component and the
fundamental component.

12. The ultrasonic diagnostic apparatus according to
claim 11, wherein the image processor is configured to
produce the synthetic image to be displayed on the display
in gray scale.

13. The ultrasonic diagnostic apparatus according to
claim 11, wherein the image processor is configured to
produce the synthetic image such that pixels corresponding
to the harmonic component are displayed in color and pixels
corresponding to the fundamental component are displayed
in gray scale.

14. The ultrasonic diagnostic apparatus according to
claim 1, wherein the image processor is configured to
produce the ultrasonic image with a harmonic image portion
and a fundamental image portion to be displayed on the
display.

15. The ultrasonic diagnostic apparatus according to
claim 14, wherein the harmonic image portion is displayed
in one of gray scale and color and the fundamental image
portion is displayed in gray scale.
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16. The ultrasonic diagnostic apparatus according to
claim 1, wherein the image processor is configured to
produce the ultrasonic image including a synthetic image
portion, produced by adding the harmonic component and
the fundamental component, and a fundamental image por-
tion to be displayed on the display.

17. An ultrasonic diagnostic apparatus for obtaining an
ultrasonic image of an object body, comprising:

a transmitter configured to transmitting an ultrasonic
wave;

a receiver configured to receive an echo signal reflected
from the object body in response to the ultrasonic wave
and to generate a reception signal based on the echo
signal;

a filter having pass bands such that a fundamental com-
ponent and a harmonic component in the reception
signal are extracted, respectively, wherein a relative
intensity of the harmonic signal is larger than the
intensity of the fundamental component;

an image processor configured to produce the ultrasonic
image based on the harmonic component and the
fundamental component; and

a display configured to display the ultrasonic image.

18. The ultrasonic diagnostic apparatus according to
claim 17, wherein a ratio of the intensities of the fundamen-
tal component and the harmonic component is adjustable.

19. The ultrasonic diagnostic apparatus according to
claim 17, wherein the filter comprises a digital complex filter
having an asymmetric frequency characteristic.

20. The ultrasonic diagnostic apparatus according to
claim 18, further comprising:

an input unit configured to input a parameter for control-
ling said ratio; and

an adjusting unit configured to adjust the ratio according
to the parameter.

21. An ultrasonic diagnostic method for obtaining an

ultrasonic image of an object body, comprising the steps of:

transmitting a first ultrasonic wave and a second ultra-
sonic wave for each scan line, the first and second
ultrasonic waves having a common predetermined fun-
damental frequency in their frequency bands and at
least one different condition other than frequency;

receiving the first and second echo signals reflected from
the object body in response to the first and second
ultrasonic waves, respectively, and to generate first and
second reception signals based on the first and second
echo signals;

extracting a harmonic component of the fundamental
frequency from the first and second reception signals;

extracting a fundamental component from at least one of
the first and second reception signals;

producing the ultrasonic image based on the harmonic
component and the fundamental component; and

displaying the ultrasonic image.

22. The ultrasonic diagnostic method according to claim
21, wherein the first and the second ultrasonic waves are 180
degree different in phase.
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23. The ultrasonic diagnostic apparatus according to
claim 21, wherein the step of extracting the fundamental
component comprises a step of adding the first and second
reception signals.

24. The ultrasonic diagnostic apparatus according to
claim 21, wherein the step of extracting the fundamental
component comprises a step of subtracting the second
reception signal from the first reception signal.

25. The ultrasonic diagnostic method according to claim
21, wherein the step of extracting the fundamental wave
comprises a step of filtering one of the first and second
reception signals such that a frequency band of the funda-
mental wave passes.

26. The ultrasonic diagnostic method according to claim
21, wherein the first ultrasonic wave has a larger amplitude
than that of the second ultrasonic wave.

27. The ultrasonic diagnostic apparatus according to
claim 26, wherein the step of extracting the harmonic
component comprises the steps of:

scaling the fundamental components in the first and
second reception signals to be substantially the same in
amplitude; and

subtracting the second reception signal from the first

reception signal.

28. The ultrasonic diagnostic method according to claim
27, wherein the step of extracting the harmonic component
further comprises a step of filtering the second reception
signal such that a frequency band of the fundamental wave
passes.

29. The ultrasonic diagnostic method according to claim
21, wherein, when an ultrasonic contrast medium containing
microbubbles is injected in the object body, and the trans-
mitting step comprises transmitting the first and second
ultrasonic waves with an MI value such that the
microbubbles are not substantially collapsed.

30. An ultrasonic diagnostic method for obtaining an
ultrasonic image of an object body, comprising:

transmitting an ultrasonic wave;

receiving an echo signal reflected from the object body in
response to the ultrasonic wave and generating a recep-
tion signal based on the echo signal,

filtering the reception signal such that a fundamental
component and a harmonic component in the reception
signal are extracted, wherein a relative intensity of the
harmonic signal is larger than the intensity of the
fundamental component;

producing the ultrasonic image based on the harmonic
aomponent and the fundamental component; and

displaying the ultrasonic image.

31. The ultrasonic diagnostic method according to claim
30, wherein a ratio of the intensities of the fundamental
component and the harmonic component is adjustable.

32. An ultrasonic diagnostic apparatus for obtaining an
ultrasonic image of an object body, comprising:

a transmitter configured to transmit a first ultrasonic wave
and a second ultrasonic wave for each scan line, the
first and second ultrasonic waves having a common
predetermined fundamental frequency in their fre-
quency bands and being 180 degree different in phase;
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I3

receiver configured to receive first and second echo
signals reflected from the object body in response to the
first and second ultrasonic waves, respectively, and to
generate first and second reception signals based on the
first and second echo signals;

I3

harmonic component extracting unit configured to
extract a harmonic component of the fundamental
frequency from the first and second reception signals
by adding the first and second reception signals;

a fundamental component extracting unit configured to
extract a fundamental component from at least one of
the first and second reception signals;

an image processor configured to produce the ultrasonic
image based on the harmonic component and the
fundamental component; and

a display configured to display the ultrasonic image.

33. The ultrasonic diagnostic apparatus according to
claim 32, wherein the fundamental component extracting
unit comprises a subtractor configured to extract the funda-
mental component by subtracting the second reception sig-
nal from the first reception signal.

34. The ultrasonic diagnostic apparatus according to
claim 32, wherein the fundamental component extracting
unit comprises a filter having a pass band corresponding to
a frequency band of the fundamental component and con-
figured to extract the fundamental component from one of
the first and second reception signals.

35. An ultrasonic diagnostic apparatus for obtaining an
ultrasonic image of an object body, comprising:

a transmitter configured to transmit a first ultrasonic wave
and a second ultrasonic wave for each scan line, the

Sep. 18, 2003

first and second ultrasonic waves having a common
predetermined fundamental frequency in their fre-
quency bands, and the first ultrasonic wave having a
larger amplitude than that of the second ultrasonic
wave,

&

receiver configured to receive first and second echo
signals reflected from the object body in response to the
first and second ultrasonic waves, respectively, and to
generate first and second reception signals based on the
first and second echo signals;

I3

harmonic component extracting unit configured to
extract a harmonic component of the fundamental
frequency from the first and second reception signals
by adding the first and second reception signals, com-
prising:

a scaling unit configured to adjust the fundamental com-
ponents of the first and second reception signals to be
substantially the same in amplitude, and a subtractor
configured to extract the harmonic component by sub-
tracting the second reception signal from the first
reception signal after the adjustment;

a fundamental component extracting unit configured to
extract a fundamental component from at least one of
the first and second reception signals;

an image processor configured to produce the ultrasonic
image based on the harmonic component and the
fundamental component, and

a display configured to display the ultrasonic image.
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