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ULTRASONIC IMAGING APPARATUS AND
ULTRASONIC IMAGING METHOD

BACKGROUND OF THE INVENTION
[0001]

[0002] The present invention relates to an ultrasonic imag-
ing apparatus and an ultrasonic imaging method to be used
for diagnosis of internal organs in living bodies or nonde-
structive inspection by transmitting and receiving ultrasonic
waves.

[0003]

[0004] Various imaging techniques have been developed
in medical field in order to observe and diagnose the inside
of objects. Among the above-mentioned techniques, differ-
ent from other medical imaging techniques such as X-ray
photography and RI (radio isotope) scintillation camera,
ultrasonic imaging, which transmits and receives ultrasonic
waves and thereby obtains internal information of an object
to be inspected, is free from exposure to the radiation ray. As
a highly safe imaging technique, the ultrasonic imaging is
used in a wide field including diagnosis of baby in the womb
in obstetric field, gynecology, circulatory organs, digestive
system and so on.

[0005] Further, in the ultrasonic imaging, different from
the above-mentioned imaging techniques such as X-ray
photography, it is possible to display ultrasonic information,
which is obtained by using a probe, on a display apparatus
in real time. Therefore, for example, the ultrasonic imaging
is particularly advantageous in such cases when observing
an organ of which state changes every second like circula-
tory system.

[0006] However, in the ultrasonic imaging, a patient as the
object to be inspected is placed under restraint while observ-
ing the organs or the like, and therefore, a large physical load
is imposed to the patient. In order to reduce the time required
for ultrasonic imaging, it is conceivable that the intervals for
scanning the object by using ultrasonic beam are made
rougher uniformly. However, in this case, information from
the depth of the object cannot be easily obtained. The reason
of that is as described below. That is, the ultrasonic echoes
reflected by a structure residing in a deep region of the object
are faint, and also, they overlap with transmitting time zone
of the ultrasonic beams to be subsequently transmitted or
echoes of the subsequently transmitted ultrasonic beams
from a shallow region, which makes it difficult to detect such
the reflected ultrasonic echoes. Accordingly, it is desired to
develop such an apparatus and method capable of perform-
ing ultrasonic imaging of an object entirely at a high speed
while obtaining information necessary for diagnosis.

1. Field of the Invention

2. Description of a Related Art

SUMMERY OF THE INVENTION

[0007] The present invention has been achieved in view of
the above-mentioned problems. An object of the present
invention is to provide an ultrasonic imaging apparatus and
ultrasonic imaging method capable of scanning an object at
a high speed while obtaining necessary information.

[0008] In order to solve the above-described problems, an
ultrasonic imaging apparatus according to the present inven-
tion comprises: an ultrasonic probe including a plurality of
ultrasonic transducers for transmitting ultrasonic waves in
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accordance with a plurality of drive signals to form at least
one ultrasonic beam toward an object to be inspected and
receiving ultrasonic echoes reflected from the object; signal
processing means at transmitting-side for providing delays
to the plurality of drive signals to be supplied to the
ultrasonic probe so as to scan the object by using the at least
one ultrasonic beam transmitted from the ultrasonic probe
with a scanning line density; signal processing means at
receiving-side for processing a plurality of electric signals
obtained by receiving the ultrasonic echoes to obtain a
plurality of detection signals representing ultrasonic infor-
mation along a plurality of scanning lines respectively;
determination means for determining continuity of a bound-
ary of medium residing within the object on the basis of the
plurality of detection signals obtained by the signal process-
ing means at receiving-side; and control means for setting
up, after setting up a first scanning line density, a second
scanning line density higher than the first scanning line
density for the signal processing means at transmitting-side
on the basis of a determination result of the determination
means.

[0009] Further, an ultrasonic imaging method according to
the present invention is a method of imaging an object to be
inspected by using an ultrasonic probe including a plurality
of ultrasonic transducers for transmitting ultrasonic waves in
accordance with a plurality of drive signals to form at least
one ultrasonic beam toward the object and receiving ultra-
sonic echoes reflected from the object, the method compris-
ing the steps of: (a) scanning the object by using the at least
one ultrasonic beam transmitted from the ultrasonic probe
with a first scanning line density while providing delays to
the plurality of drive signals to be supplied to the ultrasonic
probe; (b) processing a plurality of electric signals obtained
by receiving the ultrasonic echoes to obtain aplurality of
detection signals representing ultrasonic information along a
plurality of scanning lines respectively; (c¢) determining
continuity of a boundary of medium residing within the
object on the basis of the plurality of detection signals
obtained at step (b); and (d) changing density of the plurality
of scanning lines from a first scanning line density to a
second scanning line density higher than the first scanning
line density on the basis of a determination result at step (c)
to scan the object.

[0010] According to the present invention, since the scan-
ning line density is adaptively changed on the basis of the
detected continuity of boundary of medium, the entire
scanning region can be scanned at a high speed while
obtaining minute ultrasonic information about the region
where critical information is included.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 is a block diagram showing the configura-
tion of an ultrasonic imaging apparatus according to a first
embodiment of the present invention;

[0012] FIG. 2 is a diagram showing a sector region to be
scanned within an object to be inspected;

[0013] FIG. 3 is a flowchart showing the ultrasonic imag-
ing method according to the first embodiment of the present
invention;

[0014] FIG. 4 is a diagram showing a scanning line
density in an ordinary scanning;
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[0015] FIG. 5 is a diagram showing a scanning with a low
scanning line density, which is carried out in the ultrasonic
imaging method according to the first embodiment of the
present invention;

[0016] FIG. 6 is a diagram for illustrating a method of
determining the continuity of boundary;

[0017] FIG. 7 is a diagram for illustrating a method of
determining whether or not the boundary resides on the
scanning line;

[0018] FIG. 8 is a diagram for illustrating a method of
determining whether or not the boundary resides on the
scanning line;

[0019] FIG. 9 is a diagram for illustrating a method of
determining whether or not the boundary residing in on a
neighboring scanning line is continuous;

[0020] FIG. 10 is a diagram showing a scanning with a
high scanning line density carried out in the ultrasonic
imaging method according to the first embodiment of the
present invention;

[0021] FIG. 11 is a flowchart showing the ultrasonic
imaging method according to a second embodiment of the
present invention;

[0022] FIG. 12 is a diagram for illustrating a scanning
carried out in the ultrasonic imaging method according to
the second embodiment of the present invention,

[0023] FIG. 13 is a block diagram showing the configu-
ration of an ultrasonic imaging apparatus according to a
third embodiment of the present invention;

[0024] FIG. 14 is a flowchart showing a method of
detecting a region of discontinuous boundary in the ultra-
sonic imaging method according to the third embodiment of
the present invention;

[0025] FIG. 15 is a diagram showing a region scanned in
the ultrasonic imaging method according to the third
embodiment of the present invention;

[0026] FIG. 16 is a diagram for illustrating an estimating
method of a boundary position;

[0027] FIG. 17 is a diagram for illustrating an estimating
method of the boundary position;

[0028] FIG. 18 is a diagram for illustrating an estimating
method of the boundary position;

[0029] FIG. 19 is a block diagram showing the configu-
ration of an ultrasonic imaging apparatus according to a
fourth embodiment of the present invention,

[0030] FIG. 20 is a flowchart showing the ultrasonic
imaging method according to the fourth embodiment of the
present invention;

[0031] FIGS. 21A-21C are diagrams for illustrating the
ultrasonic imaging method according to the fourth embodi-
ment of the present invention; and

[0032] FIGS. 22A-22C are diagrams for illustrating the
ultrasonic imaging method according to the fourth embodi-
ment of the present invention.
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DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0033] Embodiments of the present invention will be
described in detail below by referring to the drawings. The
same constituent elements will be given with the same
reference numerals and the descriptions thereof will be
omitted.

[0034] FIG. 1 is a block diagram showing the configura-
tion of an ultrasonic imaging apparatus according to a first
embodiment of the present invention. This ultrasonic imag-
ing apparatus is used as, for example, an ultrasonic diag-
nostic apparatus for diagnosis of human body or the like, or
an inspection apparatus for industrial use.

[0035] As shown in FIG. 1, the ultrasonic imaging appa-
ratus includes an ultrasonic probe 10, which is used by being
abutted on an object to be inspected. The ultrasonic probe 10
is provided with a plurality of (N*) ultrasonic transducers
10a, which is disposed in two-dimensional shape (NxN) to
constitute a two-dimensional transducer array. Each ultra-
sonic transducer 10a generates ultrasonic waves in accor-
dance with an inputted drive signal, and receives ultrasonic
echoes, which are generated due to reflection from the
object, to output a detection signal. As for the ultrasonic
transducer 10a, for example, a piezoelectric element includ-
ing a piezoelectric ceramic represented by PZT (Pb (lead)
zirconate titanate) or a macromolecule piezoelectric element
such as PVDF (polyvinylidene difluoride) as the material
maybe used. In this embodiment, one ultrasonic transducer
is used for both of transmission and reception of ultrasonic
waves. However, different ultrasonic transducers for trans-
mission and reception of ultrasonic waves may be provided.

[0036] Alternatively, the above-mentioned piezoelectric
element may be used as a transmitting element of ultrasonic
waves, and a photo-detection type transducer may be used as
a receiving element of ultrasonic waves, so that the ultra-
sonic probe 10 is constituted by combining them. As for the
photo-detection type transducer, an element, in which a
Fabry-Perot resonator (referred to as FPR), Fiber Bragg
grating or the like is formed at the front end of a minute
optical fiber, may be used. Also, in this embodiment, a
two-dimensional transducer array is used. However, in addi-
tion to that, a transducer array such as one-dimensional or
1.5-dimensional array may be used.

[0037] Further, the ultrasonic imaging apparatus includes
an excitation timing controller 20, a plurality of pulser
circuits 21 and a plurality of receivers 30.

[0038] The plurality of pulser circuits 21 and the plurality
of receivers 30 are connected to the plurality of ultrasonic
transducers 10a, respectively.

[0039] The excitation timing controller 20 supplies a plu-
rality of excitation signals to the plurality of pulser circuits
21 at predetermined timings, respectively. In this embodi-
ment, although the excitation timing controller 20 is consti-
tuted of an electronic circuit, it may be constituted of a
pattern generator or the like.

[0040] The plurality of pulser circuits 21 outputs a plu-
rality of drive signals to the ultrasonic probe 10 in accor-
dance with the excitation signals supplied from the excita-
tion timing controller 20. As for the pulser circuit, it is
preferred to use a high-speed pulser circuit capable of
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outputting drive signals successively at high repetition peri-
ods (for example, 3 MHz to 10 MHz).

[0041] When the drive signals are supplied from the
plurality of pulser circuits 21, the plurality of ultrasonic
transducers 10g included in the ultrasonic probe 10 gener-
ates ultrasonic pulses in accordance with the drive signals
output from the corresponding pulser circuits 12. By com-
bining these ultrasonic pulses, transmitting beam (scanning
line), which is biased in a desired direction, is formed.

[0042] The plurality of receivers 30 performs signal pro-
cessing on electric signals (detection signals) which have
been output from the corresponding ultrasonic transducers
10a. Each of the receivers 30 includes a preamplifier 31, a
TGC (time gain compensation) amplifier 32 and an A/D
converter 33. The detection signals, which have been output
from the ultrasonic transducer 10a, are subjected to analog
processing in the preamplifiers 31 and the TGC amplifiers 32
included in the corresponding receivers 30. Owing to this
analog processing, the level of the detection signal is
matched with the input signal level of the A/D converter 33.
The analog signals output from the TGC amplifiers 32 are
converted into digital signals (data) by the A/D converters
33, respectively.

[0043] Further, the ultrasonic imaging apparatus includes
a system control unit 40, a memory 41, a phase matching
calculating unit 42, a discontinuous region determining unit
43, a scan control unit 44, a display image calculating unit
45 and an image display unit 46. The system control unit 40
controls the respective units of the ultrasonic imaging appa-
ratus.

[0044] The memory 41 includes a plurality of lines cor-
responding to the plurality of receivers 30, and stores
detection data, which is output from each receiver 30, in
chronological order.

[0045] The phase matching calculating unit 42 performs
calculation processing for matching the phases of the detec-
tion signals represented by the detection data with each
other. That is to say, the phase matching calculating unit 42
carries out reception focus processing in which desired
delays are given to the pieces of detection data stored in the
memory 41 and the pieces of resultant detection data are
added to each other, thereby a piece of sound ray data, which
represent ultrasonic information along a desired scanning
line, is generated. The phase matching calculating unit 42 is
constituted of a shift register delay line, a digital minute
delay device, CPU (central processing unit) and software, or
a combination thereof.

[0046] On the basis of the sound ray data generated by the
phase matching calculating unit 42, the discontinuous region
determining unit 43 detects a boundary of medium residing
within the object and determines continuity of the boundary
of medium in the neighboring plurality of regions to detect
a region where the boundary of medium is discontinuous.

[0047] On the basis of a determination result of the
discontinuous region determining unit 43, the scan control
unit 44 sets up scanning region within the object and
scanning line density.

[0048] The display image calculating unit 45 demodulates
the detection waveform with respect to the sound ray data,
which is output from the phase matching calculating unit 42,
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and performs a predetermined image processing to output
image data. Further, the display image calculating unit 45
converts the scanning format with respect to the image data,
which has been subjected to image processing, to convert the
image data in the scanning space of the ultrasonic beam into
the image data in physical space. In the case of displaying
three-dimensional image, before converting the scanning
format, a processing may be carried out so that voxel data,
which are the data about a volume, are generated from a
plurality of sheets of tomographic data.

[0049] The image display unit 46 converts the image data,
of which scanning format has been converted by the display
image calculating unit 45, into analog signals by D/A
conversion, and displays ultrasonic image on the basis of
these signals.

[0050] Next, an ultrasonic imaging method according to
the first embodiment of the present invention will be
described with reference to FIGS. 1-8.

[0051] The ultrasonic imaging method according to this
embodiment is a method of scanning an object while chang-
ing the scanning line density in an adaptive manner on the
basis of the continuity of the boundary of medium residing
within the object. Here, in general, when comprehending the
shape and dimension of a reflection source in the ultrasonic
diagnosis, a region where the outline of the reflection source
changes discontinuously is more critical than a region where
it changes continuously. For example, as shown in FIG. 2,
in the case where a reflection source 2 resides in a sector
region 1, a lot of critical information is included in a region
A or a region C where positional information about the
reflection is discontinuously or changes sharply, rather than
in a region B where the positional information changes
gently. Accordingly, in the ultrasonic imaging method
according to this embodiment, the ultrasonic information is
obtained by scanning roughly with a low density of the
scanning lines in a region where the positional information
about the reflection source changes continuously, and scan-
ning finely with a high density of the scanning lines in a
region where the positional information changes discontinu-
ously.

[0052] FIG. 3 is a flowchart showing the ultrasonic imag-
ing method according to this embodiment.

[0053] First, at step S1, the ultrasonic imaging apparatus
scans scanning regions within the object with a low scanning
line density. That is, when scanning a sector region 1 to be
scanned, ordinarily the scanning is carried out at A8 inter-
vals between the scanning lines as shown in FIG. 4. How-
ever, in this embodiment, the scanning is carried out, for
example, at 3xA0 intervals between the scanning lines as
shown in FIG. 5. In order to achieve the above, under the
control of the scan control unit 44, excitation signals are
supplied from the excitation timing controller 20 to the
plurality of pulser circuits 21. Responding to the excitation
signals, each pulser circuit 21 outputs a drive signal to the
corresponding ultrasonic transducer 10z on the basis of the
supplied excitation signal. Owing to this, ultrasonic beam is
transmitted sequentially at 3xA0 intervals.

[0054] Also, the plurality of ultrasonic transducers 10z
receive ultrasonic echoes, which have been generated by the
reflection of transmitted ultrasonic beam from the reflection
source, and output detection signals. After being subjected to
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the signal processing, these detection signals are converted
into digital data in the corresponding receiver 30, and stored
in the memory 44 in chronological orders. Further, by using
the detection data stored in the memory 44, the phase
matching calculating unit 42 performs the reception focus
processing corresponding to the transmitting direction of the
ultrasonic beam. Owing to this, pieces of sound ray data,
which represent the ultrasonic information along the respec-
tive scanning lines, are generated.

[0055] As described above, the transmitting/receiving of
the ultrasonic beam at step Si as shown in FIG. 3 is
sequentially carried out while changing the transmitting
direction, thereby the entire range of the sector region 1 is
roughly scanned.

[0056] Then, at step S2, on the basis of the pieces of sound
ray data which are obtained by scanning the sector region 1
with low scanning line density, the discontinuous region
determining unit 43 determines whether or not any region of
discontinuous boundary resides as to the boundary of
medium found in the sector region 1.

[0057] Here, a method of determining the region of dis-
continuous boundary will be described with reference to
FIGS. 6-9. As shown in FIG. 6, in the case where a
reflection source 2 resides in the sector region 1, an ultra-
sonic beam, which is transmitted in a direction of the
scanning line, for example, TA (6), is reflected at boundaries
B1 and B2. In this case, the intensity of the echo signals from
these reflection regions becomes higher than that from the
surrounding regions. Accordingly, as shown in FIG. 7, on
the envelope of the RF signal representing ultrasonic infor-
mation with respect to scanning line TA (6), projections,
which represent ultrasonic echoes generated at the bound-
aries B1 and B2, are found. Also, on the envelope of the RF
signal representing ultrasonic information with respect to the
scanning line TA (9), projections, which represent ultrasonic
echoes generated at the boundaries B3 and B4, are found.
Alternatively, in the case where the ultrasonic echoes are
reflected from an edema or the like, the intensity of the echo
signals from the reflection regions becomes lower than that
in the surrounding regions. In such case, as shown in FIG.
8, the signals representing the boundaries B1 and B2 become
low echoes (also, referred to as anti-echoes). In FIGS. 7 and
8, the abscissa axis “t” of the graph represents the detection
time of the ultrasonic echo signal. The larger value of “t”
represents an ultrasonic echo generated at the deeper portion
of the object. The ordinate axis of the graph represents the
intensity of the ultrasonic echo signal.

[0058] Now, the discontinuous region determining unit 43
determines whether or not any boundary of medium resides
within the object as to the scanning line as determination
target. That is, as shown in FIG. 7, when a certain increase
or decrease is found at a time point in the amplitude h, of an
ultrasonic echo signal relative to the amplitude hy of the
prior or following signal, the discontinuous region deter-
mining unit 43 determines that a boundary of medium
resides in a position corresponding to the time point. For
example, when the following expression (1) is satisfied, the
discontinuous region determining unit 43 determines that the
boundary of medium resides.

|(r~Trg)ihp]>0.1 oy
[0059] In the expression (1), the threshold value is set to
0.1. This value is set up on the basis of the width or the like
of the envelope.
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[0060] Then, the discontinuous region determining unit 43
compares the sound ray data as to the neighboring scanning
lines and determines whether or not the boundary of
medium, which is found on the both scanning lines, is
continuous. The determination is carried out as described
below. As shown in FIG. 9, with respect to the scanning line
TA (6), the discontinuous region determining unit 43 detects
the position (depth) where the signal, which represents the
existence of the boundary, becomes high. In FIG. 9, the
position (depth) corresponds to each of time points t1 and t2
in sequence of the detection signal. Then, on the scanning
line TA (9) neighboring to the scanning line TA (6), the
discontinuous region determining unit 43 sets up a range (a
predetermined period) where the boundary may reside. The
range where the boundary resides is a range within +At with
reference to the each of the time points t1 and t2 of the
boundary. When a high level signal is found within the range
of t1xAt and t2+At as to the scanning line TA (9), the
boundary is determined as continuous. If not found, the
boundary is determined as discontinuous. Likewise, with
respect to the scanning line TA (12), the continuity of
boundary is also determined on the basis of the time points
t1' and 12' at which the high level signal appears as to the
scanning line TA (9). As a result, in the case as shown in
FIG. 9, it is determined that the boundary on the scanning
line TA (6) and scanning line TA (9) is continuous, while the
boundary on the scanning line TA (9) and scanning line TA
(12) is discontinuous.

[0061] Referring to FIG. 3 again, at step S3, the ultrasonic
imaging apparatus further performs the scanning with high
density scanning lines on the region between the scanning
line TA (0) and the scanning line TA (3), and the region
between the scanning line TA (9) and the scanning line TA
(12) where the boundary is discontinuous. Owing to this, as
shown in FIG. 10, the ultrasonic beam is further transmitted
and received in the direction of scanning line TA (1), TA(2),
TA(10) and TA (11), and sound ray data about each scanning
line are obtained.

[0062] In this embodiment, the entire scanning region is
scanned roughly first. And then, the regions where the
boundary is discontinuous are scanned finely so as to
interpolate them. As described above, the scanning line
density is changed adaptively on the basis of the continuity
in the detected boundary, thereby it is made possible to
effectively obtain ultrasonic information about the entire
range at a high speed while obtaining detailed ultrasonic
information about the critical regions. In addition, since the
entire scanning region is roughly scanned first, the outline of
the imaging object can be comprehended in early stage.

[0063] Next, an ultrasonic imaging method according to a
second embodiment of the present invention will be
described with reference to FIGS. 11 and 12. The ultrasonic
imaging method according to this embodiment may be used
in the ultrasonic imaging apparatus as shown in FIG. 1.
FIG. 11 is a flowchart showing the ultrasonic imaging
method according to this embodiment.

[0064] At step S11, the ultrasonic imaging apparatus starts
scanning with a low scanning line density on the sector
region 1 as shown in FIG. 12. Owing to this, sound ray data
with respect to a plurality of scanning lines TB (1) and TB
(2), . . . are generated in order.

[0065] Then, at step S12, the discontinuous region deter-
mining unit 43 compares the sound ray data with respect to
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the scanning line TB (n) which is newly obtained at step S11,
with the sound ray data with respect to the scanning line TB
(n-1) which has been obtained before step S11. When any
boundary of medium is found as to either one of the two
neighboring scanning lines, the discontinuous region deter-
mining unit 43 determines whether or not these boundaries
are discontinuous. The method of determining the region of
discontinuous boundary is the same as that described with
reference to FIGS. 7-10.

[0066] At step S12, when the boundary is not found, or
when the found boundary is not discontinuous, the ultra-
sonic imaging apparatus returns to step S11, and scans again
the sector region 1 with the low scanning line density (step
S14).

[0067] On the other hand, when the found boundary is
discontinuous, at step S13, the ultrasonic imaging apparatus
performs scanning with the high scanning line density on the
region between the scanning line TB (n) and the scanning
line TB(n-1).

[0068] When the scanning with the high scanning line
density on this region has completed, the ultrasonic imaging
processing returns to step S11, and scans the sector region 1
again with the low scanning line density. In the case of
returning to step S11, the scanning starts from a scanning
line TB(n+1) which neighbors the scanning line TB(n).
When the scanning of the entire range of the sector region
1 has been completed, the operation is terminated (step S14).

[0069] In this embodiment, as shown in FIG. 12, the
sector region 1 is roughly scanned, and every time when a
region where the boundary of medium is discontinuous is
detected, the region is scanned with the high scanning line
density. Accordingly, the entire scanning region can be
sequentially scanned at a high speed from one side to the
other side in order while obtaining detailed ultrasonic infor-
mation about the critical region.

[0070] In the above-described first and second embodi-
ments, the case where a two-dimensional sector region is
scanned has been described. However, in the case of scan-
ning of another two-dimensional region, or a three-dimen-
sional region, the entire of a scanning region can be scanned
at a high speed as the same as those embodiments, by
determining a region of discontinuous boundary on the basis
of obtained sound ray data and carrying out the scanning
while changing adaptively the scanning line density on the
basis of the determination result.

[0071] Next, an ultrasonic imaging apparatus according to
a third embodiment of the present invention will be
described. FIG. 13 is a block diagram showing the configu-
ration of an ultrasonic imaging apparatus according to this
embodiment. In this ultrasonic imaging apparatus, a bound-
ary estimate calculating unit 47 is added to the ultrasonic
imaging apparatus as shown in FIG. 1. The configuration
excluding the above is the same as that of the ultrasonic
imaging apparatus as shown in FIG. 1.

[0072] The boundary estimate calculating unit 47 per-
forms a calculation for estimating the position of the bound-
ary in the next scanning region on the basis of the boundary
position of the medium which has been detected by the
discontinuous region determining unit 43.

[0073] An ultrasonic imaging method according to this
embodiment will be described. Same as the ultrasonic imag-

Sep. 30, 2004

ing method according to the first or second embodiment of
the present invention, the ultrasonic imaging method accord-
ing to this embodiment comprises the step of scanning the
scanning regions within the object with a low scanning line
density and the step of scanning the region of discontinuous
boundary of medium, which is detected by the first scanning,
with a high scanning line density. When detecting the region
of discontinuous boundary, this embodiment is characterized
by using the region where existence of the boundary has
been estimated by the boundary estimate calculating unit 47.

[0074] FIG. 14 is a flowchart showing a method of
detecting the region of discontinuous boundary in the ultra-
sonic imaging method according to this embodiment. Fur-
ther, FIG. 15 is a diagram showing a sector region which is
scanned in this embodiment.

[0075] In FIG. 14, at step S21, the ultrasonic imaging
apparatus scans sector region 3, where a reflection source 4
resides, to obtain sound ray data about the scanning lines TC
(0), TC(2), . . ., and TC(8). On the basis of these sound ray
data, the discontinuous region determining unit 43 detects
each boundary position on the scanning lines TC(0), TC(2),

., and TC(8). The detecting method of the boundary
position is the same as that in the first embodiment of the
present invention, which has been described with reference
to FIGS. 7 and 8. Owing to this, signals D2a and D2b, D4a
and D4b, D6a and D6b, D8a and D8b, which indicate the
existence of the boundary, are obtained as shown in FIG. 16.

[0076] Then, at step S22, on the basis of the signals
indicating the existence of the boundary on the scanning
lines TC(2) to TC(8) in which the boundary has been
detected, the boundary estimate calculating unit 47 performs
a calculation for estimating the range of the boundary
position on the scanning line TC(10). That is, by using a
series of signals D2a, D4a, D6a and D8a, and signals D2b,
D4b, D6b and D8b, ranges R10azand R10b, where the
boundaries may reside on the scanning line TC(10), are
obtained respectively.

[0077] The position of the boundary can be estimated by
performing, for example, the following calculation. First, as
shown in FIG. 17, signals representing the existence of the
boundary, which are obtained at step S21 (FIG. 16), arc
converted onto a sector image to plot points corresponding
to the signals D2a-D8b. Then, the point D8b, which has been
obtained by the latest scan, is connected with a straight line
to the point D6b, which has been obtained by the scan prior
thereto, to obtain an intersecting point P between the exten-
sion thereof and the scanning line TC(10). Then, a circle
having a predetermined radius is drawn around the inter-
secting point P. As for the value of the radius, for example,
a maximum value of the deviation between an estimated
value and an actual boundary position in the past is used. In
FIG. 16, the range corresponding to this circle is defined as
the range R10b where the boundary resides on the scanning
line TC (10). The range R10a, where the boundary may
reside, is also obtained by using the points D6a and D8a in
the same manner as described above.

[0078] Inthe case where a boundary is newly detected (for
example, points D2a and D2b on the scanning line TC(2) in
FIG. 17) when performing the scanning along a scanning
line, the range where the boundary may reside is calculated
as described below. As shown in FIG. 18, in the case where
aboundary is newly detected at a position “X” on a scanning
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line TC(X), it is assumed that the boundary position X' in the
neighboring scanning line TC(X+1) resides at a depth “d”
same as that of the position X. Then, a circle which goes
through the position X around the position X' as a center, i.e.,
which has a radius corresponding to a distance “r” between
X and X' is drawn. The circle is defined as the range R where
the boundary may reside on the neighboring scanning line
TC(X+1).

[0079] As for the calculation processing at step S22, in
addition to the above, various generally known position-
estimating calculation methods may be used.

[0080] Referring to FIG. 14 again, at step S23, the ultra-
sonic imaging apparatus performs the scanning along the
scanning line TC (10) to obtain the sound ray data.

[0081] Then, at step S24, on the basis of the sound ray data
obtained at step S23, the discontinuous region determining
unit 43 detects the position of the boundary on the scanning
line TC(10). The detecting method of the position of the
boundary is the same as that at step S21.

[0082] Then, at step S25, the discontinuous region deter-
mining unit 43 determines whether or not the signal repre-
senting the position of the boundary on the scanning line
TC(10), which has been obtained at step S24, is included in
the range R10a or R10b of the estimated boundary obtained
at step S22. In the case where the signal representing the
position of the boundary is included in the range R10a or
R10b, it is determined that the boundary between the scan-
ning line TC(8) and the scanning line TC(10) is continuous.
On the other hand, in the case where the signal representing
the position of the boundary is not included in the range
R10a or R10b, it is determined that the above boundary is
discontinuous. Also, at step S24, in the case where the
boundary has not been detected on the scanning line TC(10),
it is determined that the above boundary is discontinuous.

[0083] Referring to FIG. 13 again, the ultrasonic imaging
apparatus performs the scanning with a high scanning line
density on the region of discontinuous boundary which is
determined as described above. As for the scanning method,
as shown in FIG. 10, a method may be used in which the
entire range of the sector region 3 is roughly scanned first
and then the region determined as discontinuous is scanned
minutely. Alternately, as shown in FIG. 12, a method may
be used in which, every time when the region is determined
as discontinuous while roughly scanning the sector region 3,
the scan returns to that region to carry out minute scanning.

[0084] According to this embodiment, on the basis of the
positional information of a previously detected boundary,
the boundary position on the next scanning line is estimated
and compared with an actually measured value. Accord-
ingly, the continuity of boundary can be determined more
correctly.

[0085] In this embodiment, on the basis of the information
of the boundary position which is obtained by the latest
scanning and the information of the boundary position
which has been obtained by the scanning prior thereto by
one, the boundary position in the next scanning line is
estimated. However, the information of the boundary posi-
tion may be used which had obtained further previously.

[0086] Next, an ultrasonic imaging apparatus according to
a fourth embodiment of the present invention will be

Sep. 30, 2004

described. The ultrasonic imaging method according to this
embodiment is a multi-beam system. That is, by transmitting
a plurality of ultrasonic beams in a plurality of directions at
the same time, three-dimensional region of an object is
scanned at a high speed.

[0087] Inthe multi-beam system, the cross talk becomes a
problem in a case such that, when receiving one ultrasonic
echo, which is generated by a first ultrasonic beam trans-
mitted in one direction and reflected by a reflection source,
another ultrasonic echo, which is generated by a second
ultrasonic beam transmitted in another direction and
reflected by the reflection source, is received simultaneously.
Therefore, before carrying out an actual ultrasonic imaging
with the multi-beam system, a pre-imaging is made to
comprehend the outline of the object as to whether or not
any reflection source resides which may cause the cross talk.
Since the pre-imaging has to be made with a single beam in
order to avoid the influence of the cross talk, it takes a long
time for imaging. Accordingly, in this embodiment, a
method of carrying out the pre-imaging at a high speed is
adopted.

[0088] FIG. 19 is a block diagram showing a configura-
tion of an ultrasonic imaging apparatus according to this
embodiment. This ultrasonic imaging apparatus has a phase
matching calculating unit 50 and a scan control unit 52 in
place of the phase matching calculating unit 42 and the scan
control unit 44 in the ultrasonic imaging apparatus as shown
in FIG. 1, and further has a cross talk determining unit 51.
The configuration other than the above is the same as that of
the ultrasonic imaging apparatus as shown in FIG. 1.

[0089] The phase matching calculating unit 50 performs
calculation processing to match the phases of the pieces of
detection data stored in the memory 41 with each other. The
phase matching calculating unit 50 is provided with a
plurality of channels corresponding to the number of the
transmission beams. Each channel of the phase matching
calculating unit 50 provides designated delays to a series of
detection data, which are obtained on the basis of the
detection signals output from ultrasonic transducers 10q,
and digitally adds them to each other. Thus, by using the
phase matching calculating unit 50 having a plurality of
channels, the reception focusing relative to a plurality of
directions within the object can be achieved simultaneously.

[0090] When a pre-imaging is carried out by pre-scanning
the object, the cross talk determining unit 51 determines
whether or not a reflection source, which may cause the
cross-talk, resides on the basis of the image information
obtained as a result.

[0091] Further, the scan control unit 52 sets up the scan-
ning line density and the scanning region on the basis of the
determination result of the discontinuous region determining
unit 43 when carrying out the pre-scan, and in the actual
imaging, the scanning conditions including transmission
timing and transmitting directions of the ultrasonic waves to
be transmitted on the basis of the determination result of the
cross talk determining unit 51.

[0092] Next, an ultrasonic imaging method according to
the fourth embodiment of the present invention will be
described with reference to FIGS. 19-22C. FIG. 20 is a
flowchart showing the ultrasonic imaging method according
to this embodiment. FIGS. 21A-22C are diagrams for
illustrating an ultrasonic imaging method according to this
embodiment.
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[0093] Here, FIGS. 21A and 22A shows the state where
the ultrasonic beam is transmitted to three-dimensional
regions of an object. The arrows indicate the tracks of the
ultrasonic beams TX1-TX4. FIGS. 21B and 22B show a
plurality of blocks P1-P4 which are included in the image
region at the depth P. The symbols of circle indicate beam
spots of the ultrasonic beams TX1-TX4 which scan the
plurality of blocks P1-P4 respectively, and the arrows indi-
cate the scanning directions of the ultrasonic beams TX1-
TX4. Here, in FIGS. 21A, 21B, 22A and 22B, the symbols
of black circle indicate reflection sources OB1 and OB2
which reside in the image region at the depth P. Further,
FIGS. 21C and 22C show waveforms of the echo signals
which have been obtained corresponding to the transmitted
ultrasonic beams.

[0094] First, at step S31, as shown in FIG. 214, a pre-
imaging is made by scanning one image region constituting
the three-dimensional region within the object with one
ultrasonic beam TX1. In the pre-imaging, the ultrasonic
imaging method according to the first or second embodiment
of the present invention is used.

[0095] Owing to this pre-imaging, the waveforms of the
echo signals are obtained as shown in FIG. 21C. Thereby,
the fact that reflection sources OB1 and OB2 reside in the
image region at the depth P is comprehended. In FIG. 21C,
tl and t2 indicate transmission time of an ultrasonic beam
TX1 which has been transmitted to the X1 and X2 directions
respectively as shown in FIG. 21A.

[0096] The sound ray data as to a plurality of scanning
lines as described above are inputted to the cross talk
determining unit 51.

[0097] Then, at step S32, the determination of the cross
talk is made. Here, it is assumed that, in the excitation timing
controller 20, for example, as shown in FIG. 22A, the
transmission timing and the transmitting direction have been
initially set up so that the ultrasonic beams TX1, TX2, TX3
and TX4, which are separated from each other by 6, and ¢,
are transmitted simultaneously in one transmission of multi-
beam.

[0098] First, on the basis of the input sound ray data, the
cross talk determining unit 51 determines whether or not any
reflection source resides in the regions neighboring each
other.

[0099] For example, from the waveforms as shown in
FIG. 21C, it is found that the reflection sources OB1 and
OB2 reside in the X1 direction and X2 direction respec-
tively. A time period from a time point when the ultrasonic
beam is transmitted to a time point when the ultrasonic echo
is received is substantially the same between these reflection
sources OB1 and OB2. Accordingly, as shown in FIG. 21A,
it is found that these reflection sources OB1 and OB2 are
located in positions where the distance from the transmitting
point of the transmitted beam is substantially the same, i.c.,
in an image region having the same depth. In the case where
the interval between the X1 direction and the X2 direction
is substantially the same as the transmitting interval 0, and
¢, of the plurality of ultrasonic beams to be transmitted
simultaneously, and when the ultrasonic beams are trans-
mitted simultaneously in the X1 direction and X2 direction,
the detection signal of the ultrasonic echo reflected by the
reflection source OB1 and the detection signal of the ultra-
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sonic echo reflected by the reflection source OB2 are
detected being overlapped with each other.

[0100] In such case, the cross talk determining unit 51
determines that cross-talk will occur between the X1 direc-
tion and the X2 direction, and outputs the result thereof to
the scan control unit 52.

[0101] Then, at step S33, resetting of the scanning con-
ditions is made. On the basis of the determination result
which has been outputted from the cross talk determining
unit 51, the scan control unit 52 resets the scanning condi-
tions of the ultrasonic beams, which are transmitted at actual
imaging, for the excitation timing controller 20. That is, as
shown in FIG. 22C, the scan control unit 52 sets up the
transmission timing so that, when transmitting the ultrasonic
beams in the directions including X1 and X2, the ultrasonic
beams TX1, TX3 and TX4 are transmitted simultaneously
and the ultrasonic beam TX2 is transmitted after a time At
has elapsed from the transmission time of the ultrasonic
beams TX1, TX3 and TX4.

[0102] Then, at step S34, an actual imaging is carried out.
That is, according to the control of the excitation timing
controller 20 in which the scanning conditions has been reset
by the scan control unit 52, the plurality of pulser circuits 21
outputs drive signals to the plurality of ultrasonic transduc-
ers 10a connected to the plurality of pulser circuits 21,
respectively. Thereby, the plurality of ultrasonic beams of
TX1, TX3 and TX4 are transmitted to the directions of x1,
x3 and x4 respectively at a time point to, and the ultrasonic
beam TX2 is transmitted to the x2 direction at a time point
to+AL, that is, after a time At has elapsed from the time point
to.

[0103] The plurality of ultrasonic beams, which are trans-
mitted in a multi-beam mode, are reflected respectively
within the object, and the ultrasonic echoes generated
thereby are received by the ultrasonic probe 10. The plural-
ity of ultrasonic transducers 10z included in the ultrasonic
probe 10 outputs a plurality of detection signals in accor-
dance with the received ultrasonic echoes, respectively.
These detection signals are input to the corresponding
receivers 30 respectively, and after being subjected to a
predetermined signal processing and stored temporarily in
the memory 41, and inputted to the respective channels of
the phase matching calculating unit 50 in parallel.

[0104] On the basis of the series of input detection data,
the phase matching calculating unit 50 performs reception
beam forming so that the ultrasonic echoes, which have
returned in the directions of x1, x2, x3 and x4, form
reception focuses respectively to generate pieces of sound
ray data corresponding to the transmission beams respec-
tively. Thereby, as shown in FIG. 22C, the detection signal
of the ultrasonic echo which has been reflected by the
reflection source OB1 and the detection signal of the ultra-
sonic echo which has been reflected by the reflection source
OB2 are obtained separately.

[0105] Further, the display image calculating unit 45 per-
forms a predetermined image processing of the sound ray
data which has been subjected to the reception focus pro-
cessing in the phase matching calculating unit 50. On the
basis of the image data which have been subjected to the
image processing, the image display unit 46 displays the
ultrasonic image.
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[0106] As described above, according to this embodiment,
the pre-imaging can be carried out at a high speed, therefore
the time required for the entire ultrasonic imaging can be
reduced. Further, since the scanning conditions including the
transmission timings of the ultrasonic beams on the basis of
the result of the pre-imaging, the detection signals of the
ultrasonic echoes, which are reflected in the neighboring
plurality of regions, can be separated. Accordingly, a high
quality image data in which the influence of the cross talk is
reduced can be obtained at a high speed in a multi-beam
transmission mode.

[0107] In this embodiment, the scanning conditions are
reset on the basis of the determination result of the cross talk
determining unit so that the timings for transmitting the
ultrasonic beams are displaced. However, the scanning con-
ditions may be reset so that the transmitting directions of the
ultrasonic beams are changed or both of the timings and the
transmitting directions are changed.

[0108] Further, in this embodiment, the ultrasonic imaging
method according to the first or second embodiment is used
as a pre-imaging for carrying out ultrasonic imaging with a
multi-beam system. However, in addition to the above, these
ultrasonic imaging methods may be used as the pre-imaging
in a variety of ultrasonic imaging.

[0109] As described above, according to the present
invention, the scanning line density is adaptively changed on
the basis of the detected continuity of the boundary of
medium. Accordingly, the entire scanning region can be
scanned at a high speed while obtaining minute ultrasonic
information about the region including critical information.

1. An ultrasonic imaging apparatus comprising:

an ultrasonic probe including a plurality of ultrasonic
transducers for transmitting ultrasonic waves in accor-
dance with a plurality of drive signals to form at least
one ultrasonic beam toward an object to be inspected
and receiving ultrasonic echoes reflected from the
object;

signal processing means at transmitting-side for providing
delays to the plurality of drive signals to be supplied to
said ultrasonic probe so as to scan the object by using
the at least one ultrasonic beam transmitted from said
ultrasonic probe with a scanning line density;

signal processing means at receiving-side for processing
a plurality of electric signals obtained by receiving the
ultrasonic echoes to obtain a plurality of detection
signals representing ultrasonic information along a
plurality of scanning lines respectively;

determination means for determining continuity of a
boundary of medium residing within the object on the
basis of the plurality of detection signals obtained by
said signal processing means at receiving-side; and

control means for setting up, after setting up a first
scanning line density, a second scanning line density
higher than the first scanning line density for said signal
processing means at transmitting-side on the basis of a
determination result of said determination means.
2. An ultrasonic imaging apparatus according to claim 1,
wherein:
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said determination means determines the continuity of
boundary of medium on the basis of a plurality of
detection signals obtained by scanning predetermined
scanning regions with the first scanning line density to
obtain a region of discontinuous boundary; and

said control means controls said signal processing means
at transmitting-side to scan the region of discontinuous
boundary detected by said determination means with
the second scanning line density higher than the first
scanning line density.

3. An ultrasonic imaging apparatus according to claim 2,
wherein said control means controls said signal processing
means at transmitting-side to scan, after scanning predeter-
mined scanning regions with the first scanning line density,
the region of discontinuous boundary detected by said
determination means with the second scanning line density
higher than the first scanning line density.

4. An ultrasonic imaging apparatus according to claim 2,
wherein said control means controls said signal processing
means at transmitting-side to scan, when the region of
discontinuous boundary is detected by said determination
means, the region of discontinuous boundary prior to
remaining scanning regions with the second scanning line
density higher than the first scanning line density.

5. An ultrasonic imaging apparatus according to claim 1,
wherein,

said determination means determines, in the case where a
changing rate of an amplitude of any one of the
plurality of detection signals as to the plurality of
scanning lines becomes larger than a predetermined
value at a time point, that a boundary of medium
resides at a position corresponding to the time point;
and

said determination means determines, in the case where
the time point when it has been determined that a
boundary of medium resides on the basis of a first
detection signal as to a first scanning line is included in
a predetermined period with reference to a time point
when it has been determined that a boundary of
medium resides on the basis of a second detection
signal as to a second scanning line adjacent to the first
scanning line, that the boundary of medium is continu-
ous as to the first and second detection signals.

6. An ultrasonic imaging apparatus according to claim 2,

wherein:

said determination means determines, in the case where a
changing rate of an amplitude of any one of the
plurality of detection signals as to the plurality of
scanning lines becomes larger than a predetermined
value at a time point, that a boundary of medium
resides at a position corresponding to the time point;
and

said determination means determines, in the case where
the time point when it has been determined that a
boundary of medium resides on the basis of a first
detection signal as to a first scanning line is included in
a predetermined period with reference to a time point
when it has been determined that a boundary of
medium resides on the basis of a second detection
signal as to a second scanning line adjacent to the first
scanning line, that the boundary of medium is continu-
ous as to the first and second detection signals.
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7. An ultrasonic imaging apparatus according to claim 1,
further comprising:

calculating means for performing calculation for estimat-
ing a position where a boundary of medium resides in
a third scanning line by using at least first and second
detection signals as to first and second scanning lines,
wherein:

said determination means determines whether or not a
boundary of medium in the second scanning line and a
boundary of medium in the third scanning line are
continuous with each other on the basis of the position
estimated by said calculating means.

8. An ultrasonic imaging apparatus according to claim 2,

further comprising:

calculating means for performing calculation for estimat-
ing a position where a boundary of medium resides in
a third scanning line by using at least first and second
detection signals as to first and second scanning lines,
wherein:

said determination means determines whether or not a
boundary of medium in the second scanning line and a
boundary of medium in the third scanning line are
continuous with each other on the basis of the position
estimated by said calculating means.

9. An ultrasonic imaging apparatus according to claim 2,
wherein said control means controls said signal processing
means at transmitting-side to scan predetermined scanning
regions with the first scanning line density and scan the
region of discontinuous boundary detected by said determi-
nation means with the second scanning line density higher
than the first scanning line density there by performing a
pre-imaging, and to perform an actual imaging on the basis
of detection signals as to a plurality of scanning lines
obtained in the pre-imaging.

10. An ultrasonic imaging apparatus according to claim 9,
further comprising:

a second determination means for determining whether or
not there resides any reflection source that causes
interference between a plurality of ultrasonic echoes,
which are generated by being reflected from a plurality
of different reflection sources respectively, when the
plurality of ultrasonic echoes are received by said
ultrasonic probe, on the basis of the detection signals
obtained in the pre-imaging, wherein:

said control means sets up scanning conditions including
transmission timing of a plurality of ultrasonic beams
to be transmitted in a plurality of directions within a
predetermined period, on the basis of a determination
result of said second determination means; and

Sep. 30, 2004

said signal processing means at transmitting-side provides
delays to the plurality of drive signals to be supplied to
said ultrasonic probe in accordance with the scanning
conditions set up by said control means such that said
ultrasonic probe transmits the plurality of ultrasonic
beams to scan a plurality of regions within the object
respectively.

11. A method of imaging an object to be inspected by
using an ultrasonic probe including a plurality of ultrasonic
transducers for transmitting ultrasonic waves in accordance
with a plurality of drive signals to form at least one ultra-
sonic beam toward the object and receiving ultrasonic
echoes reflected from the object, said method comprising the
steps of:

(a) scanning the object by using the at least one ultrasonic
beam transmitted from said ultrasonic probe with a first
scanning line density while providing delays to the
plurality of drive signals to be supplied to the ultrasonic
probe;

(b) processing a plurality of electric signals obtained by
receiving the ultrasonic echoes to obtain a plurality of
detection signals representing ultrasonic information
along a plurality of scanning lines respectively;

(c) determining continuity of a boundary of medium
residing within the object on the basis of the plurality
of detection signals obtained at step (b); and

(d) changing density of the plurality of scanning lines
from a first scanning line density to a second scanning
line density higher than the first scanning line density
on the basis of a determination result at step (c) to scan
the object.

12. A method according to claim 11, wherein step (c)

includes the steps of:

determining, in the case where a changing rate of an
amplitude of any one of the plurality of detection
signals as to the plurality of scanning lines becomes
larger than a predetermined value at a time point, that
aboundary of medium resides at a position correspond-
ing to the time point; and

determining, in the case where the time point when it has
been determined that a boundary of medium resides on
the basis of a first detection signal as to a first scanning
line is included in a predetermined period with refer-
ence to a time point when it has been determined that
a boundary of medium resides on the basis of a second
detection signal as to a second scanning line adjacent to
the first scanning line, that the boundary of medium is
continuous as to the first and second detection signals.
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