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(54) Ultrasonic enhanced-contrast imager

(57) An ultrasonic enhanced-contrast imager trans-
mits a number of ultrasonic beams, each of the beams
carrying a continuous ultrasonic signal constructed by
connecting waveforms of different frequencies and in-
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tion of the beams from the object to be examined, the
response signals are phase-processed and added to-
gether.
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Description
Technical Field

[0001] The present invention relates to an ultrasonic
enhanced-contrast for imaging information required in
the diagnosis of blood flow distribution information, etc.
by using an ultrasonic contrast medium, and its method,
and particularly relates to a technique for attenuating a
higher harmonic wave componentincluded in aresponse
signal from organic tissue and so making it possible to
clearly image the distribution of the contrast medium.

Background Art

[0002] The ultrasonic enhanced-contrast imaging
method and device using an ultrasonic contrast medium
are often used for measuring the blood flow within tissue.
For example, this imaging method and device are de-
scribed in "Ultrasound Contrast Imaging: Current and
New Potential Methods: Peter J. A. Frinking et al." in
"Ultrasound in Medicine & Biology", Vol. 26, No. 6, p.
965, 2000.

[0003] The ultrasonic contrast medium is generally
formed by mixing many air bubbles into a medium liquid
such as a physiological salt solution, etc. For example,
the ultrasonic contrast medium is formed by covering an
inert gas (C5Fg, C4F40) with a protein film or a fat film and
is generally formed in a spherical shape. The particle
diameter distribution of the ultrasonic contrast medium
is generally set to a Gaussian normal distribution, and
the average particle diameter is several pm. However,
in air bubbles of 0.5 wm or less, the air bubbles gather,
and become a substantially larger diameter particle so
that the normal distribution is slightly distorted.

[0004] Such a contrast medium is generally injected
from a vein into the organism. When an ultrasonic beam
is irradiated to the contrast medium injected into the or-
ganism and its sound pressure is low, the contrast me-
dium is deformed and acoustic information created by its
deformation is reflected and emitted from the contrast
medium as a response signal of the ultrasonic wave. In
contrast to this, when the sound pressure is high, the
contrast medium is destroyed and a strong response sig-
nal is emitted from the contrast medium due to this de-
struction. In each case, the ultrasonic contrast medium
shows a nonlinear response to the ultrasonic wave.
When the ultrasonic wave whose fundamental frequency
component is fj is irradiated, the signal of a higher har-
monic wave component 2f; is included in the response
signal in addition to the signal corresponding to the fun-
damental frequency component f,.

[0005] Such behavior of the contrast medium as de-
formation and destruction is generally divided into a initial
time phase and a latter time phase depending on the time
passed since the injection of the contrast medium from
the vein. The initial time phase is the time phase in which
the ultrasonic contrast medium injected from the vein
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flows by blood circulation into the tissue such as the liver,
etc. Which is the diagnostic object. The latter time phase
is atime phase in which itis anticipated that the ultrasonic
contrast medium that has flowed and distributed into the
tissue is has now sufficiently flowed in reverse out of the
tissue by the blood circulation after 2 to 8 minutes have
passed after the injection of the contrast medium from
the vein. In the initial time phase, an ultrasonic sound
pressure (e.g., MI: mechanical index=0.2) for generating
a sufficient higher harmonic wave without destroying the
contrast medium is generally used. When the higher har-
monic wave component 2f, included in the response sig-
nal from the contrast medium is detected, it is possible
to grasp the distribution and flow of the contrast medium
in the tissue and blood vessels. In the latter time phase,
the contrast medium is almost all flowed out of the tissue,
but one portion of the contrast medium is trapped within
the tissue. A diseased portion and a healthy normal por-
tion of the tissue differ as to whether the contrast medium
is trapped in the tissue or not. When the ultrasonic wave
of a high ultrasonic sound pressure (e.g. , it is said that
Ml is about 0.8 or more) destroying the contrast medium
is irradiated in this latter time phase, a strong reflection
signal is generated in the destruction of the contrast me-
dium. Accordingly, it is possible to discriminate the area
where the contrast medium is trapped, i.e., the diseased
portion and the area where the contrast medium was not
trapped, i.e., the healthy normal portion, by detecting the
higher harmonic wave component 2f; included in the re-
sponse signal from the contrast medium.

[0006] The ultrasonic enhanced-contrast is a device
for detecting the higher harmonic wave component 2f;
included in the response signal from the contrast medi-
um, and then imaging the blood flow distribution and the
diseased portion within the tissue based on position of
the contrast medium. Therefore, the 2f; component is
conventionally extracted and the existence of the con-
trast medium is detected by using a relatively narrow
band passfilter (e.g., 1.8f; to 2.2f,) having 2f, as a central
frequency. Namely, since the existence of the 2f; com-
ponent corresponds to the existence of the contrast me-
dium and the largeness and smallness of the 2f; com-
ponent indicates the spatial density distribution or the
destruction of the contrast medium. Accordingly, itis pos-
sible to detect into which part of the tissue the contrast
medium has flowed, and inwhichpart the contrast medi-
um is trapped. In this case, since the frequency band is
narrow, there arises the problem that depth resolution is
deteriorated.

[0007] In contrast to this, methods for extracting the
higher harmonic wave by utilizing non-linearity with re-
spect to the frequency of the contrast medium response
signal without using the band pass filter have been pro-
posed in U.S. Patents 563,227,7 and 570,681,9. In ac-
cordance with these methods, an ultrasonic pulse based
on a first ultrasonic signal is irradiated into the organism,
and its response signal is received. Then, an ultrasonic
pulse based on a second ultrasonic signal obtained by
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inverting the polarity of the first ultrasonic signal is irra-
diated in the same ultrasonic beam direction at a short
time interval, and its response signal is received. The
component corresponding to the fundamental wave fre-
quency fy within the response signal from the contrast
medium is effectively removed by adding these receiving
signals, and the higher harmonic wave component 2f is
emphasized. Thus, the contrast medium can be detected
with high depth resolution without using the band pass
filter.

[0008] Further, JP-A-2000-300554 proposes that a
first ultrasonic signal has a waveform in which a period
t, providing a signal level of a positive constant value and
a period t, providing a signal level of a negative constant
value are repeated, and a second ultrasonic signal has
a waveform obtained by inverting this first ultrasonic sig-
nal with respect to the time axis. In accordance with this
construction, the symmetry of an ultrasonic pulse based
on the first and second ultrasonic signals is raised, and
the signal of a fundamental wave component (linear com-
ponent) can be lessened.

[0009] Each of these conventional techniques is effec-
tive to extract or emphasize the higher harmonic wave
component 2fy caused by the contrast medium. Howev-
er, there is no consideration of the case in which the
higher harmonic wave component 2f; included in the re-
sponse signal from the tissue is large to such an extent
that this higher harmonic wave component 2f, cannot be
neglected verification of the higher harmonic wave com-
ponent included in the response signal of the contrast
medium. Therefore, there is are cases in which the higher
harmonic wave component included in the response sig-
nal of the contrast medium can be effectively extracted
such as where the tissue is relatively deep beneath the
bodily surface.

[0010] Namely, a nonlinear phenomenon which here
is the key to contrast medium detection is also caused
by propagating the ultrasonic wave within the tissue in
addition to the contrast medium. In this case, the higher
harmonic wave component 2f; of a frequency twice the
fundamental frequency f, of the irradiated ultrasonic
wave is also generated. In particular, the strength of the
signal of the higher harmonic wave component 2f; in-
cluded in the response signal from the tissue is increased
as the depth is deepened, i.e., as the propagation length
of the ultrasonic wave is increased. Therefore, when the
higher harmonic wave component 2f, of the tissue re-
sponse signal equivalent or larger than the higher har-
monic wave component 2f, included in the response sig-
nal of the contrast medium, the higher harmonic wave
component 2f; of the tissue response signal prevents the
detection of the contrast medium.

[0011] For example, the higher harmonic wave com-
ponent of 2f, is emitted from both the contrast medium
within the blood vessel buried into the tissue as in a blood
vessel within the liver and the tissue during the detection
of the contrast medium. Therefore, there is a fear that
the existence of the contrast medium will be erroneously
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detected. Namely, in the prior art for emphasizing the
higher harmonic wave component of 2f,, the 2f, compo-
nent included in the response signal from the contrast
medium can be discriminated from the higher harmonic
wave component 2f, from the organic tissue. According-
ly, there is a case in which the detecting accuracy of the
higher harmonic wave component of the contrast medi-
um is reduced and definition of a enhanced-contrast im-
age cannot be improved.

[0012] Fig. 2 shows theresultof a detailed examination
of the nonlinear response of the contrast medium and
the tissue with respect to the ultrasonic irradiation of the
fundamental frequency 2f,. Fig. 2 typically shows a fre-
quency spectrum of the reflection response signal when
the ultrasonic wave of the fundamental wave component
fo is irradiated to the contrast medium distributed into the
tissue. The axis of abscissa of this figure shows a fre-
quency normalized at the fundamental wave f,, and the
axis of ordinate shows signal strength of each frequency
component. Fig. 2A shows the response signal from a
relatively shallow part near a probe. Fig. 2B shows the
response signal from a relatively deep part far from the
probe. As can be seen from these figures, in both the
shallow and deep parts, the response signal 1 of the con-
trast medium continuously includes the higher harmonic
wave component over a wide frequency band in addition
to the fundamental wave component corresponding to
the fundamental frequency f. In contrast to this, the re-
sponse signal 2 from the tissue is divided into a funda-
mental wave component 2a of the fundamental wave fre-
quency fy and a higher harmonic wave component 2b of
the double higher harmonic wave 2f,. The higher har-
monic wave component 2b is not so strong in the case
of the shallow part, but is very strong in the case of the
deep part, and is stronger than the response signal 1 of
the contrast medium near the double higher harmonic
wave 2f. This is because the higher harmonic wave com-
ponent 2b included in the response signal from the tissue
is caused by the nonlinear effect in the propagation of
the ultrasonic wave within the tissue as mentioned above,
so that the propagation length is increased toward the
deep part separated from the probe. Accordingly, even
when the double higher harmonic wave component 2f;
is uniformly extracted and the response signal from the
contrast medium is emphasized as in the prior art, the
higher harmonic wave component 2f, of the tissue is also
emphasized together except at shallow positions so that
definition of a enhanced-contrast image cannot be im-
proved.

[0013] Therefore, an object of the present invention is
to distinguish the higher harmonic wave component in-
cluded in the response signal from the contrast medium
from the higher harmonic wave component included in
the response signal from the tissue, and improve the def-
inition of the enhanced-contrast image.



5 EP 2 305 121 A1 6

Disclosure of the Invention

[0014] To achieve the above object, matters relating
to the characteristics of the ultrasonic enhanced-contrast
imager of the present invention derived from the consid-
eration of Fig. 2 will be presented as follows.

(1) The frequency spectrum of the response signal
of the contrast medium does not localize at 2f;, but
is distributed in a wide band. The fundamental wave
component of the response signal of the contrast
medium is not inferior to the fundamental wave com-
ponent of the response signal of the tissue, but rather
is stronger. The higher harmonic wave of the re-
sponse signal of the tissue is very weak in compar-
ison with the higher harmonic wave component of
the contrast medium in the case of a relatively low
ultrasonic sound pressure and in shallow tissue.
These features suggest that it is not necessary to
limit the response signal detected to the double high-
er harmonic wave component 2f; to extract the re-
sponse signal from the contrast medium. Simultane-
ously, the contribution of the higher harmonic wave
component included in the response signal of the
tissue is not uniform in accordance with deepness
and shallowness of the part of the contrast medium
being detected and largeness and smaliness of the
irradiated ultrasonic sound pressure. Accordingly, in
the present invention, the response signal from the
contrast medium is detected over a wide band by
varying the band width of the band pass filter in ac-
cordance with the size of the double higher harmonic
wave component from the organic tissue so that the
definition of a contrast medium image is improved
(first feature of the present invention).

(2) The above wide band distribution is more notable
as the frequency spectrum of the transmitted ultra-
sonic signal becomes wider. The response signal of
the contrast medium strongly depends on the particle
diameter of the contrast medium, and is greatly em-
phasized at a free resonance frequency fg of the
contrast medium. However, since the contrast me-
dium has a particle diameter distribution, response
signals from more of the contrast media particles
within the whole particle diameter distribution can be
expected when the ultrasonic wave over a wide band
is irradiated (second feature of the present inven-
tion).

(3) The higher harmonic wave included in the re-
sponse signal of the organic tissue is comparatively
localized near 2f; irrespective of the strengthof the
ultrasonic sound pressure. This is because the non-
linear response of the tissue and of the contrast me-
dium is greatly different. The contrast medium has
notable non-linearity and shows a response having
a wide band with respect to the irradiated fundamen-
tal wave component f,, but the organic tissue has
only secondary effects in its non-linearity. Therefore,
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in the ultrasonic signal irradiated to the contrast me-
dium, the spectrum of the response signal of the con-
trast medium is discriminated from the double higher
harmonic wave 2fj included in the response signal
from the organic tissue by performing frequency
modulation with f, as a central frequency, and shift-
ing the spectrum of the response signal of the con-
trast medium from frequencies near 2f; so that the
improvement of the definition of the contrast medium
image can be expected. This shift effect is particu-
larly notable if irradiation is performed twice, and ad-
dition and subtraction between the response signals
is carried out irradiation (third feature of the present
invention).

(4) The non-linearity shown by the contrast medium
is generally determined by the frequency, the ampli-
tude and the phase of the ultrasonic sound pressure
waveform first irradiated to the contrast medium, but
is almost uninfluenced by the frequency, the ampli-
tude and the phase of a subsequent waveform. Ac-
cordingly, iffirstand second irradiations with differing
frequencies, amplitudes and phases in a double ir-
radiation system and the effective differences be-
tween the two responses of each time are detected,
it is possible to extract the non-linearity proper to the
contrast medium which in not present in the non-
linearity of the organic tissue. Thus, the spectrum of
the response signal of the contrast medium is dis-
criminated from the double higher harmonic wave
2fy included in the response signal from the organic
tissue by further shifting the spectrum of the re-
sponse signal of the contrast medium to a band lower
than a frequency near 2f; so that the improvement
of the definition of the contrast medium image can
be expected (fourth feature of the presentinvention).
(5) In contrast to the irradiation ultrasonic frequency
fo, the higher harmonic wave from the contrast me-
dium exists, but almost no higher harmonic wave
from the organic tissue exists in a frequency band
of 2.2f, or more. Accordingly, if the band of the band
pass filter is set to 2.2f, to 2.8f, as in the first feature,
only the response signal from the contrast medium
is extracted. However, the contrast medium signal
in this band has effective signal strength only when
the transmitted wave sound pressure is sufficiently
high (fifth feature of the present invention).

[0015] The present invention solves the above prob-
lems by the solving means having the above features (1)
to (5). These features of the present invention will next
be explained in detail.

(First feature)

[0016] The ultrasonic enhanced-contrast of the
present invention is characterized in that it comprises
an ultrasonic probe for transmitting and receiving an ul-
trasonic wave travelling between the ultrasonic probe
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and an organism, a transmitting section for transmitting
an ultrasonic signal in the ultrasonic probe, a receiving
section for processing a response signal of the ultrasonic
wave received by said ultrasonic probe, a filter for ex-
tracting a specific frequency component from the proc-
essed response signal, a frequency setting section for
setting a pass frequency band of said filter on the basis
of the frequency band of the response signal from the
contrast medium injected in said organism, and a control
section for controlling the operation of said filter in the
set pass band.

[0017] When the fundamental frequency component
of the above transmittedultrasonic signal supplied from
the above ultrasonic probe is set to f,, the pass band
width of the filter is set within a range of 0.8f; to 2.5f,.
Here, the fundamental frequency component f; is pref-
erably setto afrequency nearafree resonance frequency
of the contrast medium determined by the average par-
ticle diameter of the contrast medium used, and is about
2 MHz in the case of the contrast medium of 2 pum particle
diameter widely used.

[0018] Namely, the response signal of the contrast me-
dium is distributed in a wide frequency band, and signal
strength is also high over the wide frequency band. In
consideration of these matters, the response signal over
the wide frequency band 0.8f, to 2.5f is extracted by the
band pass filter, not limiting band pass to 2f; as in the
prior art. Thus, the response signal of the contrast me-
dium alone can be emphasized relative the response sig-
nal of the organic tissue localized near 2f,. In particular,
the double higher harmonic wave component 2f; from
the organic tissue can be neglected in the case of a rel-
atively weak sound pressure (initial time phase) and can
be also neglected with respect to the response signal
from arelatively shallow part near the probe. Accordingly,
the selection of such frequency bands is extremely ef-
fective.

[0019] There is a case in which higher harmonic wave
component 2f; of the organic tissue cannot be neglected
as mentioned above in the case of a high sound pressure
(latter period time phase) and the response signal from
a relatively deep part far from the probe. In this case, the
higher harmonic wave component 2f; of the tissue is pref-
erably removed by setting the band width of the band
passfilter to 0.8f; to 1.8fy. Namely, in this case, the higher
harmonic wave component 2f;, which is the only com-
ponent emphasized in the prior art, is removed or atten-
uated. In this case, the higher harmonic wave component
caused by the contrast medium and distributed near 2f,
is also attenuated, but the response signal of the contrast
medium distributed in a wide frequency band near 0.8f,
to 1.8f; is extracted. Accordingly, the wide frequency
band makes up for such attenuation. Therefore, the con-
trast medium signal is emphasized in comparison with
the tissue signal and the contrast medium imaging of high
definition can be performed.

[0020] Asexplained in Fig. 2, the strength of the higher
harmonic wave component 2f, within the response signal
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from the organic tissue is changed according to depth.
Therefore, the time of the response signal from various
depths is calculated, and the pass band width of the filter
is desirably switched in real time as the depth of signal
changes, to 0.8f; to 1.8f; when the response signal is
from a depth deeper than a set depth such that the higher
harmonic wave component 2f; is attenuated, and to 0.8f,
to 2.5fy when the response signal is from a shallow depth.
A band-pass filter (pass band 0.8f, to 1.8f,) and a band
removing filter (removing band 1.8f, to 2.2f;) having 2f,
as a central frequency can be used as the filter for atten-
uating the higher harmonic wave component 2f,.
[0021] Inthe band selection of the above filter, the fun-
damental wave component f, from the contrast medium
is also extracted. However, the fundamental wave com-
ponentofthe organictissue response signal existing near
fy also includes a component caused by the breath of a
human body and pulsation. Accordingly, there is a case
in which an artifact is caused in the contrast medium im-
age. In this case, it is suitable to further narrow and set
the pass band width of the filter to 1.2f, to 1.8f;. This is
because the artifact superposed on the fundamental
wave response f, component of the organic tissue dete-
riorates the definition of the contrast enhanced drawn
image since a frequency near f; is included as the pass
band width in the above filter band.

[0022] Thus, in comparison with the prior art, the SN
ratio (strength ratio of the contrast medium response sig-
nal and the tissue response signal) of the enhanced-con-
trastimage can be improved by discriminating the higher
harmonic wave component 2f; from the tissue and the
response signal from the contrast medium.

(Second feature)

[0023] As mentioned above, the first feature of the
present invention is that the pass bandwidth of the filter
of the receiving section is greatly widened in comparison
with the prior art in accordance with the distribution of
the response signal of the contrast medium over a wide
frequency band, to emphasize and extract the response
signal component of the contrast medium. To further pro-
mote the effect of the first feature, the frequency of the
ultrasonic wave irradiated to the contrast medium is pref-
erably set over a wide band, and the ultrasonic transmit-
ting section is desirably constructed so as to supply the
ultrasonic signalhaving pluralfrequency component-
stothe ultrasonic probe. A waveform formed by connect-
ing the unit waveforms of different frequencies can be
used as such a waveform. In this case, the average of
the frequency components of the unit waveforms is set
to the frequency f; similar to that in the feature 1.

[0024] Namely, since the contrast medium has a free
resonance frequency distributed in accordance with its
particle diameter distribution, more contrast media are
efficiently made to respond to the irradiated ultrasonic
wave by distributing the frequency spectrum of the irra-
diated ultrasonic wave in a wide band so that the re-
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sponse signal of the entire contrast medium is reinforced.
As a result, in contrast to the response signal of the or-
ganictissue which has fy and 2f, as centers, the response
signal of the contrast medium appears at a strong level
over a wider range. Accordingly, the higher harmonic
wave of the contrast medium and the higher harmonic
wave of the tissue are more easily discriminated from
each other even after passing through the above band-
pass filter.

(Third feature)

[0025] Inthe above first and second features, the case
of enhanced-contrast performed on the basis of the re-
sponse signal produced from one irradiation by the ultra-
sonic beam. However, the first and second features of
the present invention are not limited to the contrast me-
dium by one irradiation, but can be also applied to the
enhanced-contrast method of a so-called double irradi-
ation system (or plural irradiation system) described
here. The plural-time irradiation system is effective when
the movement of the contrast medium and extinction due
to destruction are detected in real time and are drawn.
When the movement and the destruction of the contrast
medium are detected, response signals at two different
times before and after the movement, or before and after
the destruction are required. However, in the one-time
irradiation system, the time interval at a different time is
generally limited by one frame time interval (e.g., 10 to
20 milliseconds). Accordingly, no one-time irradiation
system is suitable for an object having fast blood flow,
and a case for instantly detecting the destruction of the
contrast medium. In the plural-time irradiation system,
the ultrasonic beam is irradiated plural times in the same
direction at a very short time interval (repetiting transmit-
ting period: e.g., 0.1 millisecond), and the response sig-
nal corresponding to each irradiation is compared. Thus,
it is possible to detect whether the contrast medium is
moved from the focus of one ultrasonic beam to another
place within a predetermined time interval, or whether
the contrast medium is destroyed by comparing these
response signals.

[0026] Concretely, the transmitting section has a func-
tion for transmitting M ultrasonic beams (M is a natural
number of > 2) at specific time intervals in the same di-
rection, and the ultrasonic signal of each time is con-
structed by the connection of unit waveforms of different
frequencies, and is transmitted so as to be asymmetrical
with respect to polarity inversion. In conformity with this
construction, the receiving section is characterized in
that it constructionally has a function for aligning phases
of the response signals of the ultrasonic signals of the
plural (M) times, and a function for attenuating the re-
sponse signal of the organic tissue by adding or subtract-
ing the phase-processed response signals. In this case,
it is preferable to set the average frequencies f; of the
frequency component of each unit waveform constituting
the above transmitting signal of each irradiation to be
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equal.

[0027] Since the frequency component of each unit
waveform used in the above transmitted waveform is dif-
ferent, frequency modulation can be said to be performed
within the waveform. When addition or subtraction is per-
formed on the 2 phase-processed response signals from
such two transmissions, it is possible to attenuate the
double higher harmonic wave component 2f, of the re-
sponse signal from the organic tissue without the band
filter. This can be done because the non-linear response
of the tissue and the contrast medium are greatly different
from each other, and the contrast medium has notable
non-linearity and shows a different frequency band re-
sponse even when the transmitted fundamental wave
component f; is slightly modulated in frequency. The ef-
fective difference of the frequency spectra of the two ir-
radiations shows a shift to the low frequency side (1.5f;)
of the spectrum of the response signal from the contrast
medium. Namely, the frequency spectrum of the re-
sponse signal of the contrast medium obtained by the
adding or subtracting processing is emphasized in a band
near 1.2f; to 1.8fy, and is attenuated near 2f;. Thus, if
the 1.5f; component is extracted, it can be discriminated
from the double higher harmonic wave 2f; including the
response signal from the organic tissue. As previously
mentioned, this is because the higher harmonic wave
from the organic tissue localizes near 2f; in spite of such
frequency modulation bias. Such an effective difference
using two irradiations with only the polarity inverted with-
out performing the frequency modulation as in the prior
art shows a peak at 2fy without causing such a shift.
Therefore, it is difficult to discriminate and efficiently ex-
tract the higher harmonic wave component included in
the response signal of the contrast medium from the high-
er harmonic wave component included in the response
signal of the organic tissue because of superposition on
the higher harmonic wave component by the organic tis-
sue response signal localized near 2f,.

[0028] In the construction of the above transmitting
section, it is preferable that the transmitting section has
a function for transmitting the ultrasonic beam plural (M,
a natural number of M > 2) times at a specific time interval
inthe same direction, and N-waveforms respectively hav-
ing frequencies 1,2, ----, fn, ----, fN (N is a natural number
of N > 2) are connected, and a frequency distribution
width Af of the f1 to fN is set within a range of 0.0f; to
0.4f, where the average frequency of the f1 to fN is set
to fy, and the ultrasonic signals are transmitted so as to
be asymmetrical with respect to the polarity inversion to
each other. In accordance with this construction, the re-
sponse signal component of the contrast medium can be
further emphasized. The frequency distribution width Af
is not particularly limited, but preferably ranges from 0.1f
to 0.4f,, and is practical with regard to circuit construction
if in a range of 0.2f, to 0.3f.

[0029] A half cycle, one cycle or more of a sine wave
can be used in the unit waveform forming the above
waveform of each irradiation. Conversely the unit may
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be finely set to be 1/4 cycle or 1/8 cycle, and finally a
chirp waveform alternately increasing and decreasing in
frequency may be also used.

[0030] The above waveform transmitted each time is
represented by a code f (A, 6) prescribing a frequency f,
an amplitude A and a starting phase 6. A first waveform
is preferably set by connecting the N-unit waveforms with
frequencies f1(A1, 61)<f2(A2,62)<----<fn(An, Bn)<----<fN
(AN, 8N), and setting the amplitude to
A1=A2=----=An=---=AN and the starting phase to
01=02=----=0n=----=0N=180°. A second waveform is pref-
erably set by connecting the N-unit waveforms with fre-
quencies f1'(A1’, 01)>f2'(A2, 62’)>---->fn’(An’, on’)

>--->fN’(AN’, 6N’), and setting the amplitude to
A1'=A2'=----=An’=----=AN’ and the starting phase to
01'=02'=:---=0n’=----=0N’=0°. Namely, in the first wave-

form and the second waveform, the frequency series of
one s increasing and the other is decreasing, the starting
phases is set to be the same, and the amplitude may be
set to be the same or may be also different. In this case,
the response signal of the organic tissue is attenuated
by addition-processing the phase-processed response
signal.

[0031] Further, the transmitted first and second wave-
forms are preferably prescribed by a code f (A, 0) pre-
scribing a frequency f, an amplitude A and a starting
phase 6. The first waveform is set by connecting the N-
unit waveforms with frequencies set so as to satisfy the
inequality f1(A1, 61)<f2(A2, 62)<----<fn(An, 6n)<----<fN
(AN, BN), setting the amplitude to A1=A2=----=An=----=AN
and the starting phase to 61=62=----=0n=---=0N=180°.
The second waveform is set by connecting the N-unit
waveforms with frequencies set to be f1’(A1’, 61’)>f2’
(A2’, 62))>---->fn’(An’, Bn’)>--->fN'(AN’, 6N’), setting the
amplitude to A1'=A2'=---=An’=---=AN’ and setting the
starting phase to be 61'=02'=----=6n’=---=0N’'=0°. In this
case, the response signal from the organic tissue is at-
tenuated by addition of the phase-processed response
signal.

[0032] Here, this case is characterized in that the
first transmitting waveform is set to a waveform having
a starting phase of 180°, starts by lowering (negative po-
larity side) and the N unit waveforms continue from a low
frequency f1 (<----<fN), and the second transmitting
waveform is reversely set to a waveform having a staring
phase of 0° and starts by rising (positive polarity side)
and the N unit waveforms continue from a high frequency
fN’ (>---->f1’). Namely, when the ultrasonic wave is trans-
mitted to the contrast medium with an initially falling
waveform, an air bubble of the contrast medium is started
from the expanded state so that the frequency distribution
of the response signal is shifted lower than the average
frequency fj. In contrast to this, when the ultrasonic wave
is irradiated to the contrast medium in an initially rising
waveform, the deformation of the contrast medium is
started from the contracted state so that the frequency
distribution of the response signal is shifted higher than
the average frequency f;. Accordingly, there is the par-
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ticular effect that the frequency distribution of the re-
sponse signal of the contrast medium can be more effi-
ciently shifted to a frequency lower than the double higher
harmonic wave 2f; by setting the codes of the first and
second waveforms as mentioned above, and adding and
subtracting the receiving signals of the two irradiations,
and is discriminated from the double higher harmonic
wave component 2f; from the organic tissue localized
near 2f, so that the response signal component of the
contrast medium can be further emphasized.

[0033] In the above case, the frequency distribution
widths Af (=fN-N1) and Af’ (f1’-fN’) of f1 to fN and 1’ to
fN’ are respectively preferably changed over time within
a range of 0.0f, to 0.4f, depending on the depth of an
ultrasonic irradiation focus. This is because, since no
higher harmonic wave component from the organictissue
is yet generated at a shallow depth, no shift of the above
effective spectrum onto the low frequency side is required
and it is sufficient to set Af=0, and the spectrum shift is
required at a deep depth as the higher harmonic wave
component of the organic tissue is there generated. For
similar reasons, the frequency distribution widths Af and
AF of f1 to fN and 1’ to fN’ for a predetermined time after
the injection of the contrast medium, e.g., two minutes
for irradiating the normal ultrasonic sound pressure, are
preferably set to 0.0fy since the higher harmonic wave
component from the organic tissue is very weak then.
Further, the frequency distribution widths Af and Af of 1
to fN and f1’ to fN’ after the passage of the two minutes
at which time a high sound pressure for destroying the
contrast medium is irradiated are preferably within the
range of 0.0f, to 0.4f, since the higher harmonic wave
component from the organic tissue is increased.

[0034] In this third feature, the receiving section has a
filter for extracting a specific frequency component from
the attenuated response signal of the organic tissue. The
pass band width of this filter is preferably set to 0.8f, to
1.8fy with the average frequency f, as a reference. In
accordance with this construction, the higher harmonic
wave 2f of the organic tissue unable to be removed by
the above adding and subtracting processing is further
removed, and the signal component of the contrast me-
dium can be emphasized. Further, the pass band width
of the filter is more preferably set to 1.2f; to 1.8f;. This
is because detection of an artifact due to a breath, pul-
sation, etc. appearing near the fundamental frequency
fo previously mentioned can be restrained in accordance
with this construction. Further, the pass band width of
the filter can be changed over time in accordance with
the depth of the response signal or the irradiated ultra-
sonic sound pressure. For example, the band pass width
of the filter can be widened (e.g., 0.8f; to 2.5f) in the
case of a shallow part in depth or the initial time phase,
and can be narrowed (e.g., 1.2f; to 1.fy) in a deep part
is scanned or in the latter time phase.
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(Fourth feature)

[0035] The third feature is characterized in that the
frequencies f1, 2, -, fn, ===, fN of the respective unit
waveforms forming the first waveform and the second
waveform are gradually increased or decreased, and the
response signal of the contrast medium included in the
effective difference of the two signals is shifted to the low
frequency side, and is discriminated from the higher har-
monic wave component from the organic tissue. In con-
trast to this, the fourth feature is that the shift of the re-
sponse signal of the contrast medium to a lower frequen-
cy is further emphasized by setting the amplitude A of at
least the first half wave of the first waveform and the
second waveform to be greater than the amplitude of the
subsequent unit waveform. The non-linearity shown by
the contrast medium is generally determined by the fre-
quency, the amplitude and the phase of the ultrasonic
sound pressure waveform first irradiated to the contrast
medium, and is hardly at all influenced by the frequency,
the amplitude and the phase of the subsequent wave-
form. Accordingly, in the double irradiation system, if dif-
ferent frequencies, amplitudes and phases are set in the
first and second irradiations and the effective difference
between the responses is detected, it is possible to ex-
tract the non-linearity proper to the contrast medium and
not the non-linearity of the organic tissue: the spectrum
shift to the low frequency side.

[0036] The present inventors have discovered this
fourth feature in simulation and experimentally. Its phys-
ical theory background is not necessarily clearly known,
but can be easily explained if the contrast medium is con-
sidered as a certain kind of resonance body. Namely, it
is considered that among the sound pressure waveforms
irradiating the contrast medium, the frequency, the phase
and the amplitude of a starting unit waveform determine
the starting response of the contrast medium. However,
the subsequent behavior of the contrast medium whose
response is once determined by the starting unit wave-
form has a tendency to respond similarly to the response
determined by the initial response even when the fre-
quency, the phase and the amplitude of the subsequent
unit waveform are changed. It can be just considered that
this is because normally a system once resonated at a
certain frequency does not readily make a response to
an input shifted from that resonance frequency, and this
tendency is all the greater in the case of the contrast
medium because of its non-linearity. The fourth feature
of the present invention is that the shift of the above fre-
quency spectrum is further emphasized and the contrast
medium and the organic tissue are effectively discrimi-
nated from each other by setting the amplitude A of the
starting unit waveform to be greater than the amplitude
of the subsequent unit waveforms, this occurring be-
cause of this initial waveform dependence of the contrast
medium response, in other words, initial transient re-
sponse dependence.

[0037] Concretely, the first waveform and the second
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waveform are set by a code f (A, 0) prescribing a frequen-
cy f, an amplitude A and a starting phase 6. The first
waveform is formed by setting the frequencies of the N-
unit waveforms to be f1(A1, 61)<f2(A2, 62)<----<fn(An,
on)<---<fN(AN, ©6N), setting the amplitude to
A1>A2>--->An>--->AN and the starting phase to
61=62=----=0n=---=0N=180°. The second waveform is
formed by setting the frequencies of the N-unit wave-
forms to be f1’(A1’, 61)>f2’(A2’, 62')>---->fn’(An’, 6n’)
>-->fN'(AN’,  ON’), setting the amplitude to
A1>A2’>---->An’>--->AN’ and the starting phase to
61'=02'=----=0n’=----=0N=0°.

[0038] Inthe above case, itis preferable to equally set
the average amplitudes of the waveform A to be
(A1+:-+AN) /N and A’ to be (A1'+---+AN’)/N. As men-
tioned in the feature 3, in each of the amplitude distribu-
tion widths AA (=A1-AN) and AA’ (=AN’-A1) of A1 to AN
and A1’ to AN’, AA is preferably within a range of 0.0A
to 0. 5A depending on the ultrasonic irradiation focus
depth independently of the frequency distribution widths
Af and Af’ or by coordinating with the frequency distribu-
tion widths. It is further suitable to particularly set AA from
0.0A to 0.3A. This is because, since no higher harmonic
wave component from the organic tissue is generated at
a shallow depth, the above spectrum shift is not required
and it is sufficient to set AA=0, and the spectrum shift is
required at a deep depth as the higher harmonic wave
component of the organic tissue is grown. Accordingly,
for example, AA=0.3A. For similar reasons, it is prefera-
ble to set AA=0 in the initial time phase after the injection
of the contrast medium, and AA=0.3A in the latter time
phase.

[0039] In this example, A=A’. However, when Aand A’
are set to be different from each other, e.g., when A>A’,
the presentinvention can be applied to the of the contrast
medium particularly when distributed to the deep depth
(a depth of 7 to 10 centimeters when the signal is 2 MHz).
In particular, at the deep tissue, the generated higher
harmonic wave component of the tissue is attenuated by
the damping effect of the tissue. In contrast to this, the
fundamental wave component of the response of the con-
trast medium only slightly attenuated. Accordingly, at this
depth, a larger contrast medium response can be ob-
tained by irradiation at a frequency set as lowas possible.
When A>A’ , the low frequency component of f1(<f1’) is
emphasized since (f1+:---+fN)/N=(f1"+----+fN’)/N=f,. For
example, when f1=f2’=1.8MHz, f2=f1’=2.2 MHz and f,=2
MHz and A=2*A’, 1.8 MHz is emphasized by such am-
plitude weighting, and an increase in penetration of the
contrast medium due to an effective low frequency shift
of the irradiated ultrasonic wave reaches about 3 cen-
timeters with6 dB. At the shallow depth, such emphasis
is naturally not required and A=A’ is acceptable.

[0040] Summarizing the above, in feature 4 that the
values of the frequency distribution widths Af and Af, the
amplitude distribution widths AA and AA’ and the ampli-
tude weight (A/A’) are independently or in coordination
in the execution of the feature 4 as appropriate for the
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ultrasonic irradiation focus depth, or the time that has
passed since the injection of the contrast medium.

(Fifth feature)

[0041] With respect to the irradiated ultrasonic fre-
quency fy, a higher harmonic wave response signal in a
frequency band of 2.2f0 or more from the contrast medi-
um is generated, but almost no such wave from the or-
ganism tissue is generated. Accordingly, if the band of
the band-pass filter is set to 2.2f; to 2.8f; as in the first
feature, only the response signal from the contrast me-
dium is extracted. However, the contrast medium signal
in this band has an effective signal strength only when
the transmitted wave sound pressure is sufficiently high.
If only the response from the contrast medium is consid-
ered, the high frequency limit is not limited to 2.8f;, but
about 2.8f; is a high frequency limit in view of the fre-
quency characteristics of the ultrasonic probe for trans-
mitting and receiving a signal. This fifth feature is efficient
in the case of one-time irradiation as in the features 1
and 2, but can be also applied to a case in which the
irradiation is performed twice and an effective difference
is calculated as described later.

[0042] In the above explanation, the transmitting
waveform of the ultrasonic signal supplied to the ultra-
sonic probe has been described, but the present inven-
tion is also dictates the waveform of the ultrasonic sound-
pressure applied to the contrast medium itself for the fol-
lowing reasons. In the frequency response characteris-
tics of recent ultrasonic probes, the relative band is 60%
or more with respect to a central frequency, and the (elec-
tric) transmitted waveform is very similar to the (acoustic)
transmitted waveform. The effect formed with respect to
the waveform of the ultrasonic signal supplied to the ul-
trasonic probe also holds true with respect to the acoustic
waveform, i.e., the ultrasonic sound pressure waveform
applied to the contrast medium. However, since it is nec-
essary to transmit and receive the ultrasonic wave of a
wider band in the fifth feature in comparison with the first
to fourth features, the frequency response of the ultra-
sonic probe is preferably set to 75% or more of the central
frequency. Further, a weight such as a Hanning weight,
etc. is desirably multiplied in the time axis direction in
transmitted wave signals having a sine wave of one cycle
as the unit wave form and connected unit waveforms with
differentamplitude and frequency. This is because, since
the initial waveform dependence and the initial transient
response dependence of the contrast medium are used
inthe features 3 and 4, the rapid rise and fall of the starting
waveform cause an unnecessary response from the con-
trast medium.

Brief Description of the Drawings
[0043] Fig. 1 is total view of the structure of an ultra-

sonic enhanced-contrast of a first embodiment mode of
the present invention. Fig. 2 is a model response spec-
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trum of a contrast medium and of tissue explaining fea-
tures of the present invention. Fig. 3 is a view showing
one example of the transmission waveform of an ultra-
sonic wave in accordance with the first embodiment
mode of the present invention. Fig. 4 is a view showing
one example of the ultrasonic transmission waveform of
two irradiations relating to frequency emphasis of the first
embodiment mode of the present invention, and the sim-
ulation result of frequency spectra of a transmission sig-
nal and a response signal obtained by this transmission
waveform. Fig. 5 is a view showing one example of the
ultrasonic transmission waveform of two irradiations re-
lating to frequency and amplitude emphasis of a second
embodiment mode of the present invention, and the sim-
ulation result of frequency spectra of a transmission sig-
nal and a response signal obtained by this transmission
waveform. Fig. 6 is a view showing another example of
the ultrasonic transmission waveform of the two irradia-
tions relating to the frequency and the amplitude empha-
sis of the second embodiment mode of the present in-
vention, and the simulation result of frequency spectra
of the transmission signal and the response signal ob-
tained by this transmission waveform. Fig. 7 is a view
showing one example of the transmission waveform of
two irradiations in the prior art, and the simulation result
of frequency spectra of its transmission signal and an
obtained response signal to compare the prior art and
the present invention.

Best Mode for Carrying Out the Invention

[0044] The presentinvention will next be explained on
the basis of the embodiment modes shown in the draw-
ings. The present invention is not limited to the following
embodiment modes.

(First embodiment mode)

[0045] Fig. 1 is a view showing the whole structure of
an ultrasonic enhanced-contrast of the first embodiment
mode applying the present invention thereto. This em-
bodiment mode is suitable for the execution of first and
second features of the present invention. As shown in
Fig. 1, an ultrasonic enhanced-contrast 100 comprises
an ultrasonic probe 10, a transmitting section 20, a re-
ceiving section 30, an image making display section 40
and a system control section 50. The transmitting section
20 comprises an arbitrary waveform generator 21 and a
transmitter 22. The receiving section 30 comprises a re-
ceiver 31, a phasing adder 32, a line adding/subtracting
unit 33, a band-pass filter 34 and a bypass circuit 35.

[0046] When the first feature is realized, the arbitrary
waveform generator 21 of the transmitting section 20 is
constructed so as to generate an ultrasonic pulse signal
having a single frequency component f,. When the sec-
ond feature is realized, the arbitrary waveform generator
21 is constructed so as to generate an ultrasonic signal
comprising unit waveforms having different frequency
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components f1, 2, and having f, as their average fre-
quency as in a waveform 51 shown in Fig. 3. The output
of the arbitrary waveform generator 21 is supplied to the
ultrasonic probe 10 of a wide band type through the trans-
mitter 22. As shown in Fig. 1, the ultrasonic probe 10 is
an array type probe, and is constructed by several hun-
dred element vibrators. Power amplifiers of a required
number of channels corresponding to the number of el-
ements of the array type ultrasonic probe 10 are arranged
in parallel in an output section of the transmitter 22. Thus,
the ultrasonic pulse of the average frequency f; is irradi-
ated from the ultrasonic probe 10 to tissue. A response
signal from a contrast medium distributed in the tissue
and a response signal from the tissue itself are received
by the ultrasonic probe 10 as a mixed ultrasonic signal.
As shown in Fig. 2, the response signal from the contrast
medium includes a higher harmonic wave component
over a wide frequency band in addition to the component
of the fundamental wave f,. The response signal from
the tissue includes the component of the fundamental
wave fy and the component of a double higher harmonic
wave 2f,.

[0047] The response signal received by the ultrasonic
probe 10 is inputted to the receiver 31. The receiver 31
has a preamplifier of a required number of channels cor-
responding to the number of elements of the ultrasonic
probe 10, a TGC amplifier, an A/D converter, etc. The
receiver 31 amplifies and processes the inputted re-
sponse signal, and then converts the processed signal
to a digital signal, and outputs the digital signal to the
phasing adder 32. The phasing adder 32 phases and
adds a delay difference or a phase difference of the re-
sponse signals from plural element vibrators relating to
one ultrasonic beam. As is well known, the operation of
such a phasing adder accomplishes scanning and focus
of the ultrasonic beam, but the phasing adder is desirably
a so-called digital beam former to minimize the genera-
tion of distortion during addition processing. This is be-
cause then no unnecessary higher harmonic wave 2f,
componentis generated by the phasing addition process-
ing.

[0048] The response signal phased and added by the
phasing adder 32 is supplied to the band-pass filter 34.
The band width of the band-pass filter 34 can be variably
adjusted by the system control section 50 as described
later. The adjustment of the band-pass width can be re-
alized by using as the band-pass filter 34 a digital filter
known as an FIR filter, and varying each coefficient series
of this digital FIR filter in accordance with depth or an
ultrasonic sound pressure by the system control section
50. The digital filter is preferably comprises a third order
Chebyshev type filter. The response signal having a fre-
quency component selected and extracted in the band-
pass filter 34 is directly sent to the image making display
section 40 in the realization of the first and second fea-
tures. The image making display section 40 performs
processing including normal wave detection, image
processing of a normal B-mode image such as compres-
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sion, Doppler processing such as a color flow, or scan-
ning conversion processing. The same processing as
that of the normal B-mode image such as wave detection,
the compression and the scanning conversion is per-
formed with respect to the contrast medium mode image.
[0049] The above processing operation is executed
the number of times required to cover a predetermined
section or area of the organic tissue by scanning in the
direction of the ultrasonic beam. The distribution and the
size of the contrast medium is then displayed in a display
monitor section (not shown) in the form of image infor-
mation such as brightness by the processing of the image
making display section 40. The system control section
50 controls the above series of operations. The charac-
teristic operation of the embodiment mode of Fig. 1 con-
structed in this way will next be explained. With respect
to the picked-up image of the contrast medium mode
executed by injecting the contrast medium, e.g., a B-
mode faultimage is picked up and displayed in the display
monitor in advance. The contrast mode image obtained
in the above operation is overlapped with this B-mode
image and is displayed, or only the contrast medium
mode image is independently displayed.

[0050] First, in the normal B-mode imaging, an ultra-
sonic signal having a single frequency of the fundamental
frequency f; is generated from the arbitrary waveform
generator 21 on the basis of a control signal from the
system control section 50, and wave focus processing is
performed in the transmitter 22. Thereafter, the proc-
essed signal is amplified and supplied to the ultrasonic
probe 10, and the ultrasonic beam is transmitted to the
organism. A response signal from the organism is de-
tected by the ultrasonic probe 10, and is amplified by the
receiver 31, and is converted to a digital signal. There-
after, the phases (delay times) of the response signals
from the same part received by plural vibrators are com-
bined with each other in the phasing adder 32. With re-
spect to every response signal phased and added, the
response signal of a specific frequency component is se-
lected and extracted by the band-pass filter 34. In the
case of the picked-up image of the normal B-mode, the
band of the band-pass filter 34 is adjusted to have the
fundamental frequency f; as its central frequency. The
image making display section 40 performs wave detec-
tion processing of the output of the band-pass filter 34,
and also performs image processing such as compres-
sion or scanning conversion processing, makes a two-
dimensionalimage (B-mode) of the tissue, and generates
this image in the display section (display).

[0051] The scanning and the of the contrast medium
mode image in the present invention will next be ex-
plained. The basic procedure and operation of the scan-
ning and the of the contrast medium mode image are
similar to those of the normal B-mode picked-up image.

(Case realizing first feature)

[0052] When the first feature of the present invention
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is realized by using the embodiment mode of Fig. 1, an
ultrasonic signal having the single fundamental frequen-
cy fy is generated from the arbitrary waveform generator
21, and an ultrasonic beam (f1=f2=f; in Fig. 3) is trans-
mitted to a predetermined part of the organism, as in
scanning of tissue. As previouslymentioned, in this ultra-
sonic signal, a Hanning weighting is applied in the time
axis direction, and thus unnecessary response of the
contrast medium is avoided. Further, with respect to the
response signal from the organism, amplification and
phasing processing are performed by the receiver 31 and
the phasing adder 32, as in scanning of tissue.

[0053] The element relating to the first feature of the
present invention is the band-pass filter 34 for extracting
from the phase-processed response signal the compo-
nent from the contrast medium. Namely, as explained in
Fig. 2, in comparison with the fundamental wave com-
ponent 2a and the higher harmonic wave component 2b
of the response signal from the tissue, the response sig-
nal 1 from the contrast medium has high signal strength
over a wide frequency band. Therefore, this embodiment
mode is characterized in that the band pass width of
the band-pass filter 34 is widened in comparison with the
prior art, and the response signal from the contrast me-
dium is emphasized with respect to the response signal
from the tissue. In particular, it is desirable to variably
adjust the band width of the band-pass filter 34 as in the
following (A), (B) and (C).

(A) The band width of the band-pass filter 34 is made
to be from 0.8f, to 2.5f; in the case where contrast
medium is in a shallow location. Itis made to be from
0.8f; to 1.8f; in the case of a deep location, and is
preferably made to be from 1.2f; to 1.8f, (or 1.1f; to
1.8fp).

(B) In the initial time phase after the injection of the
contrast medium, the amplitude of the transmitted
ultrasonic signal is set to a low sound pressure (me-
chanical index: MI=0.4 to about 0.7). Similar to the
case of a shallow location, the band pass width is
made to be from 0.8f; to 1.8f,.

(C) In the latter time phase after the injection of the
contrast medium, the amplitude of the transmitted
ultrasonic signal is set to be a high sound pressure
(mechanical index: MI=1.0 to about 1.3), and the
band width of the band-pass filter 34 is changed to
be from 0.8f, to 1.8f; and is preferably changed to
be from 1.2f, to 1.8f; (or 1.1f; to 1.8fy) in coordination
with the amplitude.

[0054] Thisisbecause the higher harmonic wave com-
ponent 2f; of the tissue can be neglected in the case of
a relatively weak sound pressure and the initial time
phase. In this case, the response signal of the contrast
medium can be emphasized over the response signal of
the tissue by extracting the response signal over a wide
frequency band of 0.8f, to 2.5f,. In the case of deep lo-
cation, the higher harmonic wave component 2f; from
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the tissue is strengthened, but the response signal of the
contrast medium can be emphasized more than could
the prior art even when the response signal is extracted
over the frequency band of 0.8f; to 2.5f;. In contrast to
this, when the high sound pressure is used as in the latter
period time phase, the higher harmonic wave component
2f, from the tissue cannot be neglected. Accordingly, the
band width is set to 0.8f; to 1.8f; and the higher harmonic
wave component 2f, of the tissue is removed or attenu-
ated. In this case, the high frequency component from
the contrast medium near 2f; is also attenuated, but the
amount is slight because the whole response signal of
the contrast medium is distributed over a wide frequency
band. When the fundamental wave component of the re-
sponse signal of the tissue existing near f; includes a
component caused by a breath and pulsation of the hu-
man body and this causes an artifact in the contrast me-
dium image, it is preferable to slightly narrow the pass
band width of the filter to be from 1.2f; to 1.8f, (or 1.1f
to 1.8fy).

[0055] Switching of such a band width is controlled by
the system control section 50 based on the set transmit-
ting wave focus or receiving wave focus. For example,
since the depth of the response signal corresponds to
the time axis of the response signal, the system control
section 50 sets the band width to 0.8fj to 2.5, in a range
in which the time-related position of the response signal
inputted to the band-pass filter 34 is shallower than a set
depth, and the system control section 50 is switched to
1.2f; to 1.8fy when focus is in a deep range in real time.
For example, a deep location is 4 centimeters when the
fundamental frequency f, is 2 MHz. Here, the two band
widths are switched to correspond with two depth areas
to make the explanation simple, but the band width may
be also continuously narrowed in the depth direction.
[0056] The higher harmonic wave 2f, of the tissue and
the higher harmonic wave included in the response signal
of the contrast medium can be discriminated by adjusting
the band width of the band-pass filter 34 in this way. The
SN ratio (strength ratio of the contrast medium response
signal and the tissue response signal) of a enhanced-
contrast image can be improved in comparison with the
prior art by detecting and extracting the higher harmonic
wave component of the response signal from the contrast
medium in order to detect and image it. The filter for at-
tenuating the higher harmonic wave component 2f; may
be constructed by using the band-pass filter 34, and also
may be constructed by using a band removing filter hav-
ing a central frequency of 2f, by changing the coefficient
series of the digital FIR filter constituting the band-pass
filter.

(Case realizing second feature)

[0057] As mentioned above, the first feature is that the
pass band width of the band-pass filter 34 is widened
and varied in accordance with depth of scanning, the time
phase and the sound pressure so that extraction of the
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component of response signal from the contrast medium
is emphasized over the response signal from the tissue.
To further promote this effect, the second feature of the
present invention is that the frequency spectrum of the
ultrasonic wave transmitted to the contrast medium is
made wide in comparison with the conventional case.
For example , the ultrasonic signal generated by the ar-
bitrary waveform generator 21 is set to have frequency
component units with different respective waveforms, so
that plural frequency components make up the entire
waveform, a with f, as an average of the respective fre-
quency components, as in the waveform 51 shown in
Fig. 3. Thus, a signal having frequency components of a
range wider than that of the first feature is set. In Fig. 3,
the waveform 51 has unit waveforms in which one sine
wave cycle of frequencies f1, f2 is continued. The aver-
age frequency of these frequencies f1, f2 is f (f;=(f1+{2)
/2). In the illustrated example, f1<f2. With respect to the
average frequency fj, a frequency suitable for the tissue
and the device, matching the response band of the ultra-
sonic probe, is selected. Further, Hanning weighting is
applied in the time axis direction, and thus an unneces-
sary response from the contrast medium is avoided. The
effects of the present invention are the same even with
an ultrasonic signal having a waveform obtained by in-
verting the polarity of the waveform 51 (rising at the start),
and a waveform inverted (f1>f2) with respect to the time
axis. The response signal of the contrast medium is
strengthened over a wide frequency spectrum by trans-
mitting an ultrasonic signal constructed by the connection
of unit waveforms having such plural frequency compo-
nents to the organism. Since the contrast medium has a
free resonance frequency distribution corresponding to
its particle diameter distribution; more contrast media
make a response and the response signal of the contrast
medium itself is reinforced by widening the frequency
spectrum of the transmitted ultrasonic wave.

[0058] In accordance with the second feature, f, and
2f, are set to be centers of the response signal from the
tissue as previously. However, since the response signal
of the contrast medium is at a strong level over a wider
frequency band, the higher harmonic wave of the tissue
and the higher harmonic wave of the contrast medium
are more easily discriminated from each other. Here, the
absolute value |f1-f2| of the difference of frequencies f1,
2, i.e., the distribution width Af of the waveform unit fre-
quencies is selected within a range of 0.0f, to 0.4f,. The
distribution width Af is preferably set to 0.1f to 0.4f,, and
is more preferably set to 0.2f; to 0.3f,. The output of the
arbitrary waveform generator 21 is not limited to a unit
waveform series having the above two frequencies f1,
2, but a waveform having N (N > 2) frequencies can be
used as described later.

(Second embodiment mode)

[0059] The total structure of an ultrasonic enhanced-
contrast imager of an embodiment mode suitable for the
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realization of third and fourth features of the present in-
vention is also shown in Fig. 1. In this figure, this embod-
iment mode differs from the first embodiment mode in
thataline adding/subtracting device 33 is newly arranged
between the phasing adder 32 and the band-pass filter
34. Namely, the ultrasonic signal is transmitted twice at
a specific time interval in the same direction as the ultra-
sonic beam, and an image emphasizing the response
signal of the contrast medium is obtained by adding and
subtracting the response signals of the first and second
ultrasonic signals.

[0060] In the third feature of the present invention in
this embodiment mode, the arbitrary waveform generator
21 is constructed so as to generate the ultrasonic signal
having a first waveform 61 (or 62) as shown in Fig. 4A.
The first waveform 61 has the same requirements as the
waveform explained in Fig. 3. The second waveform 62
isoneinwhichthe frequencies 1, f2 ofthe unitwaveforms
in the first waveform 61 are assigned in the reverse order.
However, the second waveform 62 is asymmetric with
respect to polarity inversion as in the prior art. As de-
scribed later, the first waveform 61 and the second wave-
form 62 can be coded for frequency, starting phase and
amplitude, and an arbitrary waveform can be generated
by connecting the coded one-cycle waveforms.

[0061] The arbitrary waveform generator 21 alternate-
ly generates the ultrasonic signals of the first waveform
61 and the second waveform 62 of Fig. 4A as controlled
by the system control section 50, ata predetermined time
interval in the same ultrasonic beam direction. Each
waveform is inputted to the ultrasonic probe 10 through
the transmitter 22. Such waveforms can be easily made
by having the system control section 50 supply digital
data obtained by sampling analog signals of the above
first waveform 61 and the second waveform 62 to a D/A
converter. Further, selection of frequency f1 or 2, the
control of the number of the unit waveforms to be con-
nected, and amplitude modulation such as the Hanning
weight, etc. are calculated in advance, and are stored in
a memory device such as a memory within the system
control section (not shown), and are selected and exe-
cuted by a program every transmission by a computer
(not shown) in the system control section 50.

[0062] When the ultrasonic signals of the first wave-
form 61 and the second waveform 62 are transmitted to
the organism, two response signals to these ultrasonic
signals are inputted to the receiver 31. These two re-
sponse signals are responses to two ultrasonic beams
in the same direction, and their times of input are sepa-
rated from each other by a predetermined time interval.
The response signals are amplified, A/D-converted and
phase information is added in the receiver 31 and the
phasing adder 32, and are outputted to the line adding/
subtracting device 33 each of these response signals
having phase information added to it. The line adding/
subtracting device 33 makes RF adding and subtracting
calculations taking into account the phases of the two
response signals, and calculates from the two response
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signals one response signal (RF line signal) to be dis-
played.

[0063] Thus, with respect to the response signal ob-
tained by adding and subtracting the response signals
of the two ultrasonic signal irradiations the same compo-
nent (linear component) included in the two response
signals is attenuated, and a nonlinear component such
as a higher harmonic wave component of the contrast
medium, the tissue, etc. is emphasized and inputted to
the band-pass filter 34 in the third (or fourth) feature. The
band-pass filter 34 has a construction similar to that ex-
plained in the first embodiment mode, the pass band
width varying in accordance with the depth of the re-
sponse signal source and the time phase of the contrast
medium as instructed by the system control section 50,
and emphasizes the response signal from a specif ic port
ion of the contrast medium. The system control section
50 controls a series of operations relating to the arbitrary
waveform generator 21, the receiver 31, the phasing
adder 32, the line adding/subtracting device 33 and the
band-pass filter 34.

[0064] Here, result of a simulation effectively empha-
sizing the response signal of the contrast medium using
the first waveform 61 and the second waveform 62 to
carry out contrast medium mode imaging shown in the
Fig. 4A will be explained. Fig. 4B shows a frequency
spectrum obtained by simulating signals outputted from
the line adding/subtracting device 33 when the ultrasonic
signal of the firstwaveform 61 of Fig. 4A s first transmitted
and the ultrasonic signal of the secondwaveform 62 of
this figure is transmitted second. The axis of abscissa of
Fig. 4B shows afrequency normalized at the fundamental
frequency f;, and the axis of ordinate shows signal
strength normalized at the spectrum peak of a transmit-
ting pulse. The broken line 63 in Fig. 4B shows the fre-
quency spectrum of a transmitting ultrasonic wave, and
the solid line 64 shows the frequency spectrum of the
response signal outputted from the line adding/subtract-
ing device 33.

[0065] In this simulation, in the first waveform 61 of the
first transmission, the frequency is f1 (=1.8 MHz) in a first
cycle, andis f2 (=2.2 MHz) in the next cycle. The average
frequency f; of the frequencies is set to be 2 MHz. In the
second waveform 62 of the second transmission, the fre-
quency is f2 (=2.2 MHz) in a first cycle, and is f1 (=1.8
MHz) in the next cycle. The average frequency f; of the
frequencies is set to be 2 MHz. The coded "frequency f
(amplitude A, starting phase 6) " previously mentioned
for the first waveform 61 of the first transmission is 1.8
MHz (1.0, 180°) and 2.2 MHz (1.0, 180°). The code of
the second waveform 62 of the second transmission is
2.2 MHz (1.0, 0°), and 1.8 MHz (1.0, 0°). Further, each
of frequency variation ranges Af, Af is 0.4 MHz, and am-
plitude variation range AAis 0.0. In each waveform, Han-
ning weighting is further superposed in the time axis di-
rection.

[0066] Further, inthis simulation, the change in particle
diameter of the contrast medium is calculated by a well-
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known differential equation, and this change of the con-
trast medium when the sound pressure waveform of a
mechanical index: MI=0.7 is irradiated to the contrast me-
dium of 2 microns in diameter is calculated. An observa-
tion is made at an observing point distant from the con-
trast medium when vibration caused by this diametrical
change is emitted as a secondary sound source. A simple
air bubble within water is adopted as the contrast medi-
um.

[0067] Here, the feature of the frequency spectrum of
the response signal obtained by this embodiment mode
shown in Fig. 4B will be explained in comparison with the
frequency spectrum of a double irradiation in the prior
art. Fig. 7A shows an ultrasonic transmission waveform
of the conventional system, and Fig. 7B shows frequency
spectra of the transmission signal and the response sig-
nal. The axes of ordinate and abscissa of these Figs. 7A
and 7B are the same as the case of Fig. 4. In Fig. 7A, a
first waveform 91 is that of the first transmission, and a
second waveform 92 is that of the second transmission.
Each of these frequencies is set to be the fundamental
frequency fy;=2 MHz.

[0068] When the spectra of the solid line 64 of Fig. 4B
and a solid line 94 of Fig. 7B are compared with each
other, the response signal near the fundamental frequen-
cy fy is greatly attenuated in the prior art, and the higher
harmonic wave component of the tissue near 2f; is em-
phasized. This is suitable for so-called tissue higher har-
monic wave image picking-up (called Tissue Harmonic
Imaging), but the response signal component of the con-
trast medium which is widely distributed from f; to 2fy is
reversely attenuated. Inparticular, the fundamental fre-
quency fy which is a main response signal of the contrast
medium is greatly attenuated. Accordingly, in the case
of the conventional double irradiating system shown in
Fig. 7, it is impossible to satisfy the requirement that the
response signal of the contrast medium is discriminated
from the higher harmonic wave of the tissue and is em-
phasized and displayed. This is because the higher har-
monic wave component of the tissue response signal lo-
cally existing near 2f; is also emphasized and the fun-
damental frequency fy component of the contrast medi-
umresponse signal which is distributed over a wide range
is greatly attenuated when the polarities or the time axes
of the ultrasonic signal of the two transmissions in the
prior art are mutually inverted.

[0069] On the other hand, in accordance with Fig. 4B
in the present invention, the output of the line adding/
subtracting device 33 has a peak of the spectrum near
1.5 fy, and is attenuated near 2f; at which the double
higher harmonic wave component from the tissue local-
izes. Accordingly, it can be seen that the spectrum of the
response signal from the contrast medium is shifted to-
ward low frequencies in general. In the frequency mod-
ulation of an irradiation sound pressure waveform of the
third feature of the present invention, the spectrum of the
response signal from the contrast medium is shifted to-
ward low frequencies, away from the double higher har-
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monic wave component included in the response signal
from the organic tissue which is an obstacle to imaging
of the contrast medium, so that only the contrast medium-
generated signal can be emphasized and extracted by
the control of various kinds of band-pass filters described
later.

[0070] Ifthe discrimination ratio of the contrast medium
response signal and the higher harmonic wave of the
tissue response signal is taken to be the energy ratio
(arearatio) of the spectrumin the band ranging from 1.2f,
to 1.8fy and the spectrum in the band ranging from 1.8f;
to 2.2fy, an improvement is made approximately by 10
dB to 20 dB in comparison with the prior art (Fig. 7).
[0071] The pass band width of the band-pass filter 34
is the same as that described in the explanation relating
to the second feature. Namely, a signal obtained by the
line adding/subtracting device 32 includes the response
signal from the contrast medium over a wide band from
0.8f, to 2.5f; in the imaging of a shallow location. Accord-
ingly, this obtained signal can be taken to be a signal
from the contrast medium and imaged as itis. The same
pass band is also set in the normal contrast medium in
which the sound pressure of the ultrasonic wave is rela-
tively low (e.g., mechanical index: Ml value=0.2 to 0.7).
In contrast to this, when the sound pressure of the ultra-
sonic wave is high (e.g., mechanical index: Ml val-
ue=1.3), it is set to be from 0.8f, to 1.8f,. The effect of
the change in the band in this case is the attenuation of
the frequency component near 2f,. Accordingly, this at-
tenuation can be executed instead by the addition of a
band removing filter with 2fy as a central frequency, or
by the removing filter itself. In the of a deep location, it is
preferable to change the band width to 1.2f; to 1.8f; so
as to attenuate the higher harmonic wave caused by the
tissue near 2fy and reduce an artifact at the fundamental
wave caused by a body movement. Thus, the response
signal of the contrast medium can be emphasized more
in the imaging in comparison with the second feature of
the first embodiment mode.

[0072] Similar effects are also obtained when the fre-
quencies f1, f2 of the first waveform 61 and the second
waveform 62 of Fig. 4A are interchanged, i.e. , when the
relation of frequency f1 of the first code and frequency
f2 of the second code is set to f1>f (not shown).

[0073] As mentioned above, in the second embodi-
ment mode, each waveform of one cycle making up the
transmission waveform of the ultrasonic wave is coded
by the frequency f, the amplitude A and the starting phase
0, and their waveforms are connected. In particular, it is
characterized in that the frequency distribution of the
transmitting signal of the ultrasonic wave twice irradiated
is biased by setting the frequencies of the first cycle of
the first waveform 61 and the second waveform 62 to be
different as in the waveform shown in Fig. 4A. When the
transmitting signal emphasized in frequency in this way
is transmitted twice and its response signals are added
and processed, a shift of the frequency spectrum from a
distribution (Fig. 7B: prior art) having a strong signal in a
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band with 2f, as a center to a distribution (Fig. 4B: the
present invention) having a strong signal from 1.2f, to
1.8f, is caused as is appropriate for the spectrum of the
response signal from the contrast medium. The spectrum
of the response signal of the contrast medium is not over-
lapped with the higher harmonic wave component 2f,
from the tissue because of this low frequency shift so that
the response signal from the contrast medium can be
emphasized and extracted by the above band-pass filter.
It should be particularly emphasized here that this is
greatly different from the prior art emphasizing 2f,.
[0074] The fourth feature of the present invention in
the second embodiment mode can be realized by using
the ultrasonic enhanced-contrast shown in Fig. 1. This
embodiment differs from the above third feature in that
the arbitrary waveform generator 21 is constructed so as
to generate an ultrasonic signal in the first waveform 71
and the second waveform 72 shown in Fig. 5A and the
first waveform 81 and the second waveform 82 shown in
Fig. 6. The other parts are similar to those in the ultrasonic
enhanced-contrast shown in Fig. 1. Accordingly, the dif-
ferent points will be explained chiefly.

[0075] Figs. 5A and 6A differ from Fig. 4A in that the
amplitudes of the unit waveform of the first cycle of the
first waveform and the second waveform are set to be
greater than the amplitude of subsequent unit wave-
forms. Figs. 5B and 6B show simulation results similar
to those of Fig. 4B. Broken lines 73, 83 show frequency
spectra of the transmitted ultrasonic wave, and solid lines
74, 84 show frequency spectra of the response signal of
the contrast medium with lines added and subtracted.
[0076] The codes f (A, 0) of the first waveform 71 of
Fig. 5A are, in order, 1.7 MHz (1.1, 180°) and 2.3 MHz
(0.8, 0°), and the codes f (A, theta) of the second wave-
form 72 are, in order, 2.3MHz (1.1, 0°) and 1.7 MHz (0.8,
180°). Their average frequency is 2 MHz. In other words,
the frequency changing width Af is set to 0.6 MHz as
opposed to 0.4 MHz of Fig. 4, and the amplitude changing
width AA is set to 0.3 as opposed to 0.0 of Fig. 4.
[0077] With the ultrasonic waveforms of Fig. 5A, the
spectrum of the response signal from the contrast medi-
um obtained by adding the response signals correspond-
ing to the two ultrasonic transmissions is shifted toward
the fundamental wave f,, and has a peak near 1.5f; as
can be seen from Fig. 5B in this case. In comparison with
Fig. 4B, the attenuating effect with respect to the higher
harmonic wave component 2f, included in the response
signal from the tissue is slightly inferior, but the distribu-
tion of the response signal from the contrast medium ob-
tained by the addition can be emphasized over the higher
harmonic wave from the tissue by extraction with the
band-passfilter setto 1.2f,to 1.8f,. Further, as described
in the above third feature, when no movements of the
tissue and the contrast medium caused by a breath and
pulsation are notable, the band-pass filter is further wid-
ened (0.8f to 1.8fy) in frequency and the energy ratio of
higher harmonic waves from the contrast medium with
the higher harmonic wave from tissue is high so that the
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discrimination ratio can be improved.

[0078] The codes f (A, 0) of the first waveform 81 of
Fig. 6A are, in order, 1.8 MHz (1.0, 180°) and 2.2 MHz
(0.9, 0°), and the codes f (A, 8) of the second waveform
82 are, in order, 2.2 MHz (1.0, 0°) and 1.8 MHz (0.9,
180°). Their average frequency is 2 MHz. Namely, the
frequency variation range Afis 0.4 MHz, the same as Fig.
4, and the amplitude variation range AA is set to be 0.1
in contrast to 0.0 of Fig. 4.

[0079] As a result, with the ultrasonic waveforms of
Fig. 6A, the spectrum of the response signal from the
contrast medium obtained by adding the response sig-
nals corresponding to the two ultrasonic transmissions
is also shifted toward the fundamental wave f,, and has
a peak near 1.5f; as can be seen from Fig. 6B in this
case. In this case, the attenuating effect with respect to
the higher harmonic wave component 2f; included in the
response signal from the tissue is 15 dB in comparison
with about 5 dB of Fig. 4B and is therefore improved.
Further, the frequency component corresponding to the
triple-frequency harmonic wave in the response of the
contrast medium is shifted to 2.5f; so that it is suitable
for a case in which the fifth feature for extracting a fre-
quency band almost having no higher harmonic wave
from the tissue is executed. In Fig. 7B showing the prior
art and the above Figs. 4B and 5B, the corresponding
spectrum peak is near 3f,, and it should be emphasized
that this peak lies outside the frequency response range
in the ultrasonic probe having a normal ratio band as
mentioned above.

[0080] Inthe above embodiment mode, the case of the
double irradiation of the ultrasonic wave with a time in-
terval between the two is explained. In the presentinven-
tion, no simulation result is shown with respect to a case
in which the ultrasonic wave is irradiated three times or
more. However, for example, the device is formed so that
the codes f (A, 0) of the first waveform are, in order, 1.8
MHz (1.1, 180°) and 2.2 MHz (0.9, 0°), and the codes f
(A, 0) of the second waveform are, in order, 2.0 MHz (1.1,
0°) and 2.0 MHz (1.0, 180°) and the codes f (A, 6) of a
third waveform are, in order, 2.2 MHz (1.1, 180°) and 1.8
MHz (1.0, 0°). Their average frequency is set to 2 MHz.
[0081] In the explanation of the above third and fourth
features, the ultrasonic beam is irradiated in the same
direction in the two signal transmissions. However, when
the contrast medium is trapped to the tissue as in the
latter period time phase, the movement of the contrast
medium is slight. Accordingly, no effects of the present
invention are changed even when the direction of the two
ultrasonic beams are slightly different.

Claims

1. Anultrasonic enhanced-contrast imager comprising
an ultrasonic probe (10) for transmitting an ultrasonic
wave to an organism and receiving an ultrasonic
wave from the organism,
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a transmitting section (20) for transmitting an ultra-
sonic signal to the ultrasonic probe, and

a receiving section (30) for processing a response
signal ultrasonic wave received by said ultrasonic
probe,

wherein said transmitting section is adapted to trans-
mit an ultrasonic beams a plurality of times at specific
time intervals in the same direction, and to construct
continuous ultrasonic signals for the beam by con-
necting waveforms of different frequencies and in-
verting the ultrasonic signals with respect to the time
axis,

wherein the receiving section is adapted to phase-
process and add together the response signals of
the continuous ultrasonic signals of the beams.

The imager of claim 1, wherein

the transmitting section (20) is adapted to form the
ultrasonic signal for each transmission by connect-
ing N unit waveforms respectively having frequen-
ciesf1,f2, ..., fn, ..., fN (N is a natural number > 2),
where a frequency distribution width Af of said f1 to
fN is set within a range of 0.0 f, to 0.4 f, where fj is
the average frequency of said signals from f1 to fN,
and to transmit the ultrasonic signals of the trans-
missions so as to be mutually asymmetrical with re-
spect to polarity inversion, and

the receiving section (20) is adapted to phasing-
process the response signals of the ultrasonic sig-
nals of said M transmissions, and to attenuate the
response signal of tissue of said organism by adding
or subtracting the phase-processed response sig-
nals.

The imager of claim 2, wherein said waveform of
eachtimeisrepresented by acode f (A,0) prescribing
a frequency f, an amplitude A and a starting phase
0, and comprises

a first waveform formed by connecting the N unit
waveforms setting frequencies so that f1 (A1,61)<
f2(A2,0 2)<....<fn(An,Bn)<....<fN (AN,6N), where the
amplitude is set to be Al=A2=....=An=....=AN, and
the starting phase is set to be 61=02=....=6n=....
=6N=180°, and

a second waveform formed by connecting the N unit
waveforms setting frequencies so that f1’(A1°,61°)
>f2'(A2',0 2)>...>fn" (An,on’)>...>fN'(AN’,6N’),
where the amplitude is setto be AI'=A2'=....=An’=....
=AN’, and the starting phase is set to be 61'=62'=....
=0n’=....=60N’'=0°.

The imager of claim 2 or 3, wherein frequency dis-
tribution widths Af and Af of said f1 to fN and said
f1’ to fN’ are respectively changed over time within
a range of 0.0 fO to 0.4 fO in accordance with the
depth of an ultrasonic irradiating focus.

The imager of claim 2 or 4, wherein the frequency
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distribution widths Af and Af of said f1 to fN and said
f1to fN’ are set to 0.0 fO within a predetermined time
after injection of the contrast medium, and are
changed over time within the range of 0.0 fO to 0.4
fO after the predetermined time has passed.

The imager of claim 1 to 3, wherein

at least the amplitude of the initial one of the wave-
forms of different frequencies is greater than the am-
plitude of the continuous ultrasonic signal and the
ultrasonic signals of each transmission are set so as
to be mutually asymmetrical with respect to polarity
inversion and time axis inversion, and

the receiving section (30) is adapted to attenuate the
response signal of said organic tissue by adding or
subtracting the phase-processed response signals

The imager of claim 6, wherein the transmitting sec-
tion (20) is adapted to change at least one of the
following: frequency distribution widths Af and Af,
amplitude distribution widths AA and AA’ and ampli-
tude weight (A/A’) of the ultrasonic signal of each
transmission, over time in accordance with the depth
of the ultrasonic irradiating focus, or the time that
has passed since the injection of a contrast medium.

The imager of claim 6, wherein the waveforms of
differentfrequencies are cycle waveforms whose po-
larities are alternately inverted and whose frequen-
cies are the same.

The imager of claim 6, wherein the receiving section
(30) has a filter for extracting a specific frequency
component from the attenuated response signal
from tissue, and the pass band of the filter is set to
be from 0.8 fO to 1.8 f0, preferably from 1.2f0to 1.8
f0, where said average frequency f0 is the reference.

The imager of claim 6, wherein the receiving section
(30) has a filter for extracting a specific frequency
component from the attenuated response signal
from tissue, and the pass band of the filter is changed
over time in accordance with the depth of said re-
sponse signal within a range from 0.8 f0 to 1.8 fO
with said average frequency f0 as the reference.
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