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ULTRASONIC DIAGNOSTIC APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based upon and claims the ben-
efit of priority from prior Japanese Patent Application No.
2007-196613, filed Jul. 27, 2007, the entire contents of which
are incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to an ultrasonic diag-
nostic apparatus which performs three-dimensional scan-
ning.

[0004] 2. Description of the Related Art

[0005] Thereis available an ultrasonic diagnostic apparatus
which performs electronic scanning while mechanically
moving a probe (mechanical scanning) for three-dimensional
scanning (see Jpn. Pat. Appln. KOKAI Publication No.
10-179576). Performing electronic scanning while mechani-
cally scanning a probe will be referred to as electronic/me-
chanical combination scanning. A probe for electronic/me-
chanical combination scanning has a transducer umt
comprising a plurality of transducers arrayed in a line. A
transmission unit controls the delay times of driving pulses to
the transducer unit so as to sequentially switch ultrasonic scan
lines. A delay-and-sum circuit delays and adds a plurality of
echo signals received by the transducer unit to convert the
signals into actual measurement scan line signals. The ultra-
sonic diagnostic apparatus generates a plurality of actual
measurement scan line signals by mechanically scanning the
probe in a direction in which the transducer unit crosses an
electronic scan plane (in a direction generally perpendicular
to the electronic scan plane) at the time of electronic scan-
ning. Multislice tomograms are generated on the basis of a
plurality of actual measurement scan line signals. A pseudo-
three-dimensional image is generated by performing render-
ing processing of a set of generated multislice tomograms.
[0006] As an electronic/mechanical combination scanning
method, a method of repeating electronic scanning while
mechanically and continuously moving a transducer unit is
available. In this method, however, an electronic scan plane
tilts with respect to the direction of movement. In this case,
actual measurement multislice tomograms tilting with
respect to the direction of movement are generated on the
basis of a plurality of actual measurement scan line signals
constituting the electronic scan plane tiling with respect to the
direction of movement. A pseudo-three-dimensional image is
generated by performing rendering processing of a set of
generated actual measurement multislice tomograms. How-
ever, this method requires complicated rendering processing,
and hence is not practical. In addition, since electronic scan
planes in forward and backward paths in mechanical scan-
ning differ from each other, this method requires complicated
rendering processing in consideration of the difference.
[0007] As shown in FIG. 13, there is available a method of
intermittently moving the transducer unit such as
moving—>stopping—electronic
scanning—moving—>stopping—electronic scanning in order
to make the electronic scan plane perpendicular to the direc-
tion of movement. This method, however, requires compli-
cated control of a moving mechanism and of electronic scan-
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ning. Furthermore, the method is unsuitable for high-speed
3D scanning because the ultrasonic transducer unit is
mechanically stopped.

BRIEF SUMMARY OF THE INVENTION

[0008] Itis an object of the present invention to provide an
ultrasonic diagnostic apparatus which can easily generate
high-resolution, high-quality —pseudo-three-dimensional
images while implementing high-speed 3D scanning which
performs electronic scanning while mechanically and con-
tinuously moving a transducer unit.

[0009] An ultrasonic diagnostic apparatus according to a
first aspect of the present invention comprising: probe includ-
ing a transducer unit including a plurality of transducers
which are arrayed in a first direction, transmit ultrasonic
waves and receive echo signals, and a moving mechanism for
continuously moving the transducer unitina second direction
crossing the first direction; a control unit which controls the
moving mechanism to continuously move the transducer unit
in the second direction; a transmission unit which causes the
transducer unit to generate ultrasonic waves; a signal genera-
tion unit which generates a plurality of actual measurement
scan line signals by delaying and adding a plurality of echo
signals from the transducer unit; a signal calculation unit
which calculates a plurality of mathematical scan line signals
constituting a plurality of mathematical electronic scan
planes from the plurality of actual measurement scan line
signals; and an image generation unit which generates mul-
tislice tomograms on the basis of the plurality of calculated
mathematical scan line signals.

[0010] An ultrasonic diagnostic apparatus according to a
second aspect of the present invention comprising: a storage
unit which stores a plurality of actual measurement scan line
signals constituting a plurality of actual measurement elec-
tronic scan planes; a signal calculation unit which calculates
a plurality of mathematical scan line signals constituting a
plurality of mathematical electronic scan planes from the
plurality of actual measurement scan line signals; and an
image generation unit which generates multislice tomograms
on the basis of the plurality of calculated mathematical scan
line signals.

[0011] Additional objects and advantages of the invention
will be set forth in the description which follows, and in part
will be obvious from the description, or may be learned by
practice of the invention. The objects and advantages of the
invention may be realized and obtained by means of the
instrumentalities and combinations particularly pointed out
hereinafter.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

[0012] The accompanying drawings, which are incorpo-
rated in and constitute a part of the specification, illustrate
embodiments of the invention, and together with the general
description given above and the detailed description of the
embodiments given below, serve to explain the principles of
the invention.

[0013] FIG. 1is a block diagram showing the arrangement
ofan ultrasonic diagnostic apparatus according to an embodi-
ment;

[0014] FIG. 2 is a view for explaining electronic scanning
performed by a transmission unit and a reception unit in FIG.
1
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[0015] FIG. 3 is a block diagram showing the arrangement
of an ultrasonic scan line signal processing unit in FIG. 1;
[0016] FIG. 4 is a view showing the positions of ultrasonic
scan lines when a transducer unit in FIG. 1 moves along a
forward path;

[0017] FIG. 5 is a view showing the positions of ultrasonic
scan lines when the transducer unit in FIG. 1 moves along a
backward path;

[0018] FIG. 6 is a view showing the positions of actual
measurement electronic scan planes, actual measurement
scan line signals, mathematical electronic scan plane, and
mathematical scan line signal in a case in which the math-
ematical scan line signal is calculated by using the two actual
measurement scan line signals in this embodiment and a
modification of the embodiment;

[0019] FIG. 7is a view showing the distances between two
actual measurement scan line signals and a mathematical
scan line signal in a case in which the mathematical scan line
signal is calculated by using the two actual measurement scan
line signals in this embodiment and a modification of the
embodiment;

[0020] FIG. 8 is a view showing the positions of actual
measurement electronic scan planes, actual measurement
scan line signals, mathematical electronic scan plane, and
mathematical scan line signal in a case in which a mathemati-
cal scan line signal is calculated by using three actual mea-
surement scan line signals in this embodiment and a modifi-
cation of the embodiment;

[0021] FIG.9is aview showing the distances between three
actual measurement scan line signals and a mathematical
scan line signal in a case in which the mathematical scan line
signal is calculated by using the three actual measurement
scan line signals in this embodiment and a modification of the
embodiment;

[0022] FIG.10is aview showing the positions of electronic
scan planes, scan line signals, mathematical electronic scan
plane, and mathematical scan line signal in a case in which the
transducer unit in FIG. 1 moves reciprocally;

[0023] FIG.11isablock diagram showing the arrangement
of a first scan line signal processing unit in a modification of
this embodiment;

[0024] FIG.12isablock diagram showing the arrangement
of a second scan line signal processing unit in a modification
of this embodiment; and

[0025] FIG. 13 is a view showing the positional relation-
ship between electronic scan planes, ultrasonic scan lines,
and the direction of movement in a case in which electronic
scanning is performed while a transducer unit is intermit-
tently moved according to the prior art.

DETAILED DESCRIPTION OF THE INVENTION

[0026] An embodiment of the present invention will be
described below with reference to the views of the accompa-
nying drawing.

[0027] FIG.11is a block diagram showing the arrangement
of an ultrasonic diagnostic apparatus 1 according to this
embodiment. As shown in FIG. 1, the ultrasonic diagnostic
apparatus 1 comprises an ultrasonic diagnostic apparatus
body 10 and a probe 30.

[0028] The ultrasonic diagnostic apparatus body 10 com-
prises a transmission unit 11, a reception unit 13, a scan line
signal processing unit 15, an image generation unit 17, a

Feb. 12,2009

display unit 19, a storage unit 21, a system control unit 23, an
input unit 25, a movement control unit 27, and a position
detection unit 29.

[0029] Theprobe 30 is connected to the ultrasonic diagnos-
tic apparatus body 10, and comprises a transducer unit 31 and
a moving mechanism 33. The function of each constituent
element will be described below.

[0030] The transmission unit 11 includes a rate pulse gen-
eration circuit, delay circuit, driving pulse generation circuit,
and the like (none of which are shown). The rate pulse gen-
eration circuit repeatedly generates rate pulses at a predeter-
mined rate frequency fr Hz (period: 1/fr sec). The delay
circuit gives each rate pulse a delay time necessary to focus an
ultrasonic wave into a beam and determine transmission
directivity for each channel. The driving pulse generation
circuit generates ultrasonic driving pulses at the timings
based on the respective delayed rate pulses. Upon receiving
ultrasonic driving pulses, the transducers of the transducer
unit 31 generate ultrasonic waves.

[0031] The transducer unit 31 includes a plurality of trans-
ducers, a backing member, an acoustic matching layer, and an
acoustic lens (none of which are shown). The plurality of
transducers are arrayed along one direction. Each transducer
comprises a plurality of piezoelectric elements. The direction
in which these transducers are arrayed will be referred to as
the array direction. Each transducer receives a driving pulse
applied from the transmission unit 11 and transmits an ultra-
sonic wave to a subject to be examined. Each transducer
receives the ultrasonic wave reflected by the internal tissue of
the subject or the like as an echo signal. The received echo
signal is transmitted to the reception unit 13. The backing
member is provided on the back surfaces of the plurality of
transducers. The backing member suppresses vibrations and
absorbs ultrasonic waves. The acoustic matching layer is
provided on the front surfaces of the plurality of transducers.
The acoustic matching layer is provided to suppress reflection
of ultrasonic waves due to the differences in acoustic imped-
ance between the subject and the plurality of transducers. The
acoustic lens is provided on the front surface of the acoustic
matching layer. The acoustic lens focuses ultrasonic waves in
a direction different from the focusing direction of the delay
circuit.

[0032] The reception unit 13 comprises a scan line signal
generation unit 131 and a filter circuit 133.

[0033] The scan line signal generation unit 131 includes an
amplifier circuit, analog-to-digital converter, delay circuit,
and adder (not shown). The amplifier circuit amplifies echo
signals from the subject for each channel. The analog-to-
digital converter converts an amplified echo signal from an
analog signal to a digital signal by sampling and quantizing
the echo signal. The delay circuit gives each echo signal a
delay time necessary to focus the echo signal converted into
the digital signal in the form of a beam and sequentially
change the reception directivity. The adder adds the echo
signals to which the delay times are given.

[0034] With this addition, a reflection component from a
direction corresponding to the reception directivity of the
echo signal is enhanced to form a composite beam (ultrasonic
beam) for ultrasonic transmission/reception in accordance
with reception directivity and transmission directivity. The
transmission unit 11 and the reception unit 13 control the
transmission/reception of ultrasonic beams in this manner,
thereby performing electronic scanning. One ultrasonic beam
corresponds to one ultrasonic scan line. In this case, an echo
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signal for each ultrasonic scan line obtained by transmission/
reception of an ultrasonic beam will be referred to as an actual
measurement scan line signal. An actual measurement scan
line signal is a set of echo signal components at sampling
points set at predetermined intervals in the depth direction of
an ultrasonic scan line at the time of sampling. In this case,
“actual measurement” means being actually obtained by elec-
tronic scanning. All the ultrasonic scan lines in one electronic
scan constitute one actual measurement electronic scan plane
(frame). The storage unit 21 stores the data of a plurality of
actual measurement scan line signals for each electronic scan
plane.

[0035] FIG. 2 is a view for explaining electronic scanning
controlled by the transmission unit 11 and the reception unit
13. As shown in FIG. 2, the Y-axis is defined as the array
direction; the Z-axis is defined as the transmission/reception
direction of an ultrasonic beam (the depth direction of an
ultrasonic scan line); and the X-axis is defined as a direction
perpendicular to the Y-Z plane. N lines extending from the
transducer unit 31 along the Z-axis represent ultrasonic
beams. Assume that a plane on which electronic scanning is
actually performed (the plane enclosed with the dotted line in
FIG. 2 (the Y-Z plane)) is an actual measurement electronic
scan plane. The transmission unit 11 and the reception unit 13
cause the transducer unit 31 to transmit/receive first to Nth
ultrasonic beams while sequentially changing their positions
at time intervals dt, thereby performing electronic scanning.
When the transmission/reception of the Nth ultrasonic beam
finishes, transmission/reception of the first to Nth ultrasonic
beams is repeated. In this manner, electronic scanning is
repeated.

[0036] The filter circuit 133 is an electrical circuit having
frequency selectivity. The filter circuit 133 allows a desired
frequency component of an actual measurement scan line RF
signal to pass therethrough and removes the remaining fre-
quency components. After the filter processing, the actual
measurement scan line signal is transmitted to the scan line
signal processing unit 15.

[0037] The scan line signal processing unit 15 performs
various types of processing for actual measurement ultra-
sonic scan line signals from the reception unit 13. FIG. 3 is a
block diagram showing the arrangement of the scan line
signal processing unit 15. As shown in FIG. 3, the scan line
signal processing unit 15 includes an envelope detection cir-
cuit 151, a compression circuit 153, and a scan line signal
calculation unit 155.

[0038] The envelope detection circuit 151 performs enve-
lope detection of an actual measurement scan line signal to
detect the envelope of the actual measurement scan line sig-
nal.

[0039] The compression circuit 153 performs compression
(or amplification) such as logarithmic compression of the
envelope-detected actual measurement scan line signal. Note
that the positions of the envelope detection circuit 151 and
compression circuit 153 can be interchanged. That is, an
actual measurement scan line signal can be compressed by
the compression circuit 153 first, and can then be envelope-
detected by the envelope detection circuit 151.

[0040] The scan line signal calculation unit 155 calculates
a plurality of mathematical ultrasonic scan line signals con-
stituting a plurality of mathematical electronic scan planes
from a plurality of actual measurement ultrasonic scan line
signals. In this case, “mathematical” means being obtained by
calculation based on actual measurement ultrasonic scan line
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signals. Typically, the scan line signal calculation unit 155
calculates a plurality of mathematical scan line signals on the
basis of the position of the transducer unit 31 which is
detected by the position detection unit 29 (to be described
later) such that a mathematical electron scan plane becomes
perpendicular to the direction of movement of the transducer
unit 31. However, a mathematical electronic scan plane need
not always be perpendicular to the direction of movement and
can be tilted. In addition, calculation processing for math-
ematical scan line signals is specifically interpolation or
extrapolation. That is, the scan line signal calculation unit 155
interpolates or extrapolates a plurality of mathematical scan
line signals on the basis of a plurality of actual measurement
scan line signals. The plurality of mathematical ultrasonic
scan line signals are transmitted to the image generation unit
17. The details of this calculation processing for ultrasonic
scan line signals will be described later.

[0041] The image generation unit 17 generates multislice
tomograms on the basis of a plurality of mathematical ultra-
sonic scan line signals. In addition, various types of pseudo-
three-dimensional images such as maximum intensity projec-
tion images and surface images are generated by rendering a
set of multislice tomograms, as needed.

[0042] Thedisplay unit 19 displays various types of images
generated by the image generation unit 17.

[0043] An input unit 20 includes various switches, buttons,
a trackball, a mouse, a keyboard, and the like which are used
to input instructions from an operator, e.g., an instruction to
stop scanning, the position of a mathematical electronic scan
plane (to be described later), and the like to the ultrasonic
diagnostic apparatus body 10.

[0044] A storage unit 18 stores a control program for
executing ultrasonic scan line calculation processing, the data
of scan line signals for each electronic scan plane, the position
of the transducer unit 31, the positions of scan line signals,
and the like.

[0045] The system control unit 23 has a function as an
information processing apparatus (computer), and controls
the operation of the ultrasonic diagnostic apparatus body 10.
The system control unit 23 reads control programs for execut-
ing image generation, display, and the like from the storage
unit 18, loads them into the memory which the unit has, and
executes computation, control, and the like associated with
the respective types of processing.

[0046] Themoving mechanism 33 is amechanism for mov-
ing the transducer unit 31 in a direction (direction of move-
ment) crossing the array direction, and operates upon receiv-
ing the driving power of amotor. The slit plate of an optical or
magnetic encoder is mounted on the rotating shaft of the
motor of the moving mechanism 33. The encoder generates a
pulse signal every time the rotating shaft of the motor rotates
by a predetermined angle.

[0047] The position detection unit 29 counts the pulses of
pulse signals from the encoder to specify the position of the
transducer unit 31 from the count value. The position detec-
tion unit 29 can detect the reception position of a specific
ultrasonic beam on the basis of the application timing of a
driving pulse generated by the transmission unit 11 and a
pulse signal from the encoder. Position detection processing
will be described later.

[0048] The movement control unit 27 generates a driving
signal for making the moving mechanism 33 operate on the
basis of the detected position of the transducer unit 31 and the
like, and supplies the generated driving signal to the moving
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mechanism 33. In this case, the movement control unit 27
controls the moving mechanism 33 to mechanically move the
transducer unit 31 reciprocally and continuously (not inter-
mittently) in the direction of movement (X-axis) at a proper
timing and speed and in a proper position.

[0049] FIG. 4 is a view showing the positions of ultrasonic
scan lines when the transducer unit 31 moves along a forward
path. F1G. 5 is a view showing the positions of ultrasonic scan
lines when the transducer unit 31 moves along a backward
path. Assume that as shown in FIGS. 4 and 5, the transducer
unit 31 moves in a direction (X-axis) perpendicular to the
array direction (Y-axis). The circles shown in FIGS. 4 and 5
represent ultrasonic scan lines. The position of an ultrasonic
scan line corresponds to the position of a scan line signal
originating from the ultrasonic scan line. The movement con-
trol unit 27 continuously moves the transducer unit 31. Dur-
ing this movement, the transmission unit 11 and the reception
unit 13 repeat electronic scanning (electronic/mechanical
combination scanning). The actual measurement electronic
scan plane comprising a plurality of ultrasonic scan line sig-
nals tilts with respect to the direction of movement (X-axis).
As is obvious from the comparison between FIGS. 4 and 5,
the tilting directions of the actual measurement electronic
scan planes in the forward and backward paths differ from
each other.

[0050] Calculation processing for mathematical scan line
signals in this embodiment will be described next. Various
calculation methods are available. For a concrete description
of calculation processing, a method based on linear interpo-
lation will be described below. A method of interpolating a
mathematical ultrasonic scan line signal by using two actual
measurement ultrasonic scan line signals will be described
first.

[0051] FIG. 6 is a view showing the positional relationship
between actual measurement electronic scan planes, actual
measurement scan line signals, a mathematical electronic
scan plane, and a mathematical scan line signal in a case in
which a mathematical ultrasonic scan line signal is interpo-
lated by using two actual measurement ultrasonic scan line
signals. Each circle indicated by the dotted line represents a
position X of an actual measurement scan line signal in the
direction of movement (X-axis). Each circle indicated by the
solid line represents a position X of a mathematical scan line
signal X in the direction of movement (X-axis). The left
subscript attached to the position X of each scan line signal
represents an electronic scan plane number. The right sub-
script attached to each scan line signal X represents an ultra-
sonic scan line number corresponding to each scan line signal
X. Note that the subscript “S” represents a mathematical
electronic scan plane s. For example, a position X, of an
ultrasonic scan line signal represents the position of the scan
line signal associated with the first ultrasonic scan line on an
actual measurement electronic scan plane 1. According to
another example, X, ; represents the position of a scan line
signal associated with the first ultrasonic scan line on the
mathematical electronic scan plane s. Positions X, to X -of
a plurality of mathematical scan line signals constituting the
same mathematical electronic scan plane s are the same.
[0052] The system control unit 23 determines the position
of the mathematical electronic scan plane s. The system con-
trol unit 23 determines the positions of a plurality of math-
ematical ultrasonic scan line signals such that a plurality of
mathematical electronic scan planes are perpendicular to the
direction of movement and parallel to each other. For
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example, as shown in FIG. 6, the position of the mathematical
electronic scan plane s perpendicular to the direction of
movement is located between the positions of actual measure-
ment electronic scan planes i and i+1 which are adjacent to
each other.

[0053] FIG. 7is a view showing the distances between two
actual measurement scan line signals and a mathematical
scan line signal in a case in which the mathematical scan line
signal is interpolated by using the two actual measurement
scan line signals. For the sake of convenience, FIG. 7 shows
each one of scan line signals, of a plurality of scan line signals
constituting electronic scan planes, which have the same
ultrasonic scan line numbers, for each electronic scan plane.
That 1s, X, represents the position of an ultrasonic scan line
signal at a desired ultrasonic scan line number on the elec-
tronic scan plane 1; X,,,, the position of a scan line signal
associated with an ultrasonic scan line with the same number
as X, on the electronic scan plane i+1; and X, the position of
a scan line signal associated with an ultrasonic scan line with
the same number as X, on the electronic scan plane s. L;
represents the distance between the position X, of the scan
line signal and the position X, of the scan line signal; and L, ,,
the distance between the position X, of the scan line signal
and the position X of a scan line signal S,. As is obvious from
FIGS. 6 and 7, the distances L, and L, | change in accordance
with the positions (numbers) of ultrasonic scan lines. A
method of detecting the position of each scan line signal will
be described later.

[0054] Reference symbols S,. S,,,, and S, respectively
denote scan line signals corresponding to the positions X,
X,, 1> and X . When a mathematical scan line signal is to be
calculated by using two actual measurement scan line signals
S,andS,, |, the scan line signal calculation unit 155 calculates
(interpolates) the mathematical ultrasonic scan line signal S,
for each ultrasonic scan line by applying the two actual mea-
surement scan line signals S, and S,,, to linear interpolation
expression (1) given below:

SHLySrLi S 1) (LitLsyy) )]

[0055] As described above, the actual measurement ultra-
sonic scan line signals S, and S,,, are sets of echo signal
components at sampling points in the depth direction (Z-axis)
ofanultrasonic scan line. The scan line signal calculation unit
155 therefore calculates echo signal components, of the two
actual measurement scan line signals S, and S,, |, which are
obtained at sampling points at the same position by using
expression (1). The scan line signal calculation unit 155 cal-
culates echo signal components at all the sampling points of
the two actual measurement scan line signals S, and S,,;
associated with a given ultrasonic scan line, thereby calculat-
ing the mathematical ultrasonic scan line signal S associated
with the ultrasonic scan line.

[0056] A method of interpolating a mathematical scan line
signal by using three actual measurement scan line signals
will be described next.

[0057] FIG. 81s a view showing the positional relationship
between actual measurement electronic scan planes, actual
measurement scan line signals, a mathematical electronic
scan plane, and a mathematical scan line signal in a case in
which the mathematical scan line signal is interpolated by
using the three actual measurement scan line signals. As in
FIG. 6, the circles indicated by the dotted lines represent
positions X, ; t0 X, », X, 10X, r-and X, t0 X, - 0f
actual measurement scan line signals 8, to S, 5, S, to
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Siixand S5, 10 S,,5 . and the circles indicated by the
solid lines represent positions X, ; to X, of mathematical
scan line signals S, | to S, 5. As shown in FIG. 8, the position
of the mathematical electronic scan plane s perpendicular to
the direction of movement is located between the positions of
the electronic scan planes i and 1+2, of the three consecutive
actual measurement electronic scan planes i, i+1, and i+2,
which are located on the two ends.
[0058] FIG.9is a view showing the distances between the
positions of the three actual measurement scan line signals
S,1108,,.8,,,, 108, ,,andS, , 108, , ,and the position
of one signal of the mathematical scan line signals S_, to S,
in a case in which the mathematical scan line signal is inter-
polated by using the three actual measurement scan line sig-
nals. As shown in FIG.9, L, , represents the distance between
the position X, , of the scan line signal S, ,, and the position
X, of the scan line signal S.. Like the distances [, and L, ,,
this distance changes depending on the position (number) of
an ultrasonic scan line.
[0059] The scan line signal calculation unit 155 interpo-
lates the mathematical scan line signal S, for each ultrasonic
scan line by applying the three actual measurement scan line
signals S, S,,,, and S, , to linear interpolation expression (2)
given below:
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[0060] The scan line signal calculation unit 155 calculates
a plurality of mathematical scan line signals S, to S, cor-
responding to a plurality of mathematical electronic scan
planes by using expression (1) or (2) given above. The image
generation unit 17 generates multislice tomograms perpen-
dicular to the direction of movement (X-axis) on the basis of
the plurality of mathematical scan line signals S, to S . The
image generation unit 17 generates various pseudo-three-
dimensional images by performing rendering processing for
the multislice tomograms perpendicular to the direction of
movement. This rendering processing is performed for the
multislice tomograms perpendicular to the direction of move-
ment (X-axis), and hence does not require any complicated
computation such as coordinate transformation for making
slices perpendicular to the direction of movement (X-axis).
That is, this processing is very simple processing. The result-
ant pseudo-three-dimensional images do not require any
complicated computation such as coordinate transformation,
and hence are high-resolution, high-quality images.
[0061] When the system control unit 23 determines the
positions X, to X, , -of a plurality of mathematical scan line
signals such that a plurality of mathematical electronic scan
planes are arranged at predetermined intervals (along the
X-axis), the image generation unit 17 generates multislice
tomograms having uniform intervals along the direction of
movement (X-axis) of the transducer unit 31. A pseudo-three-
dimensional image based on multislice tomograms having
uniform intervals 1s higher in resolution than a pseudo-three-
dimensional image based on multislice tomograms having
random intervals.
[0062] The above description has exemplified the case in
which electronic scanning is performed while the transducer
unit 31 is moved in one direction. The following is a case in
which electronic scanning is performed while the transducer
unit 31 is moved reciprocally.
[0063] FIG. 10 is a view showing the positional relation-
ship between actual measurement electronic scan planes,
actual measurement scan line signals, a mathematical elec-
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tronic scan plane, and a mathematical scan line signal in a
case in which the transducer unit 31 is moved reciprocally.
Assume that as shown in FIG. 10, “i” is the subscript of the
position X of'a scan line signal associated with a forward path,
and “” is the subscript of the position X of a scan line signal
associated with a backward path. The scan line signal calcu-
lation unit 155 interpolates mathematical scan line signals
S, to S,  constituting a mathematical scan plane s perpen-
dicular to the direction of movement (X-axis) by applying a
plurality of scan linesignals S, 10°S, 4, S, , 08, A, S;, O
S;ax-andS,,, 108,  constituting an electronic scan plane
i1n a forward path and an electronic scan plane j in a backward
path to expression (1) or (2).

[0064] The image generation unit 17 can generate a
pseudo-three-dimensional image by simple rendering pro-
cessing without any consideration to the differences between
the positions and angles of actual measurement electronic
scan planes in forward and backward paths of the transducer
unit 31 on the basis of the plurality of mathematical scan line
scan line signals S, ; to S, , calculated by the above method.
The simple rendering processing allows the image generation
unit 17 to generate a pseudo-three-dimensional image in real
time while the transducer unit 31 continuously moves recip-
rocally. The display unit 19 can display the pseudo-three-
dimensional image in real time.

[0065] The following method is available as a method of
calculating a mathematical scan line signal on the basis of
actual measurement scan line signals in forward and back-
ward paths. The scan line signal calculation unit 155 calcu-
lates mathematical scan line signals S ; to S, ,,by applying to
expression (1) or (2) or the like scan line signals (scan line
signals corresponding to the positions X,,, ;, X X1

j+1,13
X X; Xi,3’ Xj,4’ Xi,4’ Xj,N—2’ XiJV—2’ XjJV—l’ XiJV—l’ XJ'JV’

1,20 437,31
and X, ,N] FIG. 10), of the scan line signals in forward and
backward paths, which are close to mathematical scan line
signals S, to S, , and located on the two sides thereof. As a
result, a tomogram is generated on the basis of the actual
measurement scan line signals obtained at positions closer to
the mathematical scan line signal. When the subject is at rest,
therefore, the image generation unit 17 can generate a tomo-
gram higher in resolution than a tomogram associated with
only a forward or backward path.

[0066] Ifthe moving speed of the transducer unit 31 is high,
the density of ultrasonic scan lines in the electronic scanning
direction and the density of electronic scan planes in the
direction of movement increase. In this case, the system con-
trol unit 23 sets the parameter X to several values. The scan
line signal calculation unit 155 then calculates a plurality of
mathematical scan line signals by properly combining linear
interpolation expressions such as expressions (1) and (2). As
a consequence, the number of mathematical electronic scan
planes s becomes large relative to the numbers of actual
measurement electronic scan planes i and j and the like. This
allows the image generation unit 17 to generate a more uni-
form pseudo-three-dimensional image.

[0067] Note that the above scan line signal calculation pro-
cessing is all performed by using a linear interpolation
expression such as expression (1) or (2). However, the present
invention is not limited to this, and scan line signal calculation
processing can be performed by using a high-order interpo-
lation expression such as a spline function or a SINC func-
tion. Alternatively, scan line signal calculation processing can
be performed by using an extrapolation method using a linear
function, a spline function, or a SINC function.
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[0068] A method of detecting the positions of scan line
signals will be described next. There are mainly three meth-
ods of detecting the position of each scan line signal.

[0069] The first method will be described first. First of all,
the position detection unit 29 specifies the position of the
transducer unit 31 at the time of reception of an ultrasonic
beam, which is a reference position (number) in each elec-
tronic scan. Assume that in the following description, a ref-
erence position (number) is the first position. The position of
the transducer unit 31 at the time of reception of the first
ultrasonic beam is almost the same as the position of, for
example, the scan line signal S, | orS, | | whichis associated
with the first ultrasonic line on each electronic scan plane.
Since time intervals dt of ultrasonic beam transmission/re-
ception are constant, the position detection unit 29 calculates
the positions of scan line signals S, , to S, yand S, 08,
and the like associated with all the ultrasonic scan lines on the
basis of the positions of the scan line signals S, ; andS,,, ; and
the like associated with the first ultrasonic scan line and the
time intervals from the reception time of the first ultrasonic
beam.

[0070] The second method will be described next. When
the movement control unit 27 continuously moves the trans-
ducer unit 31 at a constant speed and ultrasonic beams are
transmitted/received at predetermined constant intervals dt,
the position detection unit 29 approximately calculates the
positions of all the scan line signals S, ; to S, yand S,,, ; to
8.1 and the like from the time when the continuous move-
ment is started.

[0071] The third method will be described next. The posi-
tion detection unit 29 detects (actually measures) the posi-
tions of all the scan line signals S, |, to S, ,and S,,, , toS, ,
and the like on the basis of the time of reception of each
ultrasonic beam and the position of the transducer unit 31.
This method can obtain high-resolution tomograms as com-
pared with the other two methods. In this case, the scan line
signal calculation unit 155 coherently calculates scan line
signals by using an aperture synthesis technique. This allows
the image generation unit 17 to improve the resolution of a
pseudo-three-dimensional image associated with the direc-
tion of movement.

[0072] In the above mannet, this embodiment can easily
generate a high-resolution, high-quality pseudo-three-di-
mensional image while implementing high-speed 3D scan-
ning which performs electronic scanning while mechanically
and continuously moving the transducer unit.

MODIFICATION OF EMBODIMENT

[0073] A modification of this embodiment exemplifies an
ultrasonic diagnostic apparatus which calculates a plurality of
mathematical scan line signals on the basis of a plurality of
actual measurement scan line signals before envelope detec-
tion. Note that the same reference numerals denote constitu-
ent elements having substantially the same functions as in this
embodiment, and a repetitive description will be made only
when required.

[0074] FIG.11isablock diagram showing the arrangement
of a scan line signal processing unit 15a according to a modi-
fication of this embodiment. As shown in FIG. 11, the scan
line signal processing unit 15a includes a phase matching unit
157, the scan line signal calculation unit 1554, the envelope
detection circuit 151, and the compression circuit 153.
[0075] The phase matching unit 157 matches the phases of
a plurality of actual measurement scan line signals on the
same ultrasonic scan line.

[0076] As shown in FIG. 12, a scan line signal processing
unit 155 may include a time matching unit 158 in place of the
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phase matching unit 157. The time matching unit 158
matches the times of a plurality of scan line signals on the
same ultrasonic scan line.

[0077] Ifthereisno needto perform phase matching or time
matching, the scan line signal processing unit 15a need not
have the phase matching unit 157, and the scan line signal
processing unit 155 need not have the time matching unit 158.
[0078] Scan line signal calculation units 155a and 1556
calculate at least two mathematical scan line signals consti-
tuting a mathematical electronic scan plane perpendicular to
the direction of movement from a plurality of actual measure-
ment scan line signals constituting at least two actual mea-
surement electronic scan planes on the basis of the detected
position of the transducer unit 31. The storage unit 21 stores
the data of a plurality of mathematical scan line signals for
each electronic scan plane.

[0079] The envelope detection circuit 151 performs enve-
lope detection of a mathematical scan line signal to detect the
envelope of the mathematical scan line signal.

[0080] The compression circuit 153 performs compression
(or amplification) such as logarithmic compression (or loga-
rithmic amplification) of the envelope-detected mathematical
scan line signal. Note that the positions of the envelope detec-
tion circuit 151 and compression circuit 153 can be inter-
changed.

[0081] Mathematical scan line signal calculation process-
ing in a modification of this embodiment will be described
next. The positions of actual measurement scan line signals,
actual measurement electronic scan planes, mathematical
scan line signals, and mathematical electronic scan planes are
the same as those shown in FIGS. 6 and 8.

[0082] The distances between the actual measurement scan
line signals S, ;0 8, 5, 8,,, ;10 8, ynand§,,, ;10 S,,, yyand
the mathematical scan line signals S, 1o S, ,are the same as
the distances L,, L,, , and L, ,.

[0083] The scanline signal calculation units 155@ and 1556
calculate a plurality of mathematical scan line signals consti-
tuting an electronic scan plane perpendicular to the direction
of movement by applying a plurality of actual measurement
scan line signals to, for example, expression (1) or (2).
[0084] When the scan line signal calculation units 155a and
1555 calculate the mathematical ultrasonic scan line signals
S, to S, 5 for all the ultrasonic scan lines, the mathematical
electronic scan plane s perpendicular to the direction of
movement is formed. In this case, the scan line signal calcu-
lation units 155a and 1555 calculate echo signal components,
of the echo signal components of the actual measurement
scan line signal S, ;,,, which are located at the same sam-
pling point, by using expression (1) or (2). When the scan line
signal calculation units 1554 and 1555 calculate echo signal
components at all the sampling points of the actual measure-
ment scan line signals S, and S, , associated with a given one
ultrasonic scan line, the mathematical ultrasonic scan line
signal S, associated with the ultrasonic scan line is calculated.
The data of the plurality of mathematical scan line signals S, ,
to S, y-are stored in the storage unit 21 for each electronic scan
plane.

[0085] The envelope detection circuit 151 performs enve-
lope detection of the calculated mathematical scan line sig-
nals S, to S, . The compression circuit 153 compresses the
signals. The image generation unit 17 generates multislice
tomograms on the basis of the plurality of mathematical scan
line signals. The image generation unit 17 then generates
various pseudo-three-dimensional images by rendering a set
of multislice tomograms perpendicular to the direction of
movement. The display unit 19 displays the generated various
images.
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[0086] Note that the scan line processing units 15 and 155
comprise quadrature detection circuits (not shown) for
extracting Doppler signals of scan line signals. The scan line
signal calculation units 1554 and 1555 can calculate math-
ematical scan line signals on the basis of a plurality of quadra-
ture-detected actual measurement scan line signals.

[0087] The modification of this embodiment can therefore
easily generate a high-resolution, high-quality pseudo-three-
dimensional image while implementing high-speed 3D scan-
ning which performs electronic scanning while mechanically
and continuously moving the transducer unit.

[0088] Additional advantages and modifications will
readily occur to those skilled in the art. Therefore, the inven-
tion in its broader aspects is not limited to the specific details
and representative embodiments shown and described herein.
Accordingly, various modifications may be made without
departing from the spirit or scope of the general inventive
concept as defined by the appended claims and their equiva-
lents.

What is claimed is:

1. An ultrasonic diagnostic apparatus comprising:

aprobe including a transducer unit including a plurality of
transducers which are arrayed in a first direction, trans-
mit ultrasonic waves and receive echo signals, and a
moving mechanism for continuously moving the trans-
ducer unit in a second direction crossing the first direc-
tion;

a control unit which controls the moving mechanism to
continuously move the transducer unit in the second
direction;

a transmission unit which causes the transducer unit to
generate ultrasonic waves;

a signal generation unit which generates a plurality of
actual measurement scan line signals by delaying and
adding a plurality of echo signals from the transducer
unit;

a signal calculation unit which calculates a plurality of
mathematical scan line signals constituting a plurality of
mathematical electronic scan planes from the plurality
of actual measurement scan line signals; and

an image generation unit which generates multislice tomo-
grams on the basis of the plurality of calculated math-
ematical scan line signals.

2. The apparatus according to claim 1, wherein the signal
calculation unit interpolates the plurality of mathematical
scan line signals from the plurality of actual measurement
scan line signals.

3. The apparatus according to claim 1, which further com-
prises a position detection unit which detects a position of the
transducer unit, and in which

the signal calculation unit calculates the plurality of math-
ematical scan line signals constituting the plurality of
mathematical electronic scan planes perpendicular to
the second direction on the basis of the detected position
of the transducer unit.

4. The apparatus according to claim 1, which further com-
prises a detection circuit which performs detection process-
ing of the plurality of actual measurement scan line signals,
and in which

the signal calculation unit calculates a plurality of math-
ematical ultrasonic scan line signals constituting a plu-
rality of mathematical electronic scan planes perpen-
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dicular to the second direction from a plurality of actual
measurement scan line signals having undergone the
detection processing on the basis of the detected position
of the transducer unit.

5. The apparatus according to claim 4, wherein the detec-
tion circuit performs envelope detection processing as the
detection processing.

6. The apparatus according to claim 4, wherein the detec-
tion circuit performs quadrature detection processing as the
detection processing.

7. The apparatus according to claim 1, further comprising
a phase matching unit which matches phases of the plurality
of actual measurement scan line signals in accordance with a
position of the scan line signal.

8. The apparatus according to claim 1, further comprising
a time matching unit which matches times of the plurality of
actual measurement scan line signals in accordance with a
position of the scan line signal.

9. The apparatus according to claim 3, wherein the signal
calculation unit calculates the plurality of mathematical scan
line signals such that the plurality of mathematical electronic
scan planes are arranged at equal intervals.

10. The apparatus according to claim 3, wherein the signal
calculation unit calculates the plurality of mathematical scan
line signals such that a position of the mathematical elec-
tronic scan plane in a forward path substantially coincides
with a position of the mathematical electronic scan plane in a
backward path with respect to movement of the transducer
unit in the second direction.

11. The apparatus according to claim 1, wherein the signal
calculation unit calculates the plurality of mathematical scan
line signals such that the mathematical electronic scan planes
become larger in number than the actual measurement elec-
tronic scan planes.

12. The apparatus according to claim 3, wherein the signal
calculation unit calculates a plurality of mathematical scan
line signals constituting a mathematical electronic scan plane
perpendicular to the second direction on the basis of the
plurality of actual measurement scan line signals constituting
the actual measurement electronic scan plane in a forward
path and the plurality of actual measurement scan line signals
constituting the actual measurement electronic scan plane in
a backward path with respect to movement of the transducer
unit along the second direction.

13. The apparatus according to claim 1, wherein the image
generation unit generates a pseudo-three-dimensional image
by rendering the set of multislice tomograms.

14. An ultrasonic diagnostic apparatus comprising:

a storage unit which stores a plurality of actual measure-
ment scan line signals constituting a plurality of actual
measurement electronic scan planes;

a signal calculation unit which calculates a plurality of
mathematical scan line signals constituting a plurality of
mathematical electronic scan planes from the plurality
of actual measurement scan line signals; and

an image generation unit which generates multislice tomo-
grams on the basis of the plurality of calculated math-
ematical scan line signals.
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