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DIAGNOSTIC ULTRASOUND APPARATUS

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] This invention relates to a diagnostic ultrasound
apparatus and a diagnostic imaging apparatus for medical use
designed to prepare image data according to an ultrasonic
echo signal.

[0003] 2. Description of the Related Art

[0004] Diagnostic ultrasound apparatus for transmitting
ultrasonic waves from a plurality of probes, acquiring ultra-
sonic echo signals and synthesizing a cross-sectional image
of living tissue so as to collect many pieces of information
more easily than an apparatus using a single probe are known.
[0005] Japanese Patent Application Laid-Open No. 2005-
137581 discloses a moving image photographing apparatus
for acquiring a cross-sectional image of living tissue that has
a plurality of ultrasound probes, anchors for rigidly securing
them, an acoustic coupling material, a probe switching sec-
tion, an image data measuring section, an image data synthe-
sizing section and a moving image displaying section.
[0006] Each of the plurality of probes transmits an ultra-
sonic wave and receives an echo signal from living tissue. The
probe switching section sequentially switches the echo sig-
nals from the plurality of probes and transmits the signals to
the image data measuring section and the image data measur-
ing section prepares cross-sectional images of a living body
according to the echo signals from the probes. As the probe
switching section sequentially switches the echo signals from
the probes, the image data measuring section can prepare
cross-sectional images, sequentially using image data
obtained from different angles. Additionally, the anchors for
rigidly securing the plurality of probes are equipped with
respective angle sensors for detecting the relative positions of
the probes. Thus, the image data synthesizing section can
synthetically combine the cross-sectional images sequen-
tially prepared by the image data measuring section by using
the relative position information.

[0007] 1In this way, a cross-sectional synthetic image is
obtained by shooting a living body from different angles as in
the case of sequentially moving a probe. As a cross-sectional
synthetic image is obtained by shooting a living body from
different angles, the living tissue from which an echo image
canhardly be obtained because it is hidden by bone tissue that
reflects ultrasonic waves to a large extent can be imaged to
make it easy to grasp the inter-tissue positional relationship
and collect pieces of information effective for diagnosis.

SUMMARY OF THE INVENTION

[0008] However, with a diagnostic ultrasound apparatus
described in Japanese Patent Application Laid-Open No.
2005-137581, information relating to the probe positions
obtained from the sensors attached to the respective probes is
employed only when synthetically combining the images
obtained from the probes substantially independently. The
probes operate only for focusing from the predetermined
respective imaging angles of view. In other words, the shoot-
ing operation of each of the probes is substantially invariable
regardless of the positional relationship between the living
tissue to be imaged and the probe. Therefore, as disclosed in
the patent document, even if the plurality of probes are
arranged flexibly to accommodate themselves to the profile of
the body surface, they are subjected to limitations in terms of
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directions and angles that should be selected to obtain cross-
sectional images that are effective for diagnosing the desired
living tissue.

[0009] In view of the above-identified problem, it is there-
fore the object of the present invention to provide a novel
diagnostic ultrasound apparatus that is subjected little to such
limitations.

[0010] According to the present invention, the above object
is achieved by providing a diagnostic ultrasound apparatus
for transmitting ultrasonic waves to a target object of exami-
nation, receiving ultrasonic waves reflected from the target
object of examination and preparing image data relating to the
target object of examination based on acquired echo signals,
the apparatus including: a plurality of ultrasound probes, each
being formed to include a plurality of ultrasonic transducers;
delay means arranged respectively in the plurality of ultra-
sound probes to electronically delay the timing of transmis-
sion or reception of ultrasonic waves by the ultrasonic trans-
ducers; position/orientation detecting means arranged
respectively in the plurality of ultrasound probes to detect
relative position information and relative angle information
of the ultrasound probes; and delay control signal generating
means for generating delay control signals for controlling
signal delays for the respective ultrasonic transducers, the
delay control signal generating means controlling signal
delays according to information acquired from the position/
orientation detecting means, the timing of transmission of
ultrasonic waves from the respective ultrasonic transducers
and that of reception of ultrasonic waves reflected from the
target object of examination being controlled by inputting a
delay control signal to the delay means.

[0011] Thus, according to the present invention, the amount
of delay of signal transmission/reception for each of the ultra-
sonic transducers of each of the plurality of ultrasound probes
is determined by using relative position information of the
plurality of probes. Therefore, the directions of transmission
of beams from the plurality of probes and the transmission
focusing positions and the reception focusing positions can
be appropriately defined. Additionally, an image can be pro-
duced by using an addition signal obtained by phasing the
signals received from the plurality of ultrasound probes.
[0012] Further features of the present invention will
become apparent from the following description of exem-
plary embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1 is a schematic block diagram of an embodi-
ment of diagnostic ultrasound apparatus according to the
present invention.

[0014] FIG. 2 is a process flowchart illustrating the opera-
tion of the embodiment of FIG. 1.

[0015] FIG. 3 is another process flowchart illustrating the
operation of the embodiment of FIG. 1.

[0016] FIG. 4 is a schematic block diagram of diagnostic
ultrasound apparatus employed in Example.

[0017] FIG. 5is an exploded schematic perspective view of
a position sensor that is used in the apparatus of Example;
[0018] FIG. 6 is still another process flowchart illustrating
the operation of the embodiment of FIG. 1.

[0019] FIG. 7 is still another process flowchart illustrating
the operation of the embodiment of FIG. 1.
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[0020] FIGS. 8A and 8B are schematic illustrations of the
operation of the embodiment of FIG. 1.

DESCRIPTION OF THE EMBODIMENTS

[0021] A diagnostic ultrasound apparatus according to the
present invention irradiates ultrasonic waves to a target object
of examination, receives ultrasonic waves reflected from the
target object of examination by means of a plurality of ultra-
sound probes, each of which is formed to include a plurality
of ultrasonic transducers, and prepares image data relating to
the target object of examination according to the acquired
echo signals.

[0022] Thus, the diagnostic ultrasound apparatus according
to the present invention has a plurality of ultrasound probes
and delay means arranged in each of the plurality of ultra-
sound probes to electronically delay the timing of transmis-
sion or reception of ultrasonic waves by the corresponding
one of the ultrasonic transducers. The delay means as used
hereinrefers to a transmission delay generator 4 or areception
delay generator 7 illustrated in FIG. 1.

[0023] Additionally, the diagnostic ultrasound apparatus
according to the present invention has position/orientation
detecting means (position sensor) for detecting relative posi-
tion information and relative angle information of the plural-
ity of ultrasound probes and delay control signal generating
means for generating a delay control signal to control the
signal delay for each of the ultrasonic transducers of each of
the plurality of ultrasound probes, using the information
acquired from the position/orientation detecting means.
[0024] The delay control signal generating means controls
the signal delay according to the information acquired from
the position/orientation detecting means. The information
acquired from the position/orientation detecting means is
typically relative position information and relative angle
information on the plurality of ultrasound probes. The delay
control signal generating means controls the signal delay for
the plurality of ultrasonic transducers according to the dis-
tance from each of the ultrasound probes to a predetermined
focusing position. Preferably, a common focusing position is
defined for the plurality of ultrasound probes.

[0025] The transmission timing of an ultrasonic wave to a
target object of examination by each of the ultrasonic trans-
ducers and the reception timing of an ultrasonic wave
reflected by the target object of examination by each of the
ultrasonic transducers can be controlled as a delay control
signal is input to the delay means.

[0026] (Beam Scanning)

[0027] An ultrasonic beam can be scanned so as to shift the
direction of transmission of the ultrasonic beam transmitted
from each of the ultrasound probes. A delay amount comput-
ing means can be utilized to determine the amount of delays
for each of the ultrasonic transducers according to the relative
position information and the relative angle information on the
plurality of ultrasound probes at the time of starting scanning
the beam or while the beam is being scanned.

[0028] An ultrasonic beam can be scanned so as to shift the
direction of reception of the ultrasonic beam received by each
of the ultrasound probes. The delay amount computing means
can be utilized to determine the amount of delays for each of
the ultrasonic transducers according to the relative position
information and the relative angle information on the plural-
ity of ultrasound probes at the time of starting scanning the
beam or while the beam is being scanned.
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[0029] (Beam Focusing)

[0030] The ultrasonic beam transmitted from each of the
ultrasound probes can be subjected to transmission focusing
by the delay means. The delay amount computing means can
be utilized to determine the amount of delays for each of the
ultrasonic transducers according to the relative position infor-
mation and the relative angle information on the plurality of
ultrasound probes at the time of starting scanning the beam or
while the beam is being scanned.

[0031] Theultrasonic beam reflected from the target object
of examination can be subjected to reception focusing by the
delay means. The delay amount computing means can be
utilized to determine the amount of delays for each of the
ultrasonic transducers according to the relative position infor-
mation and the relative angle information on the plurality of
ultrasound probes at the time of starting scanning the beam or
while the beam is being scanned.

[0032] FIG. 1 is a schematic block diagram of an embodi-
ment of diagnostic ultrasound apparatus according to the
present invention. Note, however, that FIG. 1 mainly shows
the components that characterize the present invention and
some of the components that are popularly known in the
technical field of diagnostic ultrasound imaging apparatus for
medical use are omitted.

[0033] FIG. 1 denotes a probe 1 (the first probe) that is one
of the plurality of probes for transmitting and receiving an
ultrasonic wave. A number of (n in this instance) ultrasonic
transducers 1-1 through 1- are arranged in array. The second
and all the subsequent probes are omitted for the purpose of
simplicity but they have a configuration same as the first
probe. Each of the probes includes components indicated by
reference symbols 2 through 7, which will be described in
greater detail hereinafter, and a sensor 10, which will also be
described hereinafter.

[0034] Each oftheultrasonic transducers (1-1 through 1-)
of the first probe 1 is connected to a transmission amplifier 2,
areceptionamplifier 5,a D/A converter 3, an A/D converter 6,
a transmission delay generator 4 and a reception delay gen-
erator 7. The transmission delay generator 4 is connected to a
separator 8, while the reception delay generator 7 is con-
nected to an adder 9.

[0035] While the transmission amplifier 2, the reception
amplifier 5, the D/A converter 3, the A/D converter 6, the
transmission delay generator 4 and the reception delay gen-
erator 7 are provided separately for reception and transmis-
sion in FIG. 1, the entire apparatus can be simplified by
adopting a sharing arrangement for transmission and recep-
tion. Such an arrangement provides an advantage of reducing
the number of parts to make the entire apparatus compact and
reduce the cost. However, the arrangement of FIG. 1 enables
to select, for example, an amplifier that can produce a high
voltage for transmission and an amplifier that can produce a
low noise level for reception. In this way, components having
different characteristics can be selectively operated depend-
ing on the required function(s).

[0036] The transmission delay generator 4 and the recep-
tion delay generator 7 are for producing a time delay to a
digital time series signal respectively according to a reception
delay control signal and a transmission delay control signal.
Each of them can be formed by using a known digital delay
circuit. Of course, a delay can be produced by storing an input
digital time series signal in a memory and reading the signal
out at a timing that corresponds to the amount of delay to be
produced. Additionally, a transmission delay control signal
and a reception delay control signal can be made to include
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signal amplitude information. If such is the case, the trans-
mission delay generator 4 and the reception delay generator 7
may be made to have an amplitude boosting function of
digitally multiplying an input signal in addition to a digital
delay circuit. Such an arrangement enables to execute an
apodization process, which will be described in greater detail
hereinafter. In the case of transmission, for instance, an
apodization process is a process of using different amplitudes
for the transmission signals of a plurality of oscillators con-
tained in a single probe. In the case of reception, an apodiza-
tion process is a process of using different amplitudes for the
reception signals.

[0037]

[0038] While the first position sensor 10 that is annexed to
the first probe 1 is illustrated in FIG. 1, each of the remaining
probes (not illustrated) is also annexed by a similar position
sensor. The first position sensor 10 detects the position and
the relative angle of the first probe 1 and the azimuth angle of
the ultrasonic transducer array. The position, the relative
angle and the azimuth angle can be detected by using a mag-
netic sensor, an optical sensor and a rotary encoder in com-
bination. Particularly, they can be detected by a linear sensor
and the rotary encoder arranged at the holder holding a probe
as will be described hereinafter.

[0039] While the first position sensor 10 is a position/angle
composite sensor in this sense, it is simply referred to as
position sensor in this specification for the purpose of sim-
plicity.

[0040] As described above, each of the remaining probes
other than the first probe is also provided with a similar
position sensor to be able to detect the position and relative
angle of each of the remaining probe, and the azimuth angle
of the ultrasonic transducer array. The expression of position
as used herein may refer to the relative positions of a plurality
of probes or the relative position of each probe relative to
some reference position. The expression of relative angle may
refer to the angle formed by the directions of two probes or the
angle that each probe forms with a reference direction. The
azimuth angle of an ultrasonic transducer array may be the
angle relative to the probe to which it belongs (the rotary
angle relative to the direction of a transmitted or received
beam that operates as axis).

[0041] Theposition, and the relative angle of the first probe
1, and the azimuth angle of the ultrasonic transducer array
detected by the first position sensor 10 are input to a scanning
control means 11 and a delay control signal generating means
12.

[0042] The outputs from the second and subsequent posi-
tion sensors that are annexed respectively to the second and
subsequent probes and detect the position, the relative angle
and the azimuth angle of the ultrasonic transducer array of the
respective probes are also input to the scanning control means
11 and the delay control signal generating means 12.

[0043] While the scanning control means 11 and the delay
control signal generating means 12 can be formed by using
electronic circuits, the processing methods thereof may be
programmed in the CPU. While the scanning control means
11 and the delay control signal generating means 12 are
described above as separate means, they may be realized by
programming separate processing methods for them in the
CPU.

Each of the probes is annexed by a position sensor.
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[0044] (Data Preparation Sequence)

[0045] Now, the living tissue cross-sectional video data
preparation sequence of this embodiment will be described
below.

[0046] Normally, cross-sectional video data are formed by
aplurality of time series data of cross-sectional images. These
cross-sectional images are referred to as frame images. In this
embodiment, image data of a cross-sectional image are pre-
pared also on a frame image by frame image basis to produce
cross-sectional video data that are time series data in order to
display a cross-sectional video. The process of preparing a
frame image data is referred to as a frame process.

[0047] Inthe frame process, firstly across section plane that
transversally crosses the target living tissue is selected and is
divided by a plurality of image scanning lines to prepare each
cross-sectional image data (frame image data).

[0048] Then, the direction of the ultrasonic beam transmit-
ted from each probe and the direction of the received ultra-
sonic beam are scanned in order to obtain data on each image
scanning line (to be referred to respectively as “transmitted
beam direction” and “received beam direction” hereinafter).
[0049] The transmitted ultrasonic beam is focused in order
to effectively irradiate a target. The transmission focusing is
for converging the transmitted ultrasonic wave to one or more
than one points (transmission focusing point(s)) in the trans-
mitted beam direction. The transmitted ultrasonic wave is
converged by generating a delay to the ultrasonic pulse gen-
erated from each of the ultrasonic transducers of each probe.
[0050] At the time of receiving ultrasonic echoes, a delay is
generated to the echo signal received by each of the ultrasonic
transducers of each probe so that the echo from each of the
points in the received beam direction is converged before
being received for the transmitted ultrasonic pulse propagat-
ing along the converged transmitted beam. Thus, the received
ultrasonic beam is subjected to reception focusing in this way.
A plurality of points for reception focusing (reception focus-
ing points) may be defined corresponding to the propagation
of ultrasonic wave at the time of reception.

[0051] An image scanning line data is prepared from the
echo signal received as a result of defining the transmitted
beam direction, the timing of transmitting a pulse and the
received beam direction.

[0052] For example, the direction of the image scanning
line is preferably made to agree with the transmitted beam
direction of any of the plurality of ultrasound probes. In such
acase, the reception focusing points of the plurality of probes
are moved in the transmitted beam direction while the focus-
ing points of each probe are made to agree with each other
according to the timing of propagation of the ultrasonic pulse
transmitted from the probe. With this arrangement, ultrasonic
echoes from the living tissue of the transmitted ultrasonic
pulse can be received as time series signals simultaneously by
the plurality of probes.

[0053] In this way, the ultrasonic echo signals from the
points on the image scanning line are prepared in each of the
probes as time series signals. Then, a similar operation is
conducted sequentially for adjacent image scanning lines to
obtain a plurality of rows of time series signals that corre-
spond to the image scanning lines of the cross section plane.
Thus, as a result, a cross-sectional image is obtained from the
ultrasonic echoes. A synthetic beam formed by combining
beams transmitted from a plurality of probes can be used as
transmitted beam. Then, ultrasonic echoes can be received as
time series signals by the probes as the reception focusing
points of each probe are moved along the direction of the



US 2009/0299185 A1l

synthetic beam, which is the direction of image scanning
lines. With this arrangement, the ultrasonic echo signals from
various points of living tissue get to the ultrasound probes
substantially simultaneously.

[0054] In a characteristic application of the present inven-
tion, the positions and the orientation angles of the plurality of
probes and the azimuth angles of the ultrasonic transducer
arrays are detected and a delay is generated for the reception
signal of each of the ultrasonic transducers of each of the
probes according to the detected information. In this way, the
echo signals from a same point of living tissue are synchro-
nized on the echo time series signals from each of the ultra-
sonic transducers and time series echo signals are prepared by
means of phasing addition of the signals from each probe to
produce a single cross-sectional image. An effect of syntheti-
cally combining the apertures of the ultrasonic transducer
arrays of the probes by means of phasing addition of the echo
signals from the plurality of ultrasound probes can be
obtained. Generally, the resolution is improved in the trans-
versal direction as the apertures of the ultrasonic transducer
arrays increase. For example, in the technical field of electric
wave radar, the resolution can be improved by means of
phasing addition of the outputs of a plurality of antenna
elements having limited apertures. Thus, a diagnostic ultra-
sound apparatus having a plurality of probes can be made to
operate for aperture synthesis to improve the resolution of the
ultrasonic echo cross-sectional image the apparatus pro-
duces.

[0055] The present invention is also applicable to prepara-
tion of a 2D or 3D image by preparing cross-sectional image
data by means of each of a plurality of probes and syntheti-
cally combining the image data instead of preparing a single
cross-sectional image data by means of phasing addition of
reception signals from a plurality of probes as described
above. In other words, alignment is conventionally important
for registration of image data when forming a 2D or 3D image
on the basis of the cross-sectional image data prepared by
each of the probes. Then, the limit of accuracy of the align-
ment on the basis of the image data is defined by the pixel unit
of the image data. However, when scanning and focusing are
conducted at the time of reception as described above for the
embodiment of the present invention, the time series signals
from each of the probes that correspond to the above-de-
scribed image scanning are not positionally significantly dis-
placed on the corresponding signals from the echo sources of
living tissue because the time series signals are synchronized
with the corresponding signals.

[0056] Additionally, the echo RF signals before the detec-
tion have a carrier frequency that is an ultrasonic frequency.
Therefore, the relative displacements of signals among the
echo time series signals from different probes can be detected
with a level of accuracy lower than ultrasonic wavelengths by
using a known phase detection technique such as phase mea-
surement by quadrature detection or cross correlation detec-
tion. Then, the image data among the probes can be syntheti-
cally combined with a positional accuracy of about the
operating ultrasonic wavelength by means as a result of such
detection. Generally, the operating ultrasonic wavelength is
smaller than the pixel size of image data and hence the accu-
racy of image data synthesis is improved.

[0057] A plurality of ultrasound probes may be divided into
several groups and an image data may be prepared by means
of phasing addition of the echo time series signals from each
of the different groups of ultrasound probes. Then, the image
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data of the groups may be synthetically combined by align-
ment in a manner as described above for echo time series
signals.

[0058] The image scanning lines may be formed by the
transmitted beams from a plurality of probes.

[0059] Generally, a transmitted ultrasonic wave is attenu-
ated because it is absorbed and scattered by living tissue.
Particularly, it is believed that a high frequency ultrasonic
wave with a frequency not less than about 10 MHz that can be
absorbed to a large extent can obtain a cross-sectional image
of only a surface layer or a shallow part from the surface layer,
although such an ultrasonic wave provides a high resolution
in the thickness direction because of a short wavelength. On
the other hand, the transmitted beams from a plurality of
probes that are subjected to transmission focusing to a same
point in a deep part of living tissue give rise to interference of
ultrasonic waves when they are made to intersect the point to
form a transversally long high sound pressure region at and
near the point as a function of the crossing angles of the
beams.

[0060] The arrival timings of transmitted ultrasonic pulses
and the phases of transmitted pulse waveforms canbe made to
agree with each other by detecting the position and the ori-
entation angle of each of the probes and the azimuth angle of
the ultrasonic transducer array and generating a delay to the
transmitted signal of each of the ultrasonic transducers of
each of the probes according to what are detected. Each of the
probes are made to transmit an ultrasonic pulse so as to be in
phase with other transmitted ultrasonic pulses in order to
synthetically combine the ultrasonic waves from the probes
by interferences in the crossing region of the transmitted
beams. Then, as a result, a high sound pressure region can be
formed efficiently. It will be appreciated that transmission of
waves so as to make them in phase with each other at a
focusing point corresponds to synthetic combination of ultra-
sonic array apertures of probes to increase the effective aper-
ture. Itis well known that a fine beam can be focused when the
aperture is large at the time of transmission as in the case of
reception so that the high sound pressure region of the cross-
ing region of transmitted beams is narrowed to enable to
effectively raise the sound pressure.

[0061] Such transmission focusing of a diagnostic ultra-
sound apparatus provides the following advantages. When
high output power ultrasonic transducers are employed to
obtain a biometric picture of a deep part of living tissue and
ultrasonic waves are transmitted from the body surface, ultra-
sonic waves passes the body with a high intensity at and near
the surface layer of the body to consequently damage the
tissue. The ultrasonic transmission method according to the
present invention as described above provides an advantage
of hardly damaging tissues of the surface layer because the
method effectively exploits focusing at a deep part of the body
by means of an ultrasonic transducer array having a large
effective aperture. Particularly, since the above-described
ultrasonic transmission method synthetically combines aper-
tures of a plurality of probes for use, it is effective in a case, for
example, of heart that is partly covered by bone and for which
a sufficiently large aperture to the body surface cannot be
formed in a region where ultrasonic waves can reach. More
specifically, for example, transmitted ultrasonic waves can be
converged effectively and a high luminance image can be
obtained from a deep part of living tissue by arranging the
apertures of a plurality of probes at a part devoid of bone and
synthetically combining the apertures.
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[0062] FIG.2isanexemplary process flowchartillustrating
the operation of the embodiment of the present invention.
[0063] Whatis characteristic here is that the results of com-
putation of the delay amount computing means are written in
a delay amount table before starting a beam scanning opera-
tion by the ultrasound probes and each of the plurality of
ultrasonic transducers of each of the ultrasound probes is
controlled for signal delay according to the delay amount
table during the beam scanning operation. Now, the process
flow will be described below in detail.

[0064] Inthisinstance, the position of each of the probes is
measured by the position sensor 10 of the probe for each
frame process of preparing a frame image that is a time series
cross-sectional image. Then, the delay amount of each of the
transmission delay generators 4 and/or that of the correspond-
ing one of the reception delay generators 7 that are connected
to each of the ultrasonic transducer array of each of the probes
is computed by the delay amount computing means, using the
information obtained by the measurement. The delay amount
computing means is formed by an electric circuit in the scan-
ning control means 11 or the delay control signal generating
means 12 or as a program on the CPU. The delay control
signal generating means 12 transmits a delay control signal to
each of the transmission delay generators 4 and the corre-
sponding one of the reception delay generators 7 of each
probe according to the timing of transmission and reception
on the basis of the set of delay amounts of the transmission
delay generator 4 and/or the reception delay generator 7 com-
puted by the delay amount computing means. Transmitted
beams and received beams are formed in this way.

[0065] To execute these processes, firstly, the position sen-
sor 10 detects probe position information including the posi-
tion and the orientation angle of each of the ultrasound probes
and the azimuth angle of each of the ultrasonic transducer
arrays (S21).

[0066] The delay amount computing means computes the
delay amount for each of the transducers of each of the probes
according to the position information of the probes in
response to the scanning control signal applied to the scan-
ning control means 11 and prepares a delay amount table for
each of the transducers of each of the probes (S22).

[0067] Thescanningcontrol signal includes information on
the method of scanning the transmitted beam and the received
beam selected from the above-described various scanning
methods. More specifically, the scanning control signal
includes information on the cross section plane to be desir-
ably obtained, the direction of image scanning lines and the
transmission focusing point and the reception focusing point
on each image scanning line. A plurality of transmission
focusing points and a plurality of reception focusing points
may be selected depending on the scanning method and tim-
ing information for defining each focusing point may be
included in the signal.

[0068] The delay amount table may describe the delay
amount for each of the transducers for each of the scanning
angles, of each of the probes and, if there are a plurality of
focusing points, for the timing of selecting each of the focus-
ing points.

[0069] The flowchart of FIG. 2 is characterized in that
information is collected from the position sensor 10 for each
frame process before scanning all the image scanning lines of
the cross section plane to be desirably obtained.

[0070] Accordingly, a delay amount table may be prepared
for a single scanning of the image scanning lines of the cross
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section plane before the scanning. With such an arrangement,
the increase of the scanning processing time that arises
because of the arithmetic operations performed for the delay
amount table during the scanning can be avoided. Then, as a
result, the effective scanning time can be reduced to minimize
the distortion of the image produced when scanning the cross
section plane due to the movement of the body that is pro-
duced by heart beats or the like. Additionally, since the arith-
metic operations for computing the delay time are performed
only once before actually scanning the cross section plane,
the overall frame rate can be prevented from rising.

[0071] Position information of each of the probes is
acquired for each frame process and the delay amount is
computed according to the acquired information in this
embodiment. Therefore, if the relative position of a probe
fluctuates between frame processes, the delay amount of the
transmission delay generator 4 and/or the reception delay
generator 7 can be controlled to cope with the fluctuations.

[0072] Particularly, beam scanning operations and beam
focusing operations are conducted for transmission and
reception by using a computed delay time according to the
present invention. Therefore, if compared with the prior art of
synthetically combining frame images independently by
using each of the probes, fluctuations of the probe position
affect not only the accuracy of synthesizing a cross-sectional
image from frame images but also the resolution of the beam
for forming an image and the accuracy of the direction of
scanning lines. Therefore, fluctuations of the probe position
are desirably reflected to the delay amount control with time
intervals at least less than the time intervals of forming frame
images.

[0073] In this embodiment, the delay amount is updated at
the time of staring a frame process. Therefore, the delay
amount control is made to accommodate any fluctuations of
the probe position at time intervals not smaller than the time
intervals of frame processes and the increase in the volume of
the processing operation is suppressed to avoid any signifi-
cant increase of time interval between frame processes.
Therefore, this embodiment operates satisfactorily.

[0074] Now, the method of computing the delay amount
‘cj(i) of ultrasonic transducer j of probe i will be described
below. The delay amount ‘cj(” of ultrasonic transducer j of
probe i is determined by the formula illustrated below:

@ (@ ] @) (formula 1)
Re-\Ri+7)|-|R;- R

o it - Ry

v @

@ indicates text missing or illegiblewhen filed

where 1 and j respectively represent the probe and the ultra-
sonic transducer in the probe and R.and R, are respectively
the three-dimensional position vector indicating the position
of each transmission or reception focusing point and the
three-dimensional position vector indicating the reference
position of probe 1, which may typically be the center position
of the ultrasonic transducer array of the probe while r; is the
three-dimensional position vector indicating the relative
position of the ultrasonic transducer j relative to the reference
position of the probe and R, is the three-dimensional position
vector indicating the position of the reference origin of the
coordinate system.
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[0075] For the purpose of simplicity, R, may be made to be
the three-dimensional position vector indicating the reference
position of one of the plurality of probes. Note, however, that
the delay time amount can be a negative value depending on
the selection of R,. If such is the case, all the delay time can
be turned to become positive by adding a constant base delay
amount for all the ultrasonic oscillators to all the probes.
[0076] R, canbedetermined accordingto the probe position
information from the position sensor. The relative position of
each ultrasonic transducer in a probe is fixed in the ultrasonic
transducer array andr, can be computationally determined by
using the positions of all the ultrasonic transducers in the
probe and the relative orientation of the probe that can be
obtained from the information on the orientation angle of
each of the probes and the azimuth angle of the ultrasonic
transducer array of the probe. Ris given as the desired trans-
mission and reception focusing positions within the scanning
control signal for the image scanning lines and the transmis-
sion and reception timings. Particularly, information for
dynamically modifying the transmission and reception focus-
ing while acquiring echo reception data of image scanning
lines can be given to the scanning control means 11 at the time
of starting a frame process by changing the value of R -accord-
ing to transmission and reception timings and collectively
giving the obtained values as a scanning control signal.
[0077] Now, the delay amount for each ultrasonic trans-
ducerof probes will be described in greater detail by referring
to FIGS. 8A and 8B. Take two probes 1a and 15 here to make
the description easy to understand. The center of the probe 1a
is selected as reference for the coordinates of each position.
Then, the reference position R, of the coordinate system is
indicated by a nil vector. The center of the probe 1a also
operates as reference for the coordinates of the position of a
focusing point.

[0078] FIG. 8A is a schematic illustration of the positional
relationship of the two probes, the ultrasonic transducers on
the probes and the focusing point. FIG. 8B is a schematic
illustration of the relationship of the relative directions of the
ultrasonic transducer arrays on the two probes.

[0079] Firstly, probe position information (relative position
information and relative angle information) will be described
by referring to FIG. 8B. The relative position of each of the
ultrasonic transducers of each probe is determined by the
position of the ultrasonic transducer in the ultrasonic trans-
ducer array. In FIG. 8B, 101a denotes the ultrasonic trans-
ducer array in probe la and 1015 denotes the ultrasonic
transducer array in probe 16. In FIG. 8B, the ultrasonic trans-
ducers are illustrated as 2D array type.

[0080] The position of a transducer on an ultrasonic trans-
ducer array of a probe can be expressed by a three-dimen-
sional vector, using a three-dimensional coordinate system
fixed to the probe. In F1G. 8B, x, y and z are employed for the
three-dimensional coordinate system fixed to the probe 1a
and the three-dimensional position vector of each of the ultra-
sonic transducers relative to the reference position O of the
probe 1a is expressed by pj*“. Similarly, x', y' and 7' are
employed for the three-dimensional coordinate system fixed
to the probe 15 and the three-dimensional position vector of
each of the ultrasonic transducers relative to the reference
position O' of the probe 15 is expressed by pj*?.

[0081] InFIG. 8B, the reference position O of the probe 1a
and the reference position O' of the probe 15 are laid one on
the other in order to show the relative direction of each of the
ultrasonic transducer arrays. Generally, a 2D array type ultra-
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sonic transducer array is found substantially in a plane so that
the planes formed by the ultrasonic transducer arrays are
expressed by x-y andx'-y'and the 2D arrays are preferably but
not necessarily arranged in the planes defined by the respec-
tive combinations of the x-axis and the y-axis and x'-axis and
the y'-axis. Furthermore, position of each of the ultrasonic
transducers on the ultrasonic transducer array of a probe may
be shifted in the thickness direction of the ultrasonic trans-
ducer array as in the case of convex type ultrasonic transduc-
ers so that pj' and pj**’ may be expressed by three-dimen-
sional vectors. In this embodiment, the z-direction and the
7-direction are respectively normal directions, or the direc-
tions of the probes of the ultrasonic transducer arrays of the
probes 1a and 15.

[0082] The relative direction of each of the ultrasonic trans-
ducer arrays on the two probes can be specified by using the
relative orientation angle (., ) and the relative azimuth angle
@ of the probe. The relative orientation angle (a., f}) can be
defined in a manner as described below due to the rotational
relationship of the coordinate systems x-y-z and x'-y'-z'.

[0083] Firstly, the former coordinate system is rotated
around the z-axis (counterclockwise) by angle c.. As a result
of the rotation, the x-axis is turned to &-axis and the y-axis is
turned to m-axis. Subsequently, it is rotated around the E-axis
by angle [ so that the z-axis is turned to the 7z'-axis and the
m-axis is turned to m'-axis. The relative orientation angle of
the entire probe 1a and the entire probe 14 is determined by
the two angles of o and f. Thereafter, the E-axis and the
1'-axis respectively lie on the x'-axis and the y'-axis when the
E-axis and the n'-axis are turned around the 7'-axis by the
relative azimuth angle o.

[0084] The method that can be used for measuring the
relative orientation angle (ct, ) and the relative azimuth angle
@ is not limited to the above defined one so long it can
determine the difference between the relative orientations of
the probes and the direction of each of the ultrasonic trans-
ducers relative to the related probe. However, the method to
be used is preferably designed to measure the relative orien-
tation angle of the probes and the relative azimuth angle by
synthesizing the rotation relative to each probe. Further, the
method to be used is preferably designed to measure the
relative orientation angle (o, ) and the relative azimuth angle
@ of the probe as synthesis of the rotation of the probe relative
to the probe holding part by using the position sensor annexed
to the probe.

[0085] The above-described method can measure the rela-
tive to orientation angle (a., ) and the relative azimuth angle
@ by measuring angles relating to the z-axis, the z'-axis and
the E-axis. Note that the 7'-axis is an axis obtained by turning
the z-axis and the E-axis is obtained by turning the x-axis.
Therefore, it is only necessary to measure the angles of rota-
tion of the two axes at the probe holding part so that the design
of the rotation measuring part of the position sensor annexed
to each probe can be simplified. Since this method requires
measuring rotations in the order thereof, the relative orienta-
tion angle (o, ) and the relative azimuth angle o may be
measured by an ordinary method of measuring rotations
around the three axes. In the following description, the rela-
tive orientation angle (a., 3) and the relative azimuth angle &
measured by the above-described method will be employed.
However, the present invention is by no means limited thereto
and rotations around the three axes may be measured by an
ordinary method for converting a coordinate system.
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[0086] Now, the method of computing the delay amount
will be described by referring to FIG. 8A.

[0087] As aprobereference position is adopted in a manner
as described above, the delay amount can be determined for
each of the ultrasonic transducers in the probe 1a as in the
case of a single probe. More specifically, the delay amount of
the j-th ultrasonic transducer of the probe 1a can be computed
by means of the formula illustrated below, assuming nil vec-
tors for R1 and RO.

= S(la) B f
|Rf _ rj“ |_ (B (formula 2)

4

(lay _
T =

[0088] As clear from FIG. 8A, the delay amount is based on
the distance from the reference point O of the probe 14 to the
focus point F.

[0089] In the above formula, rj'*® is the three-dimensional
position vector that indicates the position of the j-th ultrasonic
transducer of the probe 1a. This can be computed as

{la) (la) f

1. Lo o mj 1 (formula 3)
S(la) (La)

GN =[3 Lo B,

L(la) 00 1) ua

[rj ]z [ﬁj ]z

using the three-dimensional position vector pj*®’ of the trans-

ducer in the coordinate system fixed to the probe la. In the
above formula, [ ]x, [ |y and [ ]z are respectively the x-com-
ponent, the y-component and the z-component of the three-
dimensional vector.

[0090] Ontheother hand, the delay amount of an ultrasonic
transducer in the probe 15 is computed by using the probe
position information including the position, the orientation
angle and the azimuth angle that are determined by the posi-
tion sensor (not illustrated) annexed to the probe 1. In FIG.
8A, the center of the probe 1a, the center of the probe 15 and
the focus point are indicated respectively by O, P and F. The
relative position OP of the probe 1a and the probe 15 is
computed from the probe position information of the position
sensors annexed to the respective probes. When the above-
described positional reference is selected, the relative posi-
tion OP corresponds to the three-dimensional vector Ri of the
formula 1. Similarly, the relative orientation angle 6 of the
two probes and the relative azimuth angle & can be computed
from the orientation angles of the probes and the azimuth
angle obtained from the position sensors annexed to the
respective probes 1a and 15. In FIG. 8A, the relative orienta-
tion angle 0 and the relative azimuth angle & are collectively
indicated by Q because they should be illustrated on a plane.
The relative orientation angle 6 and the relative azimuth angle
@ illustrate the difference in the relative direction between the
arrangement of ultrasonic transducers of the probe 1¢ and the
arrangement of ultrasonic transducers of the probe 15. Thus,
the position vector 1j*#? of the j-th ultrasonic transducer on
the probe 15 can be computed by using the formula illustrated
below.
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(1b)
[rj }y =
i,

cosacosd —sinacosfsing —cosasing — sinacosfsing  sinasinf
sinacos¢ + cosacosfsing —sinasing + cosacosfsing —cosasinf
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[0091] The three-dimensional position vector pj*? is a
position vector indicating the position of the transducer in
terms of the coordinate system fixed to the probe 1. In the
above formula, [ ]x, [ ]y and [ ]z are respectively the x-com-
ponent, the y-component and the z-component of the three-
dimensional vector. Furthermore, the delay amount to be
given to the j-th ultrasonic transducer on the probe 15 is
computed by the formula illustrated below.

|13f - (ﬁ‘ + F(jlb’)| _ |§f| (formula 5)

¢

(1b)

[0092] As seen from FIG. 8A, the delay amount is also
expressed by using the distance from the reference point O of
the probe 1a to the focus point F as reference. Thus, a delay
amount synchronized with the probe 1a can be computed for
the probe 15 that is different from the probe 1a.

[0093] While the above description is given by using posi-
tion vectors defined by referring to the center of the probe 14,
three-dimensional position vectors R, and R.can be defined
by observing the corresponding positions from a same refer-
ence point. Then, the reference of delay can be modified by
using a three-dimensional position vector R, defined by
observing a corresponding position from the same reference
point.

[0094] While the above description is given by using two
probes, the delay amount of each ultrasonic transducer can be
computed by means of the same method and the formula 1, if
three or more probes are used.

[0095] Thus, the delay amount of each of the ultrasonic
transducers of each of the probes can be computed for a frame
process by acquiring probe position information including
the position and the orientation angle of each probe and the
azimuth angle of the ultrasonic transducer array thereof by
means of the position sensor 10 at the beginning of the frame
process. In this way, the delay amount to the transmission
delay generator 4 and/or the reception delay generator 7 for
each of the ultrasonic transducers of each probe for the trans-
mission and reception timings can be described in the delay
table by means of the delay amount computing means.
[0096] The initial transmission focus is defined according
to the scanning control signal (S23). The delay control signal
generating means 12 transmits a transmission delay control
signal to the transmission delay generator 4 of each of the
ultrasonic transducers according to the delay amount table
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and the delay amount is defined for each of the ultrasonic
transducers in the transmission delay generator 4 (S24).
[0097] Atthe sametime, the delay control signal generating
means 12 may transmit information on the delay amount for
reception at the first timing as reception delay control signal
to the reception delay generator 7 of each of the ultrasonic
transducers according to the delay amount table and the
reception delay generator 7 may define it as the initial recep-
tion delay. After defining the delay amount, the apparatus
moves to an operation of transmitting an ultrasonic pulse.
[0098] The transmission pulse signal generated by a trans-
mission signal generator (not illustrated) is broken down for
the individual ultrasonic transducers by the separator 8 and
input to the transmission delay generators 4 of the ultrasonic
transducers. Each of the transmission delay generators 4 gen-
erates a delay to the signal transmitted to the corresponding
ultrasonic transducer according to the transmission delay
control signal from the delay control signal generating means
12. Preferably, the delay control signal generating means 12
generates an amplitude control signal for controlling the sig-
nal amplitude magnifying ratio of each of the transmission
delay generators 4 and transmits it to the corresponding ultra-
sonic transducer. Each of the signal delay generators 4 has an
amplifying function and can control the signal amplitude of
the transmitted signal according to the amplitude control
signal transmitted to it. With such an arrangement, ampli-
tudes of the transmitted signals of each probe 1 show a dis-
tribution among the ultrasonic transducers to enable to
execute an apodization process, which is well known in the
technical field. As is well known, the side lobe that is pro-
duced in the ultrasonic beam transmitted from the probe 1 is
suppressed to enable to efficiently irradiate the transmitted
ultrasonic beam onto the target.

[0099] The transmitted pulse signal to which a predeter-
mined time delay is given by the transmission delay generator
4 is converted into an analog signal by the /A converter 3
and amplified by the amplifier 2 before the correspond ultra-
sonic transducer is driven to generate a ultrasonic wave. The
ultrasonic waves generated by the ultrasonic transducers of
the probe 1 are multiplexed and an ultrasonic beam that is to
be converged to a predetermined transmission focusing point
is transmitted into the living tissue (S25).

[0100] The transmitted ultrasonic beam is reflected by dif-
ferent parts of the living tissue to produce ultrasonic echoes.
The delay control signal generating means 12 prepares recep-
tion delay control signals at predetermined timings by refer-
ring to the delay table and transmits them to the reception
delay generators 7. Each of the reception delay generators 7
defines a delay amount according to the reception delay con-
trol signal.

[0101] Theultrasonic echoes of different parts of the living
tissue are detected by the ultrasonic transducers, which by
turn generates ultrasonic echo time series signals (S26). The
ultrasonic echo time series signal from each of the ultrasonic
transducers is amplified by the amplifier 5 thereofto an inten-
sity level that is satisfactory relative to the noise of the appa-
ratus and then converted into a digital signal by the A/D
converter 6 before input to the reception delay generator 7.
The reception delay generator 7 of the ultrasonic transducer
delays the ultrasonic echo time series signal by the delay
amount defined at a predetermined timing.

[0102] The ultrasonic echo time series signal output from
the reception delay generator 7 is delayed by the delay
amount defined for it, which delay amount may vary from
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ultrasonic transducer to ultrasonic transducer in each probe
and depending on the scanning method selected from various
scanning methods as described above. The arrangement of
delay amounts is determined as the scanning control means
11 prepares a delay table that describes the desired arrange-
ment of delays according to the scanning method selected
from various scanning methods. For this embodiment, an
instance where the reception focus point is moved along the
transmitted beam at a timing that corresponds to the propa-
gation of the ultrasonic wave and the received signals of the
probes are subjected to phasing addition by aperture synthesis
will be described as an example.

[0103] In this instance, the ultrasonic echo time series sig-
nals output from the reception delay generators 7 are so
delayed that the echo time series signals from a same point of
the living tissue gets to a same time position. Therefore, the
received signals can be subjected to phasing addition by aper-
ture synthesis at the same timing. The ultrasonic echo time
series signals of each probe are added by the adder 9 (S27)
and subsequently all the ultrasonic echo time series signals of
all the probes are added by the adder 13 (S28). The signal
obtained after the phasing addition is detected by envelope
detection and subsequently the image data preparing means
15 prepares image data by way of a process that is well known
in the technical field. The process is summarily such that, the
signals are subjected to logarithmic amplification in order to
adjust the signal dynamic range to the luminance dynamic
range and subsequently subjected to ultrasonic reception
scanning by means a digital scan converter. Then, the signals
are output to an image display apparatus or recorded in a
recording means as image data.

[0104] The above-described series of processes are
repeated for the number of image scanning lines to prepare a
cross-sectional image of a frame or a frame image. While the
transmission focus is defined for each image scanning line in
the above description, a plurality of transmission focusing
points can be defined for a single image scanning line. If such
is the case, a set of transmission delay amounts may be
prepared at the timing of switching the transmission focusing
point in the delay table that is prepared by the scanning
control means 11. With this arrangement, a plurality of high
sound pressure points can be defined for acquiring data of a
single image scanning line. Then, the ultrasonic echoes from
the living tissue that correspond the image section line uni-
formly show a high intensity to provide an advantage of being
able to prepare a highly luminance sharp image.

[0105] FIG. 6 is still another process flowchart illustrating
the operation of the embodiment of FIG. 1.

[0106] The process of FIG. 6 is characterized in that the
position and direction detecting means acquires information
each time a frame image is obtained and the delay amount
computing means computes the delay amounts for a plurality
of ultrasonic transducers to generate a delay control signal. As
will be described hereinafter, it may be so arranged that the
delay amount computing means computes again the delay
amounts only when the fluctuations of the relative position
and the relative angle of each of the ultrasound probes exceed
a predetermined reference value among the frame images to
generate a delay control signal.

[0107] Now, the process flow will be described in detail by
referring to FIG. 6. This flow includes a process where the
scanning control means 11 compares the position information
of each of the probes acquired by the position sensor 10 with
the position information of the probe used in the last frame
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process and itis determined if the delay table is to be updated/
prepared or not according to the outcome of the comparison.
Only different points from the flow of FIG. 2 will be described
below. The process of FIG. 6 utilizes a memory means for
storing the position information of each of the probes
acquired by the position sensor 10 for each frame process and
aprobe position information comparing means for comparing
the values of the acquired position information of each of the
probes among the frames.

[0108] The apparatus has a control means for determining
if the delay amounts of the transmission delay generators 4
and/or the reception delay generators 7 are to be computed
and the delay table describing them is to be updated/prepared
or not according to the outcome of the comparison by the
probe position information comparing means. Note that FIG.
6 differs from FIG. 2 in that the apparatus of FIG. 6 has such
a control means.

[0109] The memory means, the probe position information
comparing means and the control means can be implemented
on a processor such as a CPU by programming. The position
information of each of the probes may be numerical data, the
number of which may be up to 6, including the probe position
R, and the orientation angle of each of the probes and the
azimuth angle of the ultrasonic transducer array thereof.
[0110] Therefore, at the time of starting the frame process,
the probe position information comparing means compares
the position information of each of the probes acquired by the
position sensor 10 with the position information ofeach of the
probes of the last frame process stored in the memory means.
The probe position information comparing means determines
the difference between the position of each of the probes and
the position of the probe at the last frame process and, if the
difference exceeds a predefined reference value, the probe
position information comparing means determines that the
probe position is shifted between the two successive frame
processes. Then, the apparatus proceeds to the process of
computing the delay amounts for the transmission delay gen-
erators 4 and/or the reception delay generators 7 of each of the
probes by means of the delay amount computing means
according to the newly acquired probe position information
of each of the probes and updating/preparing the delay table.
If, on the other hand, the difference between the position of
each of the probes according to the newly acquired position
information of the probe and the position of the probe at the
last frame process does not exceed the predefined reference
value, the probe position information comparing means nei-
ther compute the delay amounts nor update/prepare the delay
table but employs the delay table used for the last frame
process for the remaining part of the process.

[0111] The numerical values stored in the memory means
are replaced by the newly acquired position information of
each of the probes after the comparison. Subsequently, the
delay control signal generating means 12 transmits a trans-
mission delay control signal to the transmission delay gen-
erator 4 of each of the ultrasonic transducers by referring to
the delay table and the delay amount is set in the transmission
delay generator 4 of the ultrasonic transducer. A process
similar to the one described above by referring to FIG. 2
comes thereafter.

[0112] In the flow illustrated in FIG. 6, the position infor-
mation of each of the probes acquired at the time of starting
the frame process is compared with the position information
of the probe used in the last frame process. Then, if the shift
ofthe probe in terms of position and direction does not exceed
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a predefined value, the operation of computing the delay
amounts and preparing a delay table for the frame process is
omitted. Therefore, any unnecessary increase in the volume
of the processing operation can be prevented from taking
place when the positional shift of the probe is small, although
the positional shift of the probe between two successive frame
processes is appropriately accommodated. Then, as a result,
the effective scanning time can be reduced to further improve
the effect of minimizing the distortion of the image produced
when scanning the cross section plane due to the movement of
the body that is produced by heart beats or the like.

[0113] FIG. 3 is a process flowchart illustrating the opera-
tion of the embodiment of FIG. 1 that is different from the one
illustrated in FIG. 2.

[0114] According to FIG. 3, the delay amounts for the
plurality of ultrasonic transducers of each of the ultrasound
probes are computed according to the relative position infor-
mation and the relative angle information of the plurality of
ultrasound probes each time the ultrasound probes respec-
tively transmit ultrasonic beams in order to form a frame
image.

[0115] The following process can be executed also for
reception. The delay amounts for the plurality of ultrasonic
transducers of each of the ultrasound probes are computed
according to the relative position information and the relative
angle information of the plurality of ultrasound probes each
time the ultrasound probes respectively receive ultrasonic
beams in order to form a frame image.

[0116] More specifically, information is collected from the
position sensor 10 for each image scanning line of a cross
section plane before each transmitting operation and each
receiving operation during the scanning in a frame process.
Thus, if compared with the process of FIG. 2, the time inter-
vals of collection of probe position information is reduced
because probe position information is collected from the
position sensor 10 for each image scanning line.

[0117] Particularly, the position and the orientation angle of
each of the probes and the azimuth angle of the ultrasonic
transducer array thereof are detected immediately before
each transmitting operation and each receiving operation for
beam focusing. Then, the positional shift with time of each of
probes can be appropriately accommodated by determining
the delay amount for each of the ultrasonic transducers of
each of the probes according to the information on the detec-
tion.

[0118] This arrangement provides a high degree of design
freedom of implementing a plurality of probes in order to
alleviate any strange feeling on the part of the target object of
examination particularly in a diagnostic ultrasound apparatus
and the apparatus can be formed so as to include an optical,
magnetic or some other remote position sensor. Any of the
probes put on the body surface can be temporally shifted with
time by the heart beats or some other move on the part of the
target object of examination. However, a beam scanning
operation can be conducted to accommodate such a temporal
shift of any of the probes by following the process flow of
FIG. 3.

[0119] Now, the process flow of FIG. 3 will be described
below. However, the processing steps similar to those of FIG.
2 that are described above will not be described any further.
[0120] A plurality of transmission focusing positions are
defined by the scanning control means 11 according to the
given scanning control signal (S31). At the same time, a
plurality of reception focusing positions may be defined.
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[0121] Then, the position and the orientation angle of each
of the probes and the azimuth angle of the ultrasonic trans-
ducer array thereof are detected from the position sensor 10
by the delay computing means in the scanning control means
11 (S32) and the transmission delay amounts are computed
(S33) and defined for the respective transducers (S34).
[0122] Additionally, delay amounts are computed and
defined for reception. A plurality of reception focuses can be
defined at the time of reception for a single transmission of an
ultrasonic wave. If such is the case, the timings of switching
the reception focuses at the time of reception and the recep-
tion delay amounts are listed in the delay amount table.
[0123] The information on the transmission delay amounts
computed by the delay control signal generating means 12 is
transmitted to the transmission delay generator 4 of each of
the ultrasonic transducers of each of the probes as transmis-
sion delay control signal and the transmission delay amount is
set in the transmission delay generator 4 (S34). At this time,
the delay amount for the reception focusing position at the
beginning of reception may also be transmitted to the corre-
sponding reception delay generator 7 and set in the reception
delay generator 7 in advance.

[0124] Then, the process proceeds to a transmitting opera-
tionand a focused ultrasonic beam is transmitted from each of
the probes in a manner as described above by referring to FIG.
2 (S35).

[0125] Thereafter, the process proceeds to a receiving
operation and a reception echo time series signal is generated
from each of the ultrasonic transducers of each of the probes
as described above by referring to FIG. 2 (S36) and a digitized
reception echo time series signal is input to the reception
delay generator 7 by way of the amplifier 5 and the A/D
converter 6. The delay control signal generating means 12
transmits a reception delay control signal to the reception
delay generator 7 according to the delay amount table pre-
pared in advance at the timing of switching the reception
focus. Then, it causes a delay to be produced to the echo time
series signal input to each of the ultrasonic transducers of
each of the probes at the timing.

[0126] Thereafter, the echo time series signals of each of
the probes are subjected to phasing addition as described
above by referring to FIG. 2 (S37) and all the echo time series
signals are added (S38) and transmitted to the image data
preparing means 15 by way of the detector 14.

[0127] The above-described series of processes are
repeated for the number of image scanning lines to prepare a
cross-sectional image at the image data preparing means 15.
[0128] The operation of computing the reception delay
amounts and that of preparing a reception delay table may be
conducted simultaneously with the operation of computing
the transmission delay amounts and before a transmitting
operation or during a receiving operation by the scanning
control means 11 in this process. Such an arrangement pro-
vides an advantage of reducing the overall processing time
without reducing the frame rate.

[0129] While delay amounts are defined for the operation
of transmission and that of reception according to the position
information of each of the probes from the position sensor 10
in the above description, delay amounts can be defined only
for the operation of reception or transmission. If such is the
case, a fixed value that corresponds to the scanning control
signal can be used as the delay amount of each of the ultra-
sonic transducers of each of the probes in an operation of not
using the position information from the position sensor 10.
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[0130] Those sets of fixed delay amounts are stored in the
scanning control means 11 or the delay control signal gener-
ating means 12 as a fixed delay amount table. Then, at the time
of a corresponding transmitting or receiving operation, the
delay amount information is sent to the delay generator 4
and/or the delay generator 7 of each of the ultrasonic trans-
ducers of each of the probes so that it may be set in the
transmission delay generator 4 and/or the reception delay
generator 7. Then, the operation of computing delay amounts
by the scanning control means 11 can be omitted.

[0131] Still additionally, a memory means for storing the
probe position information from the position sensor 10 and a
probe position information comparing means may be pro-
vided so that each acquired piece of probe position informa-
tion may be compared with the piece of probe position infor-
mation used at the last transmitting operation and/or at the last
receiving operation. Then, the delay amount computing
means computes the delay amounts only when the fluctua-
tions of the probe position information of each of the probe
exceed a predetermined reference value between two succes-
sive transmitting operations and/or between two successive
receiving operations so that the delay amount computing
operation may be omitted when the fluctuations of the probe
position is small to prevent the amount of operation of the
frame process from increasing.

[0132] FIG. 7 is a flowchart of such an operation of frame
process.

[0133] (In the Case of Transmission)

[0134] Relative position information and relative angle

information are acquired for the plurality of ultrasound
probes each time the ultrasound probes transmits respective
ultrasonic beams in order to form a frame image as in the
flowchart of FIG. 3. However, the acquired information is
compared with the information that is acquired last time and
the delay amount computing means computes the delay
amounts for the plurality of ultrasonic transducers only when
the change in the acquired information from the last informa-
tion exceeds a predetermined reference value.

[0135] (In the Case of Reception)

[0136] Relative position information and relative angle
information are acquired for the plurality of ultrasound
probes each time the ultrasound probes receives respective
ultrasonic beams in order to form a frame image as in the
flowchart of FIG. 3. However, the acquired information is
compared with the information that is acquired last time and
the delay amount computing means computes the delay
amounts for the plurality of ultrasonic transducers only when
the change in the acquired information from the last informa-
tion exceeds a predetermined reference value.

[0137] The process will be described more specifically
below.
[0138] At the time of starting a transmitting operation and/

or a receiving operation, the probe position information com-
paring means compares the probe position information of
each of the probes acquired by the position sensor 10 with the
probe position information of the last transmitting operation
and/or the last receiving operation stored in the memory
means. If the difference between the position of each of the
probes and the position of the probe at the last transmitting
operation and/or the last receiving operation exceeds a pre-
determined reference value, the probe position information
comparing means determines that the probe position is
shifted between the two transmitting operations and/or
between the two receiving operations. Then, the delay
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amount computing means computes the delay amount of the
transmission delay generator 4 and/or the reception delay
generator 7 of each of the ultrasonic transducers of each of the
probes as in FIG. 3. On the other hand, if the difference
between the position of each of the probes and the position of
the probe at the last transmitting operation and/or the last
receiving operation does not exceed a predetermined refer-
ence value, the delay amount computing means does not
compute any delay amount and executes the beam transmis-
sion process and the following processes, using the delay
amounts employed in the last frame process. Thereafter, the
operation follows the flowchart of FIG. 3 but will not be
described any further.

[0139] With the above-described arrangement, the posi-
tional shift of any of the probes is treated within a time period
shorter than the one described above by referring to FIG. 6
and, when the positional shift of any probe is small, the frame
process can be executed with a processing operation that is
simpler than the one described above by referring to FIG. 3.
[0140] While the delay computing means is arranged in the
scanning control means 11 in the above description, the delay
computing means may alternatively be arranged in the delay
control signal generating means 12. Particularly, when the
above arrangements are realized by a digital signal processor
such as a CPU, both the scanning control means 11 and the
delay control signal generating means 12 can be implemented
in the same processor by programming. Then, the delay com-
puting means can be realized as processing means also by
programming.

[0141] The plurality of ultrasound probes are preferably
coupled to each other by a support arm coupling means as will
be described in greater detail in the Example below.

EXAMPLE

[0142] Now, an example where the present invention is
applied to blood flow measurement of a diagnostic ultrasound
apparatus will be described below by referring to FIG. 4.
[0143] The arrangement of this example can be used for a
measurement operation of determining the moving speed of
tissue or the flowing speed of blood in a blood vessel at a
specific position that is selected as the moving part of a
specific body portion.

[0144] Whileanoperation of measuring the blood flow rate
is described below as a typical example, the following
description is generally applicable to any operation of mea-
suring the speed of a moving part of a body. The Doppler
method or the color Doppler method is employed in conven-
tional diagnostic ultrasound apparatus to measure the blood
flow rate and determine the blood flow volume by using the
measured blood flow rate. However, since the Doppler
method and the color Doppler method are methods of detect-
ing the phase difference of ultrasonic echo signals, they can
only obtain the velocity component in the moving direction of
an ultrasonic wave in principle. Conventionally, for this rea-
son, the moving direction of the ultrasonic wave is made to
agree with the flowing direction of blood, the velocity com-
ponent in a direction other than the moving direction of the
ultrasonic wave is estimated or the argument of the transmit-
ted/received beam is utilized for the measurement. When the
moving direction of an ultrasonic wave is made to agree with
the flowing direction of blood, the measurement is subjected
to restrictions. When the velocity component in a direction
other than the moving direction of an ultrasonic wave is
estimated, the estimation inevitably involves error. No
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improvement of accuracy can be expected for measurement
utilizing the argument of a transmitted/received beam
because beam deflection is limited when a single probe is
used.

[0145] In this example, a position/direction detecting
means for detecting the relative position of a plurality of
ultrasound probes and the orientation of each of the ultra-
sound probes is employed. Then, a delay control signal gen-
erating means that generates a delay control signal for con-
trolling the signal delay to each of the plurality of ultrasonic
transducers of each of the plurality of ultrasound probes,
using the information on the relative position and the orien-
tation of the ultrasound probes obtained from the position/
direction detecting means, is utilized. Large crossing angles
can be selected for the beams transmitted from and received
by the plurality of probes to enable to realize a highly accurate
three-dimensional velocity vector measurement by control-
ling the delay means for delaying the transmission of each
ultrasonic wave to and the reception of each ultrasonic wave
from an target object of examination by means of the delay
control signal.

[0146] While only one of a plurality of probes is illustrated
in FIG. 4 as in FIG. 1 for the purpose of simplicity of descrip-
tion, all the remaining probes have similar components. Addi-
tionally, the components same as those of FIG. 1 denoted
respectively by the same reference symbols.

[0147] Transmission focusing positions are defined by the
scanning control means 11 for all the points selected for
measuring the speed in the body according to the given scan-
ning control signal. At the same time, reception focusing
positions are defined for all the same points. Then, the posi-
tion information of the position sensor 10 on the probes
including the position and the orientation angle of each of the
probes and the azimuth angle of the ultrasonic transducer
array thereof is acquired by the scanning control means 11.
Subsequently, the transmission delay amount and the recep-
tion delay amount that correspond respectively to the trans-
mission focusing position and the reception focusing position
are computed for each of the ultrasonic transducers of each of
the probes.

[0148] Thedelay control signal generating means 12 trans-
mits the transmission delay amount and the reception delay
amount of each of the ultrasonic transducers of each of the
probes according to the transmission delay amount and the
reception delay amount of the ultrasonic transducer com-
puted by the scanning control means 11 and the transmission
delay amount and the reception delay amount are set in the
respective delay generators 18 of the probe.

[0149] At the same time, the scanning control means 11
computes the direction of the beam received from each of the
probes according to the information on the reception focusing
position and the orientation of the probe and then inputs the
information on the direction of the received beam to the
velocity synthesizing circuit 23.

[0150] While the amplifiers 16, the A/D-D/A converters 17
and the delay generators 18 of this example can be operated
for both transmission and reception, separate ones may alter-
natively be provided for transmission and reception as in the
case of FIG. 1. FIG. 4 denotes transmission/reception
changeover switches 19 for switching transmission and
reception according to the control signal from the scanning
control means 11.

[0151] The quadrature detector 20, the autocorrelation cir-
cuit 21 and the velocity component computation circuit 22 are
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velocity detection circuits that are utilized for the color Dop-
pler method in the technical field of diagnostic ultrasound
apparatus.

[0152] The velocity synthesizing circuit 23 and the above
circuits may be provided as separate digital circuits or imple-
mented in a general purpose CPU as software just like the
scanning control means 11 and the delay control signal gen-
erating means 12.

[0153] The transmission pulse signal generated by a trans-
mission signal generating means (not illustrated) is broken
down for the individual ultrasonic transducers by a separator
(not illustrated) and input respectively to the delay generators
18 by way of the changeover switches 19. A transmission
delay amount that corresponds to the transmission focusing
position is defined in each of the delay generator 18 by the
transmission delay control signal from the delay control sig-
nal generating means 12 to produce a delay to each transmis-
sion pulse signal. Subsequently, each transmission pulse sig-
nal is converted into an analog signal by a D/A converter 17
and amplified by an amplifier 16 to drive the corresponding
one of the ultrasonic transducers of each of the probes so that
consequently the probe transmits a focused ultrasonic beam
to a predetermined transmission focusing point.

[0154] Thereafter, the changeover switch 19 is turned for
reception at the time when a receiving operation starts and a
reception delay control signal is input to each of the delay
generators 18 from the delay control signal generating means
12 to define a reception delay amount for the delay generator
18.

[0155] Each of the ultrasonic transducers of each of the
probes senses the ultrasonic echo from the target reception
focusing point and generates a reception echo signal. The
reception echo signal is amplified by the corresponding
amplifier 16 and digitized by the corresponding A/D con-
verter 17 before itis subjected to a delay by the corresponding
delay generator 18 that corresponds to the reception focus.
Thereafter, the signals of each of the probes pass through the
respective transmission/reception changeover switches 19
and added by the adder 9. The addition is phasing addition
because of the reception echo signals from the ultrasonic
transducers of the probe agree with each otherinterms of time
relative to the reception focusing point because the delays
produced by the delay generators 18. Then, the obtained
signal is sequentially input to the quadrature detector 20, the
autocorrelation circuit 21 and the velocity component com-
putation circuit 22 to determine the velocity component of the
probe in the direction of the received beam.

[0156] Generally, the plurality of probes are oriented in
respective directions and the directions of the beams focused
at the target object and received by different probes are dif-
ferent from each other. Therefore, the velocity components
obtained by the velocity component computation circuits 22
are those of different directions. Thus, the velocity compo-
nents obtained from ultrasonic echoes propagating in differ-
ent directions from a same target point are components ori-
ented in different directions from that point.

[0157] The velocity synthesizing circuit 23 computation-
ally determines a three-dimensional velocity vector that is
synthesized by using the information on the directions of the
beams received by the probes obtained from the scanning
control means 11 and the information on the velocity com-
ponents obtained from the velocity component computation
circuit 22 of each of the probes.
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[0158] FIG. 5is an exploded schematic perspective view of
a position sensor 10 that is used in this example.

[0159] Inthis example, the devices respectively holding the
plurality of probes are equipped with respective position sen-
SOrS.

[0160] Each ofthe probe holding devices includes a support
arm 37 and a probe holding section 38. Each of the position
sensors includes a linear sensor 36 and a rotary encoder 35
arranged at the corresponding support arm 37 and four rotary
encoders 31, 32, 33 and 34 arranged at the corresponding
probe holding section 38. The support arm 37 can be freely
engaged in position and disengaged from the position and its
length can be made to change and measured by means of the
linear sensor 36. Any two support arms 37 can be connected
to each other by way of a probe holding section 38 and the
angle between the support arms can be changed and measured
by the rotary encoder 34. The angle of the holding arm 37 in
the axis direction can be measured by the rotary encoder 35.
The orientation of each probe can be shifted by means of the
probe holding section 38 and its elevation angle and azimuth
angle can be measured respectively by the rotary encoders 32
and 33. The azimuth angle of the ultrasonic transducer array
39 on the probe can be measured by the rotary encoder 31.
[0161] The relative position of the probe and another probe
coupled to the former probe can be detected by means of the
linear sensor 36 and the rotary encoders 34 and 35 and the
orientation of the probe can be detected by the rotary encoders
32 and 33, while the relative azimuth angle of the ultrasonic
transducer array 39 can be detected by the rotary encoder 31.
[0162] The probe position information from the position
sensor 10 can be computationally determined by means ofthe
above-described arrangement.

[0163] Thediagnostic ultrasound apparatus of this example
can be formed so as to include support arms connected to the
respective ultrasound probes and having a variable length and
a length detection means for detecting the length of each of
the support arms. The orientation angles of ultrasound probes
coupled by a support arm can be measured. Support arms can
be coupled directly or by way of a support arm coupling
means. All the ultrasound probes can be coupled to each other
and one or more than one angle detection means can be
provided so as to make it or each of them, whichever appro-
priate, detect the angle between two support arms or between
a support arm and a support arm coupling means. Then,
information relating to the relative positions and the relative
orientations of the plurality of ultrasound probes can be
obtained from the outputs of the length detection means and
the angle detection means.

[0164] A diagnostic ultrasound apparatus according to the
present invention can be arranged as a single unit relative to a
target object of examination by supporting a plurality of
probes collectively by means of a support device and arrang-
ing a position sensor thereon and the position and the orien-
tation of each of the probes can be freely selected so that the
plurality of probes can be arranged in a simple manner for
diagnosis.

[0165] While the present invention has been described with
reference to exemplary embodiments, it is to be understood
that the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.
[0166] This application claims the benefit of Japanese
Patent Application Nos. 2008-138055 filed May 27, 2008 and
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2009-097225 filed Apr. 13, 2009, which are hereby incorpo-
rated by reference herein in their entirety.

What is claimed is:

1. A diagnostic ultrasound apparatus for transmitting ultra-
sonic waves to a target object of examination, receiving ultra-
sonic waves reflected from the target object of examination
and preparing image data relating to the target object of
examination based on acquired echo signals, the apparatus
comprising:

a plurality of ultrasound probes, each being formed to

include a plurality of ultrasonic transducers;

delay means arranged respectively in the plurality of ultra-

sound probes to electronically delay the timing of trans-
mission or reception of ultrasonic waves by the ultra-
sonic transducers;

position/orientation detecting means arranged respectively

in the plurality of ultrasound probes to detect relative
position information and relative angle information of
the ultrasound probes; and

delay control signal generating means for generating delay

control signals for controlling signal delays for the
respective ultrasonic transducers,

the delay control signal generating means controlling sig-

nal delays according to information acquired from the
position/orientation detecting means,

the timing of transmission of ultrasonic waves from the

respective ultrasonic transducers and that of reception of
ultrasonic waves reflected from the target object of
examination being controlled by inputting a delay con-
trol signal to the delay means.

2. The apparatus according to claim 1, wherein

ultrasonic beams transmitted from the ultrasound probes

are subjected to beam scanning so as to change the
respective directions of transmission thereof and the
apparatus further comprises delay amount computing
means for determining a delay amount for each of the
ultrasonic transducers according to relative position
information and relative angle information of the plural-
ity of ultrasound probes at the time of starting the beam
scanning or during the beam scanning.

3. The apparatus according to claim 1, wherein

ultrasonic beams received by the ultrasound probes are

subjected to beam scanning so as to change the respec-
tive directions of reception thereof and the apparatus
further comprises delay amount computing means for
determining a delay amount for each of the ultrasonic
transducers according to relative position information
and relative angle information of the plurality of ultra-
sound probes at the time of starting the beam scanning or
during the beam scanning.

4. The apparatus according to claim 2, wherein

ultrasonic beams transmitted from the ultrasound probes

are subjected to focusing by the delay means and the
apparatus further comprises delay amount computing
means for determining a delay amount for each of the
ultrasonic transducers according to relative position
information and relative angle information of the plural-
ity of ultrasound probes at the time of starting the beam
scanning or during the beam scanning.

5. The apparatus according to claim 3, wherein

ultrasonic beams reflected from the target object of exami-

nation are subjected to focusing by the delay means and
the apparatus further comprises delay amount comput-
ing means for determining a delay amount for each of the
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ultrasonic transducers according to relative position
information and relative angle information of the plural-
ity of ultrasound probes at the time of starting the beam
scanning or during the beam scanning.

6. The apparatus according to claim 2, wherein

results of computation by the delay amount computing
means are written to a delay amount table before the
ultrasound probes start the beam scanning and the ultra-
sonic transducers are controlled for signal delays during
the beam scanning according to the delay amount table.

7. The apparatus according to claim 2, wherein

the position/orientation detecting means acquires relative
position information and relative angle information of
the ultrasound probes and the delay amount computing
means computes delay amounts for the ultrasonic trans-
ducers and generates a delay control signal each time the
apparatus acquires a frame image.

8. The apparatus according to claim 7, wherein

the delay amount computing means computes the delay
amounts for the ultrasonic transducers again to generate
a delay control signal only when the difference in the
relative position information and the relative angle infor-
mation of the ultrasound probes among the acquired
frame images exceeds a reference value.

9. The apparatus according to claim 2, wherein

the delay amount computing means computes delay
amounts for the ultrasonic transducers according to rela-
tive position information and relative angle information
of the ultrasound probes each time the ultrasound probes
transmit ultrasonic beams in order to form a frame
image.

10. The apparatus according to claim 9, wherein

the apparatus acquires relative position information and
relative angle information of the ultrasound probes each
time the ultrasound probes transmit respective ultra-
sonic beams to form a frame image and compares the
acquired information with the last information and the
delay amount computing means computes the delay
amounts for the ultrasonic transducers again only when
the difference in the relative position information and
the relative angle information of the ultrasound probes
exceeds a reference value.

11. The apparatus according to claim 2, wherein

the delay amount computing means computes delay
amounts for the ultrasonic transducers according to rela-
tive position information and relative angle information
of the ultrasound probes each time the ultrasound probes
receive respective ultrasonic beams to form a frame
image.

12. The apparatus according to claim 11, wherein

the apparatus acquires relative position information and
relative angle information of the ultrasound probes each
time the ultrasound probes receive respective ultrasonic
beams to form a frame image and compares the acquired
information with the last information and the delay
amount computing means computes the delay amounts
for the ultrasonic transducers again only when the dif-
ference in the relative position information and the rela-
tive angle information of the ultrasound probes exceeds
a reference value.

13. The apparatus according to claim 1, wherein

the plurality of ultrasound probes are coupled to each other
by support arm coupling means.
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