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ULTRASONIC IMAGING APPARATUS AND A
METHOD OF GENERATING ULTRASONIC
IMAGES

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to an ultrasonic imag-
ing apparatus that captures Doppler spectrum images of a
plurality of sites and a method of generating ultrasonic
images thereby.

[0003] 2. Description of the Related Art

[0004] Ultrasonic imaging apparatuses that obtain blood
flow information from a diagnostic site by means of an ultra-
sonic Doppler method are known. When ultrasound is
directed toward a certain diagnostic site with a flow such as
blood flow in a subject, the received frequency shifts slightly,
relative to the transmission frequency due to the Doppler
effect. This Doppler shift frequency is proportional to the
blood flow velocity. Blood flow information is obtained by
analyzing the Doppler shift frequency. For example, a tech-
nique has been adopted for observing time changes in the
blood flow information by implementing the pulsed wave
Doppler method (PWD) or continuous wave Doppler method
(CWD).

[0005] The ultrasonic imaging apparatus performs fast
Fourier Transform (FFT) for obtained Doppler signals. Then,
the ultrasonic imaging apparatus displays a spectrum of the
results of that frequency analysis with the frequency f (veloc-
ity v) on the vertical axis and time t on the horizontal axis.
Directed toward that Doppler spectrum image, various items
used in diagnosis are measured.

[0006] Thefunction of theheart (cardiac function) has been
evaluated by utilizing the ultrasonic Doppler method. For
example, by measuring the velocity of left ventricular inflow
and the velocity ofleft ventricular outflow, indices such as left
ventricular ejection fraction (E/F) and Tei-Index (Total Ejec-
tion Isovolume Index) are obtained in order to evaluate the
cardiac function.

[0007] Conventionally, the electrocardiographic waveform
of a subject is acquired in order to identify the time phase
when the left ventricular inflow occurs and the time phase
when the left ventricular outflow occurs. Then, indices such
as the left ventricular ejection fraction (E/F) are derived by
separately measuring the velocity of the left ventricular
inflow and the velocity of'the left ventricular outflow. In other
words, the velocity of the left ventricular inflow and the
velocity of the left ventricular outflow are obtained from
separate heartbeats in order to obtain the indices described
above.

[0008] When the left ventricular inflow and left ventricular
outflow are obtained from separate heartbeats, it is necessary
to recalculate indices such as the abovementioned left ven-
tricular ejection fraction (E/F) by combining the index
obtained from measuring the left ventricular inflow and that
obtained from measuring the left ventricular outflow.

[0009] Therefore, the operation is very complicated. In
addition, the left ventricular inflow and left ventricular out-
flow are measured via different heartbeats, so there is a prob-
lem in which indices such as the left ventricular ejection
fraction (E/F) become instable or the reproducibility of the
indices becomes poor when the heart rate varies.

[0010] Moreover, even when the average value of the indi-
ces acquired from a plurality of heartbeats is obtained, the
accuracy thereof may be insufficient.
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[0011] In addition, there is an alternative method to set
range gates (observation points) at a plurality of sites to
acquire the blood flow information at a plurality of sites (e.g,,
Japanese published examined application H3-203706 and
U.S. Pat. No. 3,180,958). For example, blood flow informa-
tion at two sites is acquired by setting the range gates at the
two sites and alternately transmitting and receiving ultra-
sound toward and from respective sites once each. For
example, blood flow information at observation point A is
acquired by transmitting and receiving the ultrasound toward
and from observation point A once, and subsequently, blood
flow information at observation point B is acquired by trans-
mitting and receiving ultrasound toward and from observa-
tion point B. Later, by alternately transmitting and receiving
ultrasound toward and from observation point A and obser-
vation point B once each, blood flow information at each
observation point is alternately acquired.

[0012] However, as in the method according to the priorart,
when ultrasound is alternately transmitted toward and
received from a plurality of sites once each, the pulse repeti-
tion frequency (PRF) corresponding to the sampling fre-
quency becomes smaller, depending on the number of range
gates (observation points). Therefore, there is a problem in
which the Doppler velocity range of a Doppler spectrum
image becomes small, resulting in an aliasing phenomenon
(folding phenomenon). Thus, the method according to the
prior art is not suitable for measuring the circulatory system.
[0013] For example, when ultrasound is alternately trans-
mitted toward and received from two sites once each, the
pulse repetition frequency PRF becomes half. Therefore, the
Doppler velocity range becomes half, and a folding phenom-
enon occurs. Specifically, if the blood flow velocity is 60 cm/s
when the pulse repetition frequency PRF is 4 kHz and the
sight depth is 15 cm, the Doppler spectrum image becomes
subject to a folding phenomenon.

[0014] Inaddition, conventionally, the blood flow informa-
tion at each observation point is acquired by setting a plurality
of range gates (observation point) on the same scanning line.
In this case, because observation points can only be set on the
same scanning line, it is difficult to obtain the blood flow
information at a plurality of observation points in the cardiac
chambers. Therefore, this method is also unsuitable for mea-
suring the circulatory system.

SUMMARY OF THE INVENTION

[0015] The present invention is intended to provide an
ultrasonic imaging apparatus that can measure the flow rate of
amoving body at each observation point without reducing the
velocity range of the moving body at a plurality of observa-
tion points and a method of generating ultrasonic images
thereby.

[0016] The first aspect of the present invention is a ultra-
sonic imaging apparatus comprising: a Doppler scanner con-
figured to perform Doppler scanning by serially transmitting
and receiving ultrasound toward and from each of a plurality
of observation points in a subject at a plurality of respective
times; a processor configured to generate a first Doppler
spectrum image representing the velocity of a moving body at
each observation point by analyzing the frequency of signals
received at the plurality of observation points acquired via
Doppler scanning; an interpolator configured to acquire a
second Doppler spectrum image at each observation point
when the ultrasound has not been transmitted to and received
from each observation point by the Doppler scanner transmit-
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ting and receiving ultrasound toward and from the plurality of
observation points at a plurality of respective times, based on
interpolation of the first Doppler spectrum image at each
observation point generated by the processor, and to generate
a third Doppler spectrum at each observation point by com-
bining the first Doppler spectrum at each observation point
generated by the processor and the second Doppler spectrum
image at each observation point via interpolation for each
observation point; and a display controller configured to
cause the third Doppler spectrum image at each observation
point combined by the interpolator to be displayed on a dis-
play.

[0017] According to the first aspect of the present inven-
tion, by serially transmitting and receiving ultrasound toward
and from each of a plurality of observation points at a plural-
ity of respective times, the flow rate of a moving body at each
observation point can be measured without reducing the
velocity range of the flow rate of the moving body at the
plurality of observation points. In addition, for the time zone
when the ultrasound has not been transmitted to and received
from each observation point, consecutive Doppler spectrum
images can be generated by interpolating the Doppler spec-
trum image at each observation point.

[0018] In addition, the second aspect of the present inven-
tion is a method of generating ultrasonic images, character-
ized by: performing Doppler scanning by serially transmit-
ting and receiving ultrasound toward and from each of a
plurality of observation points in a subject at a plurality of
respective times; generating a first Doppler spectrum image
representing the velocity of a moving body at each observa-
tion point by analyzing the frequency analysis of the signals
received at the plurality of observation points acquired by the
Doppler scan; acquiring a second Doppler spectrum image at
each consecutive observation point when the ultrasound has
not been transmitted to and received from each observation
point by the Doppler scanner transmitting and receiving the
ultrasound toward and from the plurality of observation
points ata plurality of respective times, based on interpolation
of the first Doppler spectrum image at each observation point
generated by the frequency analysis, and generating a third
Doppler spectrum at each observation point by combining the
first Doppler spectrum at each observation point generated by
the frequency analysis and interpolation of the second Dop-
pler spectrum image at each observation point per observa-
tion point; and displaying the third Doppler spectrum image
at each observation point that has been combined.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIG. 1 is a block diagram showing an ultrasonic
imaging apparatus according to an embodiment of the present
invention.

[0020] FIG. 2 is a block diagram showing an interpolator
installed in the ultrasonic imaging apparatus according to an
embodiment of the present invention.

[0021] FIG. 3is one example of a system identification part
according to an embodiment of the present invention.

[0022] FIG. 41s a diagram for describing the first example
of setting an observation point, the diagram illustratively
showing a cross-sectional image.

[0023] FIG.5is a diagram showing a sequence of scanning
that the ultrasonic imaging apparatus carries out according to
an embodiment of the present invention.
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[0024] FIG. 6 is a diagram showing one example of a Dop-
pler spectrum image acquired by the ultrasonic imaging appa-
ratus according to an embodiment of the present invention.
[0025] FIG. 7 is a diagram for describing a process for
interpolating a part with data missing in the Doppler spec-
trum.

[0026] FIG. 8A is a diagram of the average flow rate Vm.
[0027] FIG. 8B is a diagram showing spectral dispersion o
and the power spectrum.

[0028] FIG. 9is a diagram showing one example of a Dop-
pler spectrum image acquired by the ultrasonic imaging appa-
ratus according to an embodiment of the present invention.
[0029] FIG. 10 is a diagram showing one example of the
result of simulation.

[0030] FIG. 11 is a diagram showing one example of a
Doppler spectrum image acquired by the ultrasonic imaging
apparatus according to an embodiment of the present inven-
tion.

[0031] FIG. 12 is a diagram illustratively showing the trace
waveform of the Doppler spectrum image.

[0032] FIG. 13 is a diagram illustratively showing a cross-
section scanned via the ultrasound.

[0033] FIG. 14 is a diagram for describing the second
example of setting an observation point, the diagram illustra-
tively showing a cross-sectional image.

[0034] FIG. 15 is a diagram for describing the third
example of setting an observation point, the diagram illustra-
tively showing a cross-sectional image.

[0035] FIG. 16 is a diagram showing a sequence of the
scanning according to the prior art.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0036] An ultrasonic imaging apparatus according to an
embodiment of the present invention is described with refer-
ence to FIG. 1 and FIG. 2.

[0037] FIG. 1 is a block diagram showing an ultrasonic
imaging apparatus according to an embodiment ofthe present
invention. FIG. 2 is a block diagram showing an interpolator
installed in the ultrasonic imaging apparatus according to an
embodiment of the present invention.

[0038] Theultrasonic imaging apparatus 1 according to the
present embodiment comprises an ultrasonic probe 2, a trans-
mitting/receiving part 3, a signal processor 4, an image gen-
erator 5, an interpolator 6, a display processor 7, a computing
part 8, a display controller 9, a user interface (UI) 10, and a
controller 13.

[0039] The ultrasonic imaging apparatus 1 transmits and
receives ultrasound toward and from a subject to generate a
Doppler spectrum image representing the flow rate of a mov-
ing body (blood flow) in the subject based on waves reflected
from the subject. In the present embodiment, by way of
example, a case is described in which the heart is the subject
to be captured and a Doppler spectrum image of blood flow
from the left ventricle in the systolic phase and a Doppler
spectrum image of blood flow into the left ventricle into the
diastolic phase are generated.

[0040] As for the ultrasonic probe 2, a ID array probe with
a plurality of ultrasonic transducers placed serially in a pre-
determined direction (scanning direction) is used. Alterna-
tively, for the ultrasonic probe 2, a 2D array probe with a
plurality of ultrasonic transducers placed in a two-dimen-
sional manner may be used. By utilizing the 2D array probe,
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a three-dimensional region may be scanned with ultrasound,
and volume data in the three-dimensional region may be
acquired.

[0041] Furthermore, for the ultrasonic probe 2, a ID array
probe witha plurality of ultrasonic transducers placed serially
in the scanning direction-a ID array probe that can scan the
three-dimensional region by mechanically oscillating the
ultrasonic transducers in a direction perpendicular to the
scanning direction-may be used.

[0042] The transmitting/receiving part 3 comprises a trans-
mitting part and a receiving part. The transmitting/receiving
part 3 supplies electrical signals to the ultrasonic probe 2 in
order to generate ultrasound, and receives echo signals that
have been received by the ultrasonic probe 2. The transmit-
ting/receiving part 3 causes the ultrasonic probe 2 to transmit
and receive ultrasound in accordance with a predetermined
pulse repetition frequency (PRF).

[0043] The transmitting part of the transmitting/receiving
part 3 comprises a clock generation circuit, a transmit delay
circuit, and a pulsar circuit, which are not shown. The clock
generation circuit issues clock signals that determines the
transmission timing and transmission frequency of ultra-
sound signals. The transmission delay circuit causes a delay
when transmitting the ultrasound in order to implement a
transmission focus. The pulsar circuit has anumber of pulsars
corresponding to the number of individual channels per
respective ultrasonic transducer. The pulsar circuit issues a
drive pulse at the delayed transmission timing and supplies
electrical signals to each ultrasonic transducer of the ultra-
sonic probe 2.

[0044] In addition, the receiving part of the transmitting/
receiving part 3 comprises a preamplifier circuit, an A/D
converter circuit, a receiving delay circuit, and an adder cir-
cuit, which are not shown. The preamplifier circuit amplifies
echo signals output from each ultrasonic transducer of the
ultrasonic probe 2 per receiving channel. The A/D converter
circuit A/D converts the amplified echo signals. The receiving
delay circuit provides the echo signals after A/D conversion
with a delay time required to determine the reception of
directional characteristics. The adder circuit adds the echo
signals with the delay time provided. Due to that addition, a
reflection component from a direction depending on the
receiving directional characteristics is enhanced. In addition,
the signals that have been added by this transmitting/receiv-
ing part 3 may be called “RF signals”. The RF signals output
from the transmitting/receiving part 3 is output to the signal
processor 4.

[0045] The signal processor 4 comprises a B-mode proces-
sor 41 and a Doppler processor 42. Signals output from the
transmitting/receiving part 3 are subject to a predetermined
process by either processor.

[0046] The B-mode processor 41 visualizes information of
echo amplification in order to generate B-mode ultrasonic
raster data from the echo signals. Specifically, the B-mode
processor 41 performs a band-pass filter process on the sig-
nals transmitted from the transmitting/receiving part 3, fol-
lowed by detection of the envelope curve of the output sig-
nals. Then, the B-mode processor 41 visualizes information
of echo amplification by applying a compression process with
logarithmic conversion on the detected data.

[0047] The Doppler processor 42 generates blood flow
information such as with the pulsed wave Doppler method
(PW Doppler method).
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[0048] According to the pulsed wave Doppler method, the
Doppler shift frequency component at a certain depth may be
detected because pulse waves are used. The velocity of blood
flow at a particular site may be measured because it has this
type of distance resolution. The Doppler processor 42
removes the Doppler shift frequency component by detecting
received signals within the observation point having a par-
ticular size for signals transmitted from the transmitting/re-
ceiving part 3. Moreover, the Doppler processor 42 generates
the Doppler frequency distribution representing the blood
flow velocity at the observation point having a predetermined
size by FFT processing.

[0049] The Doppler processor 42 comprises a quadrature
detection part, a range gate (RG) processor, a wall filter, and
a FFT computing part, which are not shown.

[0050] The quadrature detection part comprises a digital
mixer and a low-pass filter (LPF) corresponding to an actual
component and an imaginary component, respectively, and
performs the quadrature detection of RF signals. Then, the
quadrature detection part outputs a digital amount of IQ sig-
nals that have undergone quadrature detection.

[0051] With this detection, the Doppler signals (actual and
imaginary components: 1Q signals) of the baseband are
extracted from RF signals.

[0052] The range gate (RG) processor obtains Doppler sig-
nals consisting of Doppler shift frequency components only
by receiving IQ signals output from the quadrature detection
part and removing high frequency components of these 1Q
signals. Then, the range gate processor extracts Doppler sig-
nals at a desired depth in the subjects among the Doppler
signals consisting of only Doppler shift frequency compo-
nents.

[0053] The wall filter removes unnecessary low frequency
Doppler signals representing the blood vessel wall and heart
wall having relatively slow movement from Doppler signals
(IQ signals) at a site designated at the range gate processor.
Then, the wall filter extract Doppler signals (IQ signals) of the
blood flow to be detected.

[0054] The FFT computing part analyzes the frequency of
the Doppler signals (IQ signals) that have been extracted
using the wall filter, thereby obtaining Doppler spectrum
signals, which are the result of the analysis thereof.

[0055] The display controller 9 causes Doppler spectrum
signals obtained by the FFT computing part to be displayed
on the display 11.

[0056] Specifically, the display controller 9 causes the
Doppler spectrum image with frequency f (velocity v) on the
vertical line and time t on the horizontal line represented to be
displayed on the display 11.

[0057] The image generator 5 generates ultrasonic image
data based on data that has been processed by the B-mode
processor 41. For example, the image generator 5 comprises
aDSC (Digital Scan Converter) and converts the data that has
been processed by the B-mode processor 41 into image data
represented using the orthogonal coordinate system in order
to obtain an image represented using the orthogonal coordi-
nate system (scan conversion process). For example, the
image generator 5 generates a cross-sectional image data as
two-dimensional information based on B-mode ultrasonic
raster data and outputs that cross-sectional image data to the
display controller 9. The display controller 9 causes a cross-
sectional image based on that cross-sectional image data to be
displayed on the display 11.
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[0058] 1In addition, after carrying out volume scanning by
the ultrasonic probe 2 and the transmitting/receiving part 3 to
acquire volume data, the image generator 5 generates three-
dimensional image data sterically representing the tissue
form of a subject by subjecting the volume data to volume
rendering. In addition, the image generator 5 may generate
image data on an arbitrary section (MPR image data) by
subjecting the volume data to MPR processing (Multi Planar
Reconstruction). The image generator 5 outputs ultrasonic
image data such as three-dimensional image data and MPR
image data to the display controller 9. The display controller
9 causes three-dimensional images based on three-dimen-
sional data and MPR images based on MPR image data to be
displayed on the display 11.

Setting Observation Points

[0059] With an ultrasonic image such as a cross-sectional
image or a three-dimensional image displayed on the display
11, the operator designates a position from which one would
like to acquire blood flow information on the ultrasonic image
by means of an operating part 12.

[0060] Specifically, the position from which one would like
to acquire blood flow information is designated by setting an
observation point (range gate) on the ultrasonic image. The
observation point (range gate) has a predetermined size. The
range designated by this observation point (range gate) is the
range for the Doppler scan, and blood flow information at that
observation point is acquired.

[0061] In the present embodiment, blood flow information
of a plurality of sites are acquired by setting a plurality of
observation points (range gates). For example, measurement
of the left ventricular inflow or left ventricular outflow is
suitable for evaluating the cardiac function.

[0062] Therefore, the site where the left ventricular inflow
occurs and the site where the left ventricular outflow occurs
are designated using observation points (range gates). The
leftventricular inflow occurs at the mitral valve tip and the left
ventricular outflow occurs at the aortic valve tip. Therefore,
the left ventricular inflow and left ventricular outflow can be
measured by displaying an ultrasonic image in which the
mitral valve tip and aortic valve tip are represented on the
display 11 and setting the observation points (range gates) at
the position of the mitral valve tip and the position of the
aortic valve tip represented on that ultrasonic image. Specific
examples of setting the observation points (range gates) are
described as follows.

First Example of Setting Observation Points

[0063] First, the first example of setting observation points
is described with reference to FIG. 4. FIG. 4 is a diagram for
describing the first example of setting an observation point,
the diagram illustratively showing a cross-sectional image. In
the first example of setting observation points, a cross-sec-
tional image of the subject is acquired and displayed on the
display 11 to set observation points (range gates) at the posi-
tion of the mitral valve tip and the position of the aortic valve
tip represented on that cross-sectional image.

[0064] First, by scanning a cross-section in the subject via
ultrasonic wave with the ultrasonic probe 2 and the transmit-
ting/receiving part 3, received signals for that cross-section
are acquired. The B-mode processor 41 generates B-mode
ultrasonic raster data for that cross-section based on these
received signals. The image generator 5 generates cross-sec-
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tional image data representing the tissue for that cross-section
based on the B-mode ultrasonic raster data. As shown in FIG.
4, the display controller 9 causes a cross-sectional image 100
based on that cross-sectional image data to be displayed on
the display 11. Scanning is performed with the ultrasonic
probe 2 and the transmitting/receiving part 3 while changing
the position and angle of the ultrasonic probe 2 on the subject
so that the mitral valve tip and the aortic valve tip are repre-
sented in the cross-sectional image 100.

[0065] The operator designates the position of the mitral
valve tip and the position of the aortic valve tip represented in
the cross-sectional image 100 by means of the operating part
12 while observing the cross-sectional image 100 displayed
onthedisplay 11. For example, the display controller9 causes
observation point 102 and observation point 104, which can
move on the cross-sectional image 100, to be displayed on the
display 11. Observation point 102 and observation point 104
each have predetermined sizes. With observation point 102
and observation point 104, each range of the determined sizes
may be designated. In addition, the operator may change the
sizes of observation point 102 and observation point 104 by
means of the operating part 12. The operator designates the
position of the mitral valve tip and the position of the aortic
valve tip with observation point 102 and observation point
104, respectively. The display controller 9 causes the linear
sample line 101 and sample line 103 to overlap on the cross-
sectional image 100, the linear sample line 101 showing the
direction of transmission and reception of ultrasound, and
causes it to be displayed on the display 11. The operator may
move sample line 101 and sample line 103 in the scanning
direction (direction of arrow A) by means of the operating
part 12. The operator may move observation point 102 on
sample line 101 in the direction of transmission and reception
ofultrasound (direction of arrow B) by means of the operating
part 12. Similarly, the operator may move observation point
104 on sample line 103 in the direction of transmission and
reception of ultrasound by means of the operating part 12.

[0066] Forexample, the operator moves sample line 101 to
the position of the mitral valve tip by means of the operating
part 12 and moreover moves observation point 102 in the
direction of transmission and reception (direction of arrow
B), thereby designating the position of the mitral valve tip
with observation point 102. Similarly, the operator moves
sample line 103 to the position of the aortic valve tip by means
of the operating part 12 and moreover moves observation
point 104 in the direction of transmission and reception (di-
rection of arrow B), thereby designating the position of the
aortic valve tip with observation point 104. In this way, when
a site from which one would like to obtain blood flow infor-
mation is designated with the observation point (range gate),
coordinate information showing the position of the observa-
tion point on the cross-sectional image 100 is output from the
user interface (UI) 10 to the controller 13.

[0067] In addition, the operations of observation point 102
and observation point 104 may be switched with a toggle
action. For example, a changeover switch is installed in the
operating part 12, and in the default state, the display control-
ler 9 fixes observation point 104 on the cross-sectional image
and causes it to be displayed on the display 11. In this state,
the operator can operate observation point 1 02 by means of
the operating part 12. Then, the operator presses the
changeover switch, thereby causing the display controller 9 to
fix observation point 102 on the cross-sectional image and be
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displayed, and the operator can operate observation point 104
by means of the operating part 12.

Angle Correction

[0068] Moreover, the angle formed by the blood flow at a
site where observation point 102 has been set and the direc-
tion of transmission and reception of the ultrasonic beam is
obtained on the cross-sectional image 100. Similarly, an
angle formed by the blood flow at a site where observation
point 104 has been set and the direction of transmission and
reception of the ultrasonic beam is obtained on the cross-
sectional image 100. For example, the display controller 9
causes a linear angle marker for designating the direction of
blood flow to overlap the cross-sectional image 100 and be
displayed on the display 11. The operator orients the angle
marker toward the direction of the blood flow by means of the
operating part 12. Specifically, the operator orients the angle
marker by means of the operating part 12 toward the direction
of the blood flow at a site where observation point 102 has
been set. Similarly, the operator orients the angle marker by
means of the operating part 12 toward the direction of the
blood flow at a site where observation point 104 has been set.
The orientation of this angle marker indicates the direction of
the blood flow. The controller 13 obtains an angle between the
direction of the transmission and reception of ultrasonic beam
at the site where observation point 102 has been set and the
orientation of the angle marker, and outputs that angle to the
Doppler processor 42. Similarly, the controller 13 obtains the
angle between the direction of transmission and reception of
the ultrasonic beam at the site where observation point 104
has been set and the orientation of the angle marker and
outputs that angle to the Doppler processor 42. The Doppler
processor 42 obtains the blood flow velocity at observation
point 102 and observation point 104 using each angle.
[0069] When controller 13 receives coordinate information
at each observation point (range gate) that has been desig-
nated by the operator via the user interface (UI) 10, coordi-
nate information at each observation point is output to the
transmitting/receiving part 3 and the Doppler processor 42 of
the signal processor 4.

[0070] The transmitting/receiving part 3 deflects an ultra-
sonic beam with the ultrasonic probe 2 in accordance with the
coordinate information at the observation point (range gate)
that has been set by the controller 13. Then, the transmitting/
receiving part 3 obtains Doppler information (blood flow
information) at each observation point by Doppler scanning
via the pulsed wave Doppler method. Then, the Doppler
processor 42 obtains the blood flow velocity at each observa-
tion point in accordance with the observation point (range
gate) that has been set by the controller 13. In the abovemen-
tioned example, the position of the mitral valve tip is desig-
nated by observation point 102 and the position of the aortic
valve tip is designated by observation point 104. Therefore,
the transmitting/receiving part 3 obtains Doppler information
of the mitral valve tip and Doppler information of aortic valve
tip. The Doppler processor 42 acquires the blood flow veloc-
ity at the mitral valve tip designated by observation point 102,
and the blood flow velocity at the aortic valve tip designated
by observation point 1 04. The Doppler processor 42 obtains
the blood flow velocity using an angle consisting of the blood
flow and the direction of transmission and reception of the
ultrasonic.

Segment Scanning

[0071] Inthe present embodiment, the transmitting/receiv-
ing part 3 performs segment scanning under the control of the

Jun. 11, 2009

controller 13, thereby acquiring Doppler information at each
position designated by observation point 102 and observation
point 104. Segment scanning carried out in the present
embodiment is described with reference to FIG. 5. FIG. 5isa
diagram showing the sequence of scanning that the ultrasonic
imaging apparatus carries out according to the present
embodiment. InFIG. 5, the horizontal axis represents time (t).
[0072] The controller 13 has a memory device that is not
shown, and scanning conditions are pre-memorized in that
memory device. In the present embodiment, the transmitting/
receiving part 3 serially transmits and receives ultrasound
toward and from the same observation point at a plurality of
times under the control of the controller 13 and subsequently
serially transmits and receives ultrasound toward and from
another observation point at a plurality of times. Then, the
transmitting/receiving part 3 serially transmits and receives
ultrasound toward and from the same observation point at a
plurality of times, and periodically transmits and receives
ultrasound toward and from each observation point. For
example, when two observation points are designated, the
transmitting/receiving part 3 serially transmits and receives
ultrasound toward and from one observation point at a plu-
rality of times under the control of the controller 13, and
subsequently, it serially transmits and receives ultrasound
toward and from the other observation point at a plurality of
times. The transmitting/receiving part 3 continues to serially
transmit and receive ultrasound toward and from each obser-
vation point in an alternate manner at a plurality of times. The
scanning conditions include the number of times for serially
transmitting and receiving ultrasound toward and from the
same observation point, and the pulse repetition frequency
(PRF). The operator may arbitrarily change that number of
times by means of the operating part 12.

[0073] For example, when two sites are designated by
observation point 102 and observation point 104, the trans-
mitting/receiving part 3 serially transmits and receives ultra-
sound toward and from observation point A (observation
point 102) under the control of the controller 13 at N times, as
shown in FIG. 5, and subsequently, it serially transmits and
receives ultrasound toward and from observation point B
(observation point 104) at N times. The transmitting/receiv-
ing part 3 continues to variously transmit and receive ultra-
sound alternately toward and from observation point A (ob-
servation point 102) and observation point B (observation
point 104) at N times. In addition, in the example shown in
FIG. 5, the transmitting/receiving part 3 is transmitting and
receiving ultrasound toward and from each observation point
in accordance with the pulse repetition frequency fr.

[0074] The transmitting/receiving part 3 outputs, to the
Doppler processor 42, Doppler information at each observa-
tion point that has been acquired via Doppler scanning. The
Doppler processor 42 generates a series of Doppler spectrum
images at each observation point by analyzing the frequency
of the Doppler information that has been output from the
transmitting/receiving part 3 under the control of the control-
ler 13. In the present embodiment, the Doppler processor 42
generates a series of Doppler spectrum images at observation
point 102 (observation point A) and a Doppler spectrum
image at observation point 104 (observation point B) under
the control of the controller 13.

[0075] Then, the display controller 9 causes the Doppler
spectrum image at observation point 102 and the Doppler
spectrum image at observation point 104 to be displayed on
the display 12.
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[0076] In addition, one example of the “Doppler scanner”
in the present invention comprises an ultrasonic probe 2, a
transmitting/receiving part 3 and a controller 13. Moreover,
the Doppler processor 42 corresponds to one example of the
“processor” according to the present invention. Moreover,
one example of the “image-acquiring part” according to the
present invention comprises an ultrasonic probe 2, a transmit-
ting/receiving part 3, a B-mode processor 41, and an image
generator 5.

[0077] Now, a Doppler spectrum image acquired via seg-
ment scanning according to the present embodiment is
described with reference to FIG. 6. FIG. 6 is a diagram show-
ing one example ofa Doppler spectrum image acquired by the
ultrasonic imaging apparatus according to an embodiment of
the present invention. In FIG. 6, the horizontal axis represents
time (t) and the vertical axis represents blood flow velocity
).

[0078] A Doppler spectrum image 210 represents the blood
flow velocity at observation point 104. Because observation
point 104 has been set to the position of the aortic valve tip,
the Doppler spectrum image 210 represents the velocity of the
left ventricular outflow at the aortic valve tip. On the other
hand, a Doppler spectrum image 220 represents the blood
flow velocity at observation point 102. Because observation
point 102 has been set to the position of the mitral valve tip,
the Doppler spectrum image 220 represents the velocity of the
left ventricular inflow at the mitral valve tip.

[0079] As described above, according to the ultrasonic
imaging apparatus I of the present embodiment, by alter-
nately transmitting and receiving ultrasound toward and from
each observation point at a plurality of times (N times), a
Doppler spectrum image at each observation point can be
acquired without reducing the Doppler velocity range (fr). In
addition, because the velocity of the left ventricular inflow
and the velocity of the left ventricular outflow are each
obtained from the same heartbeat, indices such as the left
ventricular ejection fraction (E/F) are less apt to be unstable
even when the heart rate varies. Moreover, it is possible to
attempt to improve reproducihbility of the indices.

Comparison with the Prior Art

[0080] Now, referring to FIG. 5 and FIG. 16, the method of
transmitting and receiving ultrasound according to the
present embodiment and the transmitting and receiving
method according to the prior art will be compared. FIG. 16 is
a diagram showing the sequence of scanning according to the
prior art. In FIG. 16, the horizontal axis represents time (t).

[0081] Forexample, when Doppler spectrum images at two
observation points are acquired, in the prior art, as shown in
FIG. 16, by alternately transmitting and receiving ultrasound
toward and from observation point A and observation point B
once each, a Doppler spectrum image at observation point A
and a Doppler spectrum image at observation point B were
acquired. According to this transmitting and receiving
method according to the prior art, because the pulse repetition
frequency PRF becomes half, the Doppler velocity range
accordingly becomes half. As a result, there is a problem in
which the folding phenomenon occurs in the Doppler spec-
trum image.

[0082] Conversely, according to the ultrasonic image appa-
ratus 1 in the present embodiment, by alternately transmitting
and receiving ultrasound toward and from observation point
A and observation point B variously at N times, a Doppler
spectrum image at observation point A and a Doppler spec-
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trum image at observation point B can be acquired without
reducing the Doppler velocity range.

[0083] However, according to the ultrasonic image appara-
tus 1 in the present embodiment, while ultrasound is being
serially transmitted toward and received from a certain obser-
vation point at a plurality of times, no ultrasound is being
transmitted toward or received from other observation points.
Therefore, there is a problem in which data is periodically
missing in the Doppler spectrum image at each observation
point. For example, at a time when ultrasound is being trans-
mitted toward and received from observation point 102 (ob-
servation point A), no blood flow information at observation
point 104 (observation point B) is acquired. Similarly, at a
time when ultrasound is being transmitted toward and
received from observation point 104 (observation point B), no
blood flow information at observation point 102 (observation
point A) is acquired. Accordingly, as shown in FIG. 6, a
periodic data-missing part 211 occurs in the Doppler spec-
trum image 210 at observation point 104. Furthermore, a
periodic data-missing part 221 occurs in the Doppler spec-
trum image 220 at observation point 102.

[0084] Then, the longer the time interval when ultrasound
is serially transmitted toward and received from each obser-
vation point, the longer will be the time when no blood flow
information is acquired at each observation point. Thus, in the
present embodiment, by interpolating periodically missing
data, a temporary consecutive Doppler spectrum image is
generated. The interpolator 6 performs this interpolation. The
interpolator 6 will be described later.

[0085] Itis preferable for the number of times N for serially
transmitting and receiving ultrasound toward and from the
same observation point to be determined in accordance with
the pulse repetition frequency PRF and time duration for
serially transmitting and receiving ultrasound toward and
from the same observation point.

[0086] For example, it is preferable to determine the num-
ber oftimes N based on the pulse repetition frequency PRF so
that the time duration for serially scanning the same observa-
tion point would be within 100 ms. By way of example, when
the pulse repetition frequency PRF is 4 kHz and the time
duration for serially transmitting and receiving ultrasound
toward and from the same observation point is 100 ms, the
number of times N will be up to 400. That is, when the pulse
repetition frequency PRF is 4 kHz, it is preferable to serially
transmit and receive ultrasound toward and from the same
observation point =400 times. In addition, it is preferable to
set the time duration for serially transmitting and receiving
ultrasound toward and from the same observation pointto 100
ms or less. While ultrasound is being serially transmitted
toward and received from the same observation point, data at
the other observation points will be missing. In order to obtain
that missing data by interpolating via the interpolator 6, it is
preferable to be 100 ms or less. The number of times N
depends on the pulse repetition frequency PRF, but in order to
set the time duration for serially transmitting and receiving
ultrasound toward and from the same observation point to 100
ms or less, it is preferable for the number of times N to be
between several dozen and several hundreds.

Interpolation

[0087] Next, interpolation by the interpolator 6 will be
described with reference to FIG. 2, FIG. 7, F1G. 8A, FIG. 8B,
and FIG. 9. FIG. 7 is a diagram for describing the process of
interpolating a part with data missing in the Doppler spec-
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trum. In FIG. 7, the horizontal axis represents time (t). FIG.
8A is a diagram showing the average flow rate Vm. FIG. 8B is
a diagram showing spectral dispersion o and the power spec-
trum.

[0088] As described above, in the Doppler spectrum image
220 at observation point 102 (observation point A), periodic
data-missing parts 221 occur. Furthermore, in the Doppler
spectrum image 210 at observation point 104 (observation
point B), periodic data-missing parts 211 occur. Therefore, in
the present embodiment, by interpolating periodically miss-
ing data, consecutive Doppler spectrum image data is gener-
ated. In the present embodiment, using ECG (electrocardio-
gram) signals of the subject, by system identification with a
parametric model such as the ARMAX model (Auto Regres-
sive and Moving Average Exogenous model), the spectrum of
the part with data missing is estimated.

[0089] For example, as shown in FIG. 7, at a time when
ultrasound is being transmitted toward and received from
observation point B (observation point 104), in a Doppler
spectrum image at observation point A (observation point
102), a gap (B) resulting from the transmission and reception
occurs. This gap (B) corresponds to the data missing part 221
in the Doppler spectrum image 220. In the present embodi-
ment, the interpolator 6 obtains a characteristic quantity
based on Doppler spectrum image data at observation point A
that has been obtained at a point just before the time when the
data-missing part (gap B) occurs. Then, the interpolator 6
calculates forward predictive coefficient sequences a (k1), b
(k2), or residual bandwidth BW coefficients ¢ (k3) using the
quantity of characteristics and ECG signals (forward estima-
tion). For example, the interpolator 6 obtains the average flow
rate Vm, Doppler spectral dispersion o, and Doppler spectral
total power TP as the quantity of characteristics. Then, the
interpolator 6 predicts Doppler spectrum image data (esti-
mated data) in the missing part (gap B) using these coeffi-
cients obtained based on the Doppler spectrum image data
that has been obtained at a point just before the missing part
(gap B) occurs. In addition, in order to improve the link
between the estimated data at the missing part (gap B) and the
Doppler spectrum image data (actual data) at observation
point A that has actually been obtained, ablending (synthesis)
is performed by overlapping the actual data and the estimated
data. For blending, for example, by weighting the actual data
and the estimated data for the addition, the link between the
actual data and the estimated data is improved. In addition, if
the time required to output the estimated data is short, the
estimation may be performed also from the reverse direction
(backward) of time (backward estimation). In this case, by
blending the estimated data that has been obtained with for-
ward estimation and the estimated data thathas been obtained
with backward estimation, the spectrum at the gap B is
obtained.

[0090] The specific process performed by the interpolator 6
will be described with reference to FIG. 2. The interpolator 6
comprises a characteristic quantity-calculating part 61, a nor-
malizing part 62, a system identification part 63, a BPF 64, a
normalizing part 65, a model estimation part 66, and an add-
ing part 67.

[0091] In the present embodiment, the electrocardio-
graphic waveform (ECG signals) of the subject is obtained by
means of an electrocardiograph installed on the exterior of the
ultrasonic imaging apparatus 1, and output to the ultrasonic
imaging apparatus 1. The controller 13 receives ECG signals
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that have been output from the electrocardiograph and out-
puts those ECG signals to the interpolator 6.

[0092] The characteristic quantity-calculating part 61
receives a Doppler spectrum image SP (f) thathas been output
from the Doppler processor 42 to obtain the time change of
the power spectrum. Then, the characteristic quantity-calcu-
lating part 61 obtains the quantity of characteristics at a point
just before a time when the data-missing part (gap) occurs.
The characteristic quantity-calculating part 61 obtains, for
example, the average flow rate Vm, spectral dispersion o, and
spectral total power TP as the quantity of characteristics. In
order to interpolate data missing at observation point A (ob-
servation point 102), the characteristic quantity-calculating
part 61 obtains the average flow rate Vm, dispersion o, and
total power TP at a point just before a time when the data
missing part (gap B) occurs based on the Doppler spectrum
image data at observation point A. In addition, in order to
interpolate data missing at observation point B (observation
point 104), the characteristic quantity-calculating part 61
obtains the average flow rate Vm, dispersion o, and total
power TP at a point just before a time when the data missing
part (gap A) occurs based onthe Doppler spectrum image data
at observation point B. In the following description, a case in
which data missing in the Doppler spectrum image at obser-
vation point A is interpolated will be described.

[0093] Expressions for obtaining the average flow rate Vi,

spectral dispersion o, and total power TP are shown as fol-
lows.

95 Expression (1)
WAL
k=0

Vm:(a *

%
> P
£=0

Expression (2)

Expression (3)

[0094] Expression (1) is an expression for obtaining the
average flow rate Vm. Expression (2) is an expression for
obtaining the dispersion o.

[0095] Expression (3) is an expression for obtaining the
total power TP.
[0096] In Expression (1) through Expression (3), P (f) rep-

resents power spectrum, fis a frequency normalized with the
FFT sampling frequency fs, and C represents the sound veloc-
ity. Inthe present embodiment, because the Doppler spectrum
image SP (f) of the left ventricular inflow is an input, calcu-
lation is performed using the positive velocity component
only.

[0097] By way of example, the point number k of the fre-
quency in FFT was k=0 to 95.

[0098] In addition, the average flow rate Vm, dispersion @,
and power spectrum are shown in F1G. 8A and FIG. 8B. In the
graph shown in FIG. 8A, the horizontal axis represents time
(1), and the vertical axis represents a frequency (f) normalized
with FFT sampling frequency fs.
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[0099] The graph shown in FIG. 8A represents the average
flow rate Vm at each time. In addition, in the graph shown in
FIG. 8B, the horizontal axis represents a frequency (f) nor-
malized with FFT sampling frequency fs, and the vertical axis
represents power. The graph shown in FIG. 8B represents the
average flow rate Vm, dispersion o and power [dB] at each
time.

[0100] The characteristic quantity-calculating part 61
obtains Vm (n), o (n), and TP (n) at each time phase based on
the Doppler spectrum image data at observation point A and
outputs them to the normalizing part 62. The normalizing part
62 normalizes Vm (n), o (n), and TP (n) at each time phase at
observation point A. Moreover, the normalizing part 62
receives ECG signals as deterministic external input from the
controller 13 to normalize the ECG signals. Then, the nor-
malizing part 62 outputs the normalized Vm (n), o (n), TP (n),
and ECG signals to the system identification part 63.

[0101] The system identification part 63 obtains the for-
ward predictive coefficient sequences a,, b,, and ¢, of the
ARMAX model by identifying the system using Vm (n), o
(n), and TP (n). which are the quantity of characteristics at
observation point A, and ECG signals, which are determinis-
tic external input. In system identification with a parametric
model such as the ARMAX model, with the heartbeat period
of the blood flow as criteria, coefficient sequence data that has
undergone regression in the model representing a variation in
the Doppler spectrum.

[0102] Now, the system identification part 63 will be spe-
cifically described with reference to FIG. 3. FIG. 3 is a block
diagram showing a detailed example of the system identifi-
cation part according to an embodiment of the present inven-
tion. FIG. 3 shows system identification based on the Doppler
spectrum image SP (f) of the left ventricular inflow and ECG
signals. [llustratively showing the average flow rate Vm and
dispersion o, by way of example, a spectrum Doppler pro-
cessor has modeled the spectrum near 2 seconds of time in the
spectrum image shown in FIG. 8A. The system identification
via the ARMAX model calculates coefficient sequence data
regressed to the model representing spectral variation with
the heart rate of the blood flow as criteria.

[0103] The BPF 64 receives coefficient ¢, of the ARMAX
model and white noise, with band-limitation of the noise
source, outputting the output value n (n) to the model-estima-
tion part 66. In addition, the normalizing part 65 receives
ECG signals as deterministic external input from the control-
ler 13 to normalize and output those ECG signals to the
model-estimation part 66.

[0104] The model estimation part 66 estimates the missing
spectrum by performing spectral estimation by means of the
ARMAX model. In the present embodiment, the model-esti-
mation part 66 performs forward estimation only, and adds
definite ECG signals other than noise. Here, the predictive
output of the ARMAX model is shown in Expression (4).

)= Expression (4)

P q r
Zak *y[n—k)+2bk *ul:n—k)+ch sn(n—k)

k=1 k=1 k=1
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-continued
Vm(n)
a(n)
TP(n)

where y(n) =

[0105] In Expression (4), a,, b, and ¢, are coefficients of
the ARMAX model, and u (n) is awaveform in which the time
axis and amplitude of the ECG signals have been normalized.
In addition, in Expression (4), the quantity of characteristics
of the Doppler spectrum image is represented by a determi-
nant.

[0106] The adding part 67 generates consecutive Doppler
spectrum image data at the observation point A by combining
estimated data that has been estimated via the ARMAX
model and actual data representing the Doppler spectrum
image at observation point A that has actually been obtained.
In this case, the adding part 67 generates blend data by blend-
ing the actual data and the estimated data at the border of the
actual data and the estimated data shown in FIG. 7. Then, the
interpolator 6 outputs, to the display processor 7, the Doppler
spectrum image data that has undergone interpolation. Fur-
thermore, the interpolator 6 interpolates the Doppler spec-
trum image data at observation point B via the same process.
[0107] Inaddition, the interpolator 6 may receive the Dop-
pler spectrum image data from the Doppler processor 42 in
order to interpolate in the time direction based on the data
before and after the part with data missing, obtaining data in
amissing part. For example, the interpolator 6 obtains data in
the missing part 211 by interpolation in the time direction
based on the data before and after the data-missing part 211 in
the Doppler spectrum image 210.

[0108] The Doppler spectrum image generated via interpo-
lation by the interpolator 6 is shown in FIG. 9. FIG. 9 is a
diagram showing one example of a Doppler spectrum image
acquired by the ultrasonic image apparatus according to an
embodiment of the present invention. In FIG. 9, the horizontal
axis represents time (t) and the vertical axis represents the
blood flow velocity (v). The display controller 9 causes a
Doppler spectrum image interpolated by the interpolator 6 to
be displayed on the display 11.

[0109] A Doppler spectrum image 310 represents the
velocity of the blood flow at observation point 104. Because
observation point 104 has been set at the position of the aortic
valve tip, the Doppler spectrum image 310 represents the
velocity of the left ventricular outflow at the aortic valve tip.
On the other hand, a Doppler spectrum image 320 represents
the velocity of the blood flow at observation point 102.
[0110] Because observation point 102 has been set at the
position of the mitral valve tip, the Doppler spectrum image
320 represents the velocity of the left ventricular inflow at the
mitral valve tip.

[0111] The display controller 9, such as shown in FIG. 9,
causes the Doppler spectrum image 3 1 0 and the Doppler
spectrum image 320 to be simultaneously displayed on the
display I1. In the example shown in FIG. 9, the display con-
troller 9 causes the Doppler spectrum image 310 and the
Doppler spectrum image 320 to be displayed side by side on
the display 11.

[0112] Because periodically missing data in each Doppler
spectrum image is interpolated via interpolation by the inter-
polator 6, consecutive Doppler spectrum images 310, 320 as
shown in FIG. 9 are acquired.
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[0113] Here, the action of the ARMAX model was simu-
lated. This simulated result is described with reference to
FIG. 10. FIG. 10 is a diagram showing one example of the
simulated result. In FIG. 10, the vertical axis represents a
frequency normalized with fs, and the horizontal axis repre-
sents time. For simulation, Doppler spectrum image data
representing the left ventricular inflow of the heart with dras-
tic flow rate changes was used. The interval of the segment
scan was 100 ms. Between 0 second of time and 1 second of
time, no segment scanning was performed, which constitutes
a consecutive Doppler spectrum. A Doppler spectrum image
between 1 second of time and 2 seconds of time is an image
when segment scanning was carried out, which constitutes an
interpolated image obtained via estimation.

[0114] In FIG. 10, the spectra in regions (1), (3), (5), (7),
and (9) are estimated spectra by the ARMAX model. On the
other hand, the spectra in regions (2), (4), (6), (8) and (10) are
actual spectra that have actually been acquired by Doppler
scanning. From this simulated result, it is found that in the
blood flow image within the heart with drastic velocity
changes, a stable Doppler spectrum image can be obtained
even if the interval of segment scanning is large.

[0115] In addition, the controller 13 outputs ECG signals
received from the electrocardiograph to the display controller
9, and the display controller 9 may cause these ECG signals to
be displayed on the display 11 together with the Doppler
spectrum images 310, 320. The display controller 9 matches
the scale of the time axis in order to cause the ECG signals and
Doppler spectrum images 310, 320 to be displayed side by
side on the display 11.

[0116] In addition, the display processor 7 receives the
Doppler spectrum image data after interpolation from the
interpolator 6 in order to trace the margins of the Doppler
spectrum image, generating a trace waveform. Specifically,
the display processor 7 generates the trace waveform of Vp by
tracing, in the time direction, the maximum velocity Vp of the
waveform represented in the Doppler spectrum image that
has been output by the interpolator 6. This causes the trace
waveform of the maximum velocity Vp equal to waveform
with the margins of the Doppler spectrum image being traced.
For example, the display processor 7 generates the trace
waveform representing the velocity of the left ventricular
outflow by tracing the margins of the waveform represented
in the Doppler spectrum image 310. In addition, the display
processor 7 generates the trace waveform representing the
velocity ofthe left ventricular inflow by tracing the margins of
the waveform represented in the Doppler spectrum image
320. Then, the display controller 9 causes the trace waveform
of the left ventricular blood outflow and the trace waveform of
the left ventricular blood inflow to be displayed on the display
11. For example, the display controller 9 causes the Doppler
spectrum image and the trace waveform to overlap and be
displayed on the display 11. In addition, the display processor
7 outputs the trace waveform of the Doppler spectrum image
310 and the trace waveform of the Doppler spectrum image
320 to the computing part 8.

Combining Process

[0117] In the present embodiment, two Doppler spectrum
images may be combined so as to generate one Doppler
spectrum image and cause the Doppler spectrum image to be
displayed on the display 11. This combining process is
described with reference to FIG. 11. FIG. 11 is a diagram
showing one example of a Doppler spectrum image acquired
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by the ultrasonic imaging apparatus out according to an
embodiment of the present invention.

[0118] The display processor 7 receives two Doppler spec-
trum image data that have undergone interpolation from the
interpolator 6 and synthesizes the two sets of Doppler spec-
trum image data, generating one Doppler spectrum image
data. In the present embodiment, observation point 102 has
been set at the mitral valve tip, and the Doppler spectrum
image 320 at observation point 102 represents the velocity of
the left ventricular inflow. Therefore, the velocity component
represented in the Doppler spectrum image 320 is biased
toward the positive side. On the other hand, observation point
104 has been set at the aortic valve tip, and the Doppler
spectrum image 310 at observation point 104 represents the
velocity ofthe left ventricular outflow. Therefore, the velocity
component represented in the Doppler spectrum image 310 is
biased toward the negative side.

[0119] Thus, inthe present embodiment, one Doppler spec-
trum image is generated using the positive velocity compo-
nent for the Doppler spectrum image 320 at observation point
102, and using the negative velocity component for the Dop-
pler spectrum image 310 at observation point 104.

[0120] Thedisplay processor 7 extracts an image represent-
ing the positive side of the velocity components from the
Doppler spectrum image 320 at observation point 102, and
extracts an image representing the negative side of the veloc-
ity components from the Doppler spectrum image 310 at
observation point 104. Then, the display processor 7 gener-
ates one Doppler spectrum image data by combining the
Doppler spectrum image data representing the positive side of
the velocity components and the Doppler spectrum image
data representing the negative side of the velocity compo-
nents. The display processor 7 outputs the combined Doppler
spectrum image data to the display controller 9. The display
controller 9 causes the combined Doppler spectrum image to
be displayed on the display 11. In addition, the display pro-
cessor 7 corresponds to one example of the “combining part”
according to the present invention.

[0121] One example of the combined Doppler spectrum
images is shown in FIG. 11. In FIG. 11, the horizontal axis
represents time (t) and the vertical axis represents blood flow
velocity (v). A Doppler spectrum image 410 is an image
representing the negative side of velocity components
extracted from the Doppler spectrum image 310 at observa-
tion point 104. On the other hand, a Doppler spectrum image
420 is an image representing the positive side of velocity
components extracted from the Doppler spectrum image 320
at observation point 102. The display processor 7 generates
one Doppler spectrum image 400 by combining the Doppler
spectrum image 420 representing the positive side of the
velocity components and the Doppler spectrum image 410
representing the negative side of the velocity components.
[0122] The display controller 9 causes the Doppler spec-
trum image 400 to be displayed on the display 11. In addition,
the display controller 9 may receive ECG signals output from
the controller 13 and cause the Doppler spectrum image 400
and the ECG signals to be displayed on the display 11 simul-
taneously. The display controller 9 matches the scale of the
time axis and causes the ECG signals and the Doppler spec-
trum image 400 to be displayed side by side on the display 11.
[0123] As described above, by combining the Doppler
spectrum image 410 representing the velocity of the left ven-
tricular outflow and the Doppler spectrum image 420 repre-
senting the velocity of the left ventricular inflow into one



US 2009/0149759 A1l

Doppler spectrum image to be displayed, the operator can
easily ascertain the velocity of the left ventricular outflow and
the velocity of the left ventricular inflow in the same time
phase. That is, without observing separate Doppler spectrum
images, the velocity of the left ventricular outflow and the
velocity of the left ventricular inflow can be comprehended
by observing only one Doppler spectrum image. In addition,
there is an effect in which the calculation of indices such as
the left ventricular ejection fraction (E/F) used for the evalu-
ation of the cardiac function will become easier.

[0124] In addition, the display processor 7 may cause the
trace waveform representing margins of the Doppler spec-
trum image 310 to overlap the Doppler spectrum image 410
and cause the trace waveform representing margins of the
Doppler spectrum image 320 to overlap the Doppler spectrum
image 420 and be displayed on the display 11.

[0125] Moreover, the display processor 7 outputs, to the
computing part 8, the trace waveform in which the trace
waveform of the Doppler spectrum image 310 and the trace
waveform of the Doppler spectrum image 320 are combined.
[0126] 1In addition, the display processor 7 may variously
assign different colors to two Doppler spectrum images. For
example, colors assigned depending on the symbols of the
velocity components are pre-set in the display processor 7.
The display processor 7 then assigns colors to two Doppler
spectrum images based on that setting.

[0127] By way of example, the display processor 7 assigns
blue to a Doppler spectrum image with a velocity component
becoming minus, and assigns red to a Doppler spectrum
image with a velocity component becoming plus. Because the
Doppler spectrum image 410 representing the velocity of the
left ventricular outflow has a velocity component becoming
minus, the display processor 7 assigns blue to the Doppler
spectrum image 410. On the other hand, because the Doppler
spectrum image 420 representing the velocity of the left ven-
tricular inflow has a velocity component becoming plus, the
display processor 7 assigns red to the Doppler spectrum
image 420. This causes the Doppler spectrum image 410 to be
displayed in blue and the Doppler spectrum image 420 to be
displayed in red. This enables the operator to clearly distin-
guish and recognize the Doppler spectrum image 410 repre-
senting the velocity of the left ventricular outflow and the
Doppler spectrum image 420 representing the velocity of the
left ventricular inflow. In addition, the display processor 7
corresponds to one example of the “color-assigning part”
according to the present invention.

Calculating the Indices

[0128] Thecomputing part 8 receives the trace waveform of
a Doppler spectrum image from the display processor 7 to
obtain indices used for the evaluation of the cardiac function
based on that trace waveform.

[0129] Forexample, the computing part 8 receives the trace
waveform representing margins of the Doppler spectrum
image 310 representing the left ventricular outflow, and the
trace waveform representing margins of the Doppler spec-
trum image 320 representing the left ventricular inflow to
obtain indices. Specifically, the computing part 8 obtains
indices such as the left ventricular ejection fraction (E/F) and
the Tei-Index. Now, one example of the indices will be
described with reference to FIG. 12. FIG. 12 is a diagram
illustratively showing the trace waveform of a Doppler spec-
trum image.
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[0130] For example as shown in FIG. 12, the display pro-
cessor 7 outputs, to the computing part 8, a trace waveform
500 in which the trace waveform 510 of the Doppler spectrum
image 310 and the trace waveform 520 of the Doppler spec-
trum image 320 are combined. The computing part 8 obtains
indices based on trace waveform 500. In addition, in FIG. 12,
the horizontal axis represents time (t) and the vertical axis of
trace waveform 500 represents the blood flow velocity (v).

[0131] The controller 13 outputs ECG signals received
from the electrocardiograph to the computing part 8, and the
computing part 8 specifies a time phase of E-wave, a time
phase of A-wave, and a time phase of the S-wave based on
these ECG signals. Then, the computing part 8 obtains the
velocity in a time phase when the E-wave is detected (E wave
peak value) based on trace waveform 520 of the Doppler
spectrum image 420 representing the positive side of the
velocity components of the blood flow. Moreover, the com-
puting part 8 obtains the velocity in a time phase when the
A-wave is detected (A-wave peak value) based on trace wave-
form 520. Then, the computing part 8 obtains a value in which
the E-wave peak value is divided by the A-wave peak value
(E/A). Furthermore, the computing part 8 may obtain the
decay time of the E-wave (DcT).

[0132] Moreover, the computing part § may obtain the
velocity in a time phase when the S-wave is detected (S-wave
peak value) based on trace waveform 510 of the Doppler
spectrum image 410 representing the negative side of the
velocity components of the blood flow.

[0133] Moreover, the computing part 8 may obtain the area
of the aortic ejection blood flow velocity (VTI value).

[0134] Furthermore, the computing part 8 may obtain the
time “a” from the ending point to the restarting point of the
left ventricular inflow, the duration “b” of the left ventricular
ejection blood flow=ET, the isovolumic contraction time
(ICT), and the isovolumic relaxation time (IRT) based on
trace waveform 500.

[0135] The computing part 8 outputs the indices to the
display controller 9. The display controller 9 causes the indi-
ces obtained by the computing part 8 to be displayed on the
display 11. For example, the display controller 9 causes the
indices to be displayed on the display 11 together with the
Doppler spectrum image.

[0136] Inaddition, the abovementioned indices are used as
examples, and the computing part 8 may obtain other indices.
Moreover, the computing part 8 may obtain all of the above-
mentioned indices, and may obtain indices designated by the
operator. The operator designates desired indices by means of
the operating part 12, and the computing part 8 obtains the
designated indices.

[0137] According to the ultrasonic imaging apparatus 1 of
the present embodiment, because the velocity of the left ven-
tricular inflow and the velocity of the left ventricular outflow
are each obtained from the same heartbeat, the abovemen-
tioned indices may be stably obtained even when the heart
rate varies. Moreover, it is possible to attempt to improve
reproducibility of the indices.

[0138] Theuserinterface (UI) comprises the display 11 and
the operating part 12. The display 11 comprises a monitor
such as CRT and a liquid crystal display, with cross-sectional
images, three-dimensional images, Doppler spectrum
images, and the like displayed on the screen.
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[0139] This operating part 12 comprises a keyboard, a
mouse, a trackball, a TCS (Touch Command Screen), etc. The
operator may set an observation point (range gate) by means
of the operating part 12.

[0140] Moreover, the controller 13 is connected to each part
of the ultrasonic imaging apparatus 1 to control movement of
each part. For example, the controller 13 controls ultrasound
transmitted and received by the transmitting/receiving part 3,
thereby causing the ultrasound to be variously transmitted
toward and received from a plurality of observation points at
a plurality of times.

Second Example of Setting

[0141] Next, the second example of setting is described
with reference to FIG. 13 and F1G. 14. F1G. 13 is a diagram
illustratively showing a cross-section scanned via ultrasound.
FIG. 14 is a diagram for describing the second example of
setting an observation point, the diagram illustratively show-
ing a cross-sectional image. In the second example setting,
two cross-sectional images in cross-sections that are different
from each other are acquired and displayed on the display 11.
[0142] Then, a plurality of observation points is set by
setting an observation point (range gate) on each cross-sec-
tional image.

[0143] In the abovementioned first example of setting, a
plurality of observation points (range gates) are set on one
cross-sectional image.

[0144] Forexample, one cross-sectional image in which the
mitral valve tip and the aortic valve tip are represented is
acquired and displayed on the display 11, and the mitral valve
tip and the aortic valve tip are designated on that cross-
sectional image. Thus, when a plurality of sites from which
one would like to measure the blood flow are represented in
one cross-sectional image, a plurality of observation points
(range gates) may be set on that one cross-sectional image.
[0145] On the other hand, when a plurality of sites from
which one would like to measure the blood flow is not repre-
sented in one cross-sectional image and it is difficult to set a
plurality of observation points (range gates) on one cross-
sectional image, a plurality of observation points (range
gates) may be set as in this second example of setting. That is,
two cross-sectional images in cross-sections that are different
from each other are acquired and displayed on the display 11,
and a plurality of observation points (range gates) are set by
setting an observation point (range gate) on each cross-sec-
tional image.

[0146] By usinga 2D array probe for the ultrasonic probe 2,
aplurality of cross-sections may be scanned using ultrasound.
For example as shown in FIG. 13, by scanning cross-section
2a and cross-section 25 transecting each other using ultra-
sound, a set of cross-sectional image data in cross-section 2a
and that in cross-section 2b may be acquired (multi plane
scan).

[0147] For example, coordinate information of a cross-sec-
tion to be scanned using ultrasound is pre-stored in the
memory device of the controller 13 as a scanning condition.
The operator may arbitrarily select a cross-section to be
scanned using ultrasound by means of the operating part 12.
Then, the controller 13 causes each cross-section to be alter-
nately scanned by the transmitting/receiving part 3. The
transmitting/receiving part 3 scans cross-section 2a and
cross-section 25 alternately using ultrasound under the con-
trol of the controller 13, thereby obtaining signals received
from cross-section 2a and signals received from cross-section
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2b. The received signals in each cross-section are treated via
a predetermined process performed by the B-mode processor
41 and are output to the image generator 5. The image gen-
erator 5 generates cross-sectional image data for cross-sec-
tion 2a and cross-sectional image data for cross-section 2.
[0148] The display controller 9 causes a cross-sectional
image of each cross-section to be displayed on the display 11.
[0149] For example as shown in FIG. 14, the display con-
troller 9 causes cross-sectional image 11 0 based on the cross-
sectional image data in cross-section 2« and cross-sectional
image 120 based on the cross-sectional image data in cross-
section 24 to simultaneously be displayed side by side on the
display 11. In this second example of setting, it may be
preferable for the mitral valve tip to be represented in one of
the two cross-sectional images 110, 120 and the aortic valve
tip to be represented in the other cross-sectional image. In
other words, when it is difficult to represent the mitral valve
tip and the aortic valve tip in one cross-sectional image, the
mitral valve tip and the aortic valve tip are displayed using
two cross-sectional images, with an observation point (range
gate) set on each cross-sectional image.

[0150] Therefore, the position and angle of the ultrasonic
probe 2 on the subject are changed, and the position of the
cross-section to be scanned is changed so that the mitral valve
tip is represented in one of the two cross-sectional images
110, 120 and the aortic valve tip is represented in the other
cross-sectional image.

[0151] The operator designates the position of the mitral
valve tip and the position of the aortic valve tip by means of
the operating part 12 while observing cross-sectional image
110 and cross-sectional image 120 displayed on the display
11. For example, the display controller 9 causes an observa-
tion point 112 movable on cross-sectional image 110 to be
displayed on the display 11 and causes an observation point
122 movable on cross-sectional image 120 to be displayed on
the display 11.

[0152] Observation point 112 and observation point 122
each have predetermined sizes. The range of each predeter-
mined size may be designated using observation point 112
and observation point 122. The operator designates the posi-
tion of the mitral valve tip and the position of the aortic valve
tip with observation point 112 and observation point 122. The
display controller 9 causes a linear sample line 111 showing
the direction of the transmission and reception of ultrasound
to overlap cross-sectional image 110, and causes sample line
121 to overlap cross-sectional image 120 and be displayed on
the display 11. The operator may move sample line 111 and
sample line 121 in the scanning direction (direction of arrow
A) by means of the operating part 12. Moreover, the operator
may move observation point 112 on sample line 111 in the
direction of the transmission and reception of ultrasound
(direction of arrow B) by means of the operating part 12.
[0153] Similarly, the operator may move observation point
122 on sample line 121 in the direction of transmission and
reception by means of the operating part 12.

[0154] Forexample, the position and angle of the ultrasonic
probe 2 on the subject are changed and the position of the
cross-section to be scanned is changed so that the mitral valve
tip is represented in cross-sectional image 110 and the aortic
valve tip is represented in cross-sectional image 120. Then,
the operator moves sample line 111 to the position of the
mitral valve tip by means of the operating part 12 while
observing cross-sectional image 110, and designates the posi-
tion of the mitral valve tip by means of observation point 112
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by moving observation point 112 in the direction of transmis-
sion and reception (direction of arrow B). Similarly, the
operator moves sample line 121 to the position of the aortic
valve tip by means of the operating part 12 while observing
cross-sectional image 120, and moreover designates the posi-
tion of the aortic valve tip by means of observation point 122
by moving observation point 122 in the direction of transmis-
sion and reception (direction of arrow B). Thus, when sites
from which one would like to observe the blood flow are
designated by the observation points 112, 122, coordinate
information showing the position of observation point 112 on
cross-sectional image 110, and coordinate information show-
ing the position of observation point 122 on cross-sectional
image 120 are output via the user interface (UI) 10 to the
controller 13.

[0155] Moreover, as with the first example of setting, angle
markers are caused to overlap cross-sectional image 110 and
cross-sectional image 120 and be displayed. By designating
the orientation of the blood flow using the angle mark, the
angle formed by the blood flow at the site where observation
point 112 has been set and the direction of the transmission
and reception of ultrasonic beam are obtained on cross-sec-
tional image 110. Moreover, the angle formed by the blood
flow at the site where observation point 122 has been set and
the direction of the transmission and reception of ultrasonic
beam are obtained on cross-sectional image 120. The Doppler
processor 42 variously obtains the blood flow velocity at
observation point 112 and observation point 122 using the
angles.

[0156] Cross-sectional image 110 is an image acquired by
scanning cross-section 2a, and cross-sectional image 120 is
an image acquired by scanning cross-section 25. Coordinate
information in the three-dimensional space of cross-section
2a has been specified in the controller 13. The controller 13
specifies a coordinate of observation point 112 in three-di-
mensional space based on the coordinate information of
observation point 112 on cross-sectional image 110 (cross-
section 2a). Similarly, the coordinate information in the
three-dimensional space of cross-section 25 has been speci-
fied in the controller 13. The controller 13 specifies a coordi-
nate of observation point 122 in three-dimensional space
based on the coordinate information of observation point 122
on cross-sectional image 120 (cross-section 2b). Next, the
controller 13 outputs the coordinate information of observa-
tion point 112 and observation point 122 to the transmitting/
receiving part 3 and the Doppler processor 42.

[0157] Then, as with the abovementioned first example of
setting, the transmitting/receiving part 3 obtains Doppler
information at observation point 112 and Doppler informa-
tion at observation point 122. Doppler processor 42 obtains
the blood flow velocity at observation point 112 and the blood
flow velocity at observation point 122 based on the Doppler
information obtained by the transmitting/receiving part 3.
Furthermore, in the second example of setting, as with the
abovementioned first example of setting, the transmitting/
receiving part 3 performs a segment scan under the control of
the controller 13. In other words, as shown in FIG. 5, under
the control of the controller 13, the transmitting/receiving
part 3 serially transmits and receives ultrasound toward and
from observation point A (observation point 112) at N times,
and subsequently, serially transmits and receives ultrasound
toward and from observation point B (observation point 122)
at N times. The transmitting/receiving part 3 continues to
variously transmit and receive ultrasound alteratively
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toward and from observation point A (observation point 112)
and observation point B (observation point 122) at N times.
Then, under the control of the controller 13, the Doppler
processor 42 consecutively generates a Doppler spectrum
image at observation point 112 (observation point A) and a
Doppler spectrum image at observation point 122 (observa-
tion point B).

[0158] As described above, by representing the mitral valve
tip and the aortic valve tip using two cross-sectional images
when it is difficult to represent the mitral valve tip and the
aortic valve tip in one cross-sectional image, observation
points can be set for each. Thus, ifit is difficult to represent a
plurality of sites from which one would like to measure the
blood flow velocity in one cross-sectional image, each site
may be represented with two cross-sectional images, with an
observation point set for each cross-sectional image. Further-
more, in the second example of setting, by transmitting and
receiving ultrasound alternatively toward and from each
observation point at a plurality oftimes (N times) respectively
as with the abovementioned first example of setting, a Dop-
pler spectrum image at each observation point can be
acquired without reducing the Doppler velocity range.
[0159] Then, as with the abovementioned first example of
setting, a data-missing part in the Doppler spectrum image
data is interpolated by the interpolator 6. The display control-
ler 9 causes a Doppler spectrum image that has undergone
interpolation to be displayed on the display 11. In the second
example of setting, a Doppler spectrum image from observa-
tion point 112 and a Doppler spectrum image from observa-
tion point 122 are generated and displayed on the display 11.
Moreover, the display processor 7 generates the trace wave-
form of Doppler spectrum image data at each observation
point that has undergone interpolation.

[0160] The computing part 8 obtains the indices used for
the evaluation of the cardiac function based on the trace
waveform at each observation point. In addition, the display
processor 7 may generate one set of Doppler spectrum image
data by combining Doppler spectrum image data at each
observation point that has undergone interpolation.

[0161] Moreover, volume data may be obtained by per-
forming a volume scan with the ultrasonic probe 2 and the
transmitting/receiving part 3.

[0162] Then, the image generator 5 may subject the volume
datato MPR processing to generate MPR image data in which
the mitral valve tip is represented and MPR image data in
which the aortic valve tip is represented.

[0163] Forexample, the image generator 5 generates three-
dimensional image data sterically representing the heart of
the subject by subjecting the volume data to volume render-
ing. The display controller 9 causes a three-dimensional
image based on that three-dimensional data to be displayed
on the display 11. The operator designates an arbitrary cross-
section by means of the operating part 12 while observing the
three-dimensional image displayed on the display 11. In the
second example of setting, the operator designates the posi-
tions of two cross-sections by means of the operating part 12
so that the mitral valve tip is included in one cross-section and
the aortic valve tip is included in the other cross-section.
Then, the image generator 5 receives coordinate information
of the two cross-sections from the user interface (UI) 10 and
subjects the volume data to MPR processing, thereby gener-
ating cross-sectional image data (MPR image data) for each
cross-section. The display controller 9 causes a cross-sec-
tional image of each cross-section to be displayed on the
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display 11. The operator observes two cross-sectional images
in order to adjust the positions of the two cross-sections so
that the mitral valve tip is included in one cross-sectional
image and the aortic valve tip is included in the other cross-
sectional image.

[0164] Then, as shown in FIG. 14, the display controller 9
causes cross-sectional image 110 (MPR image) in which the
mitral valve tip is represented and cross-sectional image 120
(MPR image) in which the aortic valve tip is represented to be
displayed on the display 11. The operator designates the
position of the mitral valve tip and the position of the aortic
valve tip via observation point 112 and observation point 122
by means of the operating part 12.

[0165] Moreover, the image generator 5 may generate
three-dimensional image data sterically representing the
heart of the subject by subjecting the volume data to volume
rendering. The display controller 9 causes two observation
points (range gates) to overlap a three-dimensional image
based on that three-dimensional image data and be displayed
on the display 11. The operator may designate the position of
the mitral valve tip and the position of the aortic valve tip via
the two observation points by means of the operating part 12
while observing the three-dimensional image of the heart
displayed on the display 11.

Third Example of Setting

[0166] Intheabovementioned first and second examples of
setting, a case in which two sites are designated using two
observation points (range gates) has been described. In the
third example of setting, a plurality of sites is designated
using three or more observation points.

[0167] The third example of setting is described with ref-
erenceto F1G. 15. F1G. 15 is a diagram for describing the third
example of setting an observation point, the diagram illustra-
tively showing a cross-sectional image. By way of example, a
case in which four sites are designated with four observation
points will be described. For example, four cross-sectional
images in cross-sections that are different from each other are
acquired and displayed on the display 11, and observation
points are set on each cross-sectional image, thereby setting a
plurality of observation points.

[0168] In addition to measuring the left ventricular inflow
and the left ventricular outflow, measuring the pulmonary
vein blood flow and the pulmonary artery blood flow is also
suitable for evaluating the cardiac function. Then, in order to
measure the pulmonary venous blood flow and the pulmonary
arterial blood flow in addition to the left ventricular inflow
and the left ventricular outflow, it is necessary to set observa-
tion points at a total of four sites. It may be difficult to set a
plurality of observation points (range gates) in one cross-
sectional image, as those four sites are not represented in one
cross-sectional image. In that case, as in this third example of
setting, four cross-sectional images of cross-sections that are
different from each other are acquired and displayed on the
display 11, and observation points are set on respective cross-
sectional images, thereby setting four observation points.
[0169] Volume data is acquired by performing volume
scanning with the ultrasonic probe 2 and the transmitting/
receiving part 3. The image generator 5 generates cross-
sectional image data (MPR image data) in cross-sections that
are different from each other by subjecting the volume data to
MPR processing. In the third example of setting, the image
generator 5, by way of example, generates MPR image data in
four cross-sections transecting each other. For example, the
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image generator 5 generates MPR image data in which the
mitral valve tip is represented, MPR image data in which the
aortic valve tip is represented, MPR image data in which the
pulmonary venous blood flow is represented, and MPR image
data in which the pulmonary arterial blood flow is repre-
sented.

[0170] Forexample, the image generator 5 generates three-
dimensional image data sterically representing the heart of
the subject by subjecting the volume data to volume render-
ing. The display controller 9 causes a three-dimensional
image based on that three-dimensional image data to be dis-
played on the display 11. The operator designates four cross-
sections by means of the operating part 12 while observing
the three-dimensional image displayed on the display 11. In
the third example of setting, the operator designates the posi-
tions of the four cross-sections by means of the operating part
12 so that, among the four cross-sections, the mitral valve tip
is included in the first cross-section, the aortic valve tip is
included in the second cross-section, the pulmonary vein
blood flow is included in the third cross-section, and the
pulmonary artery blood flow is included in the fourth cross-
section. Then, the image generator 5 receives coordinate
information of the four cross-sections from the user interface
(UI) 10 and subjects the volume data to MPR processing,
thereby generating cross-sectional image data (MPR image
data) for each cross-section.

[0171] The display controller 9 causes a cross-sectional
image of each cross-section to be displayed on the display 11.
The operator observes four cross-sectional images in order to
adjust the positions of the four cross-sections so that the
mitral valve tip is included in the first cross-sectional image,
the aortic valve tip is included in the second cross-sectional
image, the pulmonary venous blood flow is included in the
third cross-sectional image, and the pulmonary arterial blood
flow is included in the fourth cross-sectional image.

[0172] Then, as shown in FIG. 15, the display controller 9
causes cross-sectional image 130 in the first cross-section,
cross-sectional image 140 of the second cross-section, cross-
sectional image 150 of the third cross-section, and cross-
sectional image 160 of the fourth cross-section to be dis-
played on the display 11. In this third example of setting, the
operator adjusts the positions of the four cross-section so that
any one of the mitral valve tip, the aortic valve tip, the pul-
monary venous blood flow, and the pulmonary arterial blood
flow would be included in each of the four cross-sectional
images 130, 140, 150, 160. For example, the operator adjusts
the positions of the four cross-section so that the mitral valve
tip is represented in cross-sectional image 130, the aortic
valve tip is represented in cross-sectional image 140, the
pulmonary venous blood flow is represented in cross-sec-
tional image 150, and the pulmonary arterial blood flow is
represented in cross-sectional image 160. Then, an observa-
tion point (range gate) is set in each cross-sectional image.
[0173] Thatis, using four cross-sectional images, the mitral
valve tip, the aortic valve tip, the pulmonary venous blood
flow, and the pulmonary arterial blood flow are displayed,
with an observation point set for each.

[0174] The operator designates the position of the mitral
valvetip, the position of the aortic valve tip, the position of the
pulmonary venous blood flow, and the position of the pulmo-
nary arterial blood flow by means of the operating part 12
while observing the cross-sectional images 130, 140, 150,
160 displayed on the display 11. For example, the display
controller 9 causes sample line 131 and observation point 132
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to overlap cross-sectional image 130 and be displayed on the
display 11. The operator designates the position of the mitral
valve tip with observation point 132. Similarly, the display
controller 9 causes sample line 141 and observation point 142
to overlap cross-sectional image 140 and be displayed on the
display 11. Moreover, the display controller 9 causes sample
line 151 and observation point 152 to overlap cross-sectional
image 150 and be displayed on the display 11.

[0175] Furthermore, the display controller 9 causes sample
line 161 and observation point 162 to overlap cross-sectional
image 160 and be displayed on the display 11. The operator,
by means of operating part 12, moves each sample line in the
scanning direction (direction of arrow A), and further moves
each observation point in the direction of the transmission and
reception of ultrasound (direction of arrow B), thereby des-
ignating the position of the mitral valve tip, the position of the
aortic valve tip, the position of the pulmonary venous blood
flow, and the position of the pulmonary arterial blood flow
with an observation point on each cross-sectional image.
[0176] In addition, as with the first example of setting, an
angle marker is caused to overlap each of the cross-sectional
images 130, 140, 150, 160 and be displayed. By designating
the orientation of the blood flow with each angle mark, the
angle formed by the blood flow at a site where each observa-
tion point has been set and the direction of the transmission
and reception of an ultrasonic beam is obtained for each
cross-sectional image. The Doppler processor 42 variously
obtains the blood flow velocity at the observation points 132,
142, 152, 162 using each angles.

[0177] Thus, when sites from which one would like to
observe the blood flow are designated using the observation
points 132, 142, 152, 162, coordinate information showing
the position of the observation point on each cross-sectional
image is output from the user interface (UT) 10 to the control-
ler 13. The controller 13 outputs coordinate information of
the four observation points to the transmitting/receiving part
3 and the Doppler processor 42.

[0178] Then, as with the abovementioned first example of
setting, the transmitting/receiving part 3 acquires Doppler
information at the observation points 132, 142, 152, 162. The
Doppler processor 42 obtains the blood flow velocity at the
observation points 132, 142, 152, 162 based on the Doppler
information acquired by the transmitting/receiving part 3.
Furthermore, in the third example of setting, as with the
abovementioned first example of setting, the transmitting/
receiving part 3 performs segment scanning under the control
of the controller 13. For example, under the control of the
controller 13, the transmitting/receiving part 3 serially trans-
mits and receives ultrasound toward and from observation
point 132 at N times.

[0179] Subsequently, it serially transmits and receives
ultrasound toward and from observation point 142 at N times.
Thereafter, it serially transmits and receives ultrasound
toward and from observation point 152 at N times, and finally,
it serially transmits and receives ultrasound toward and from
observation point 162 at N times. The transmitting/receiving
part 3 continues to serially transmit and receive ultrasound
toward and from the observation points 132, 142, 152,162 at
each N time. Then, under the control of the controller 13, the
Doppler processor 42 generates a Doppler spectrum image at
observation point 132, a Doppler spectrum image at observa-
tion point 142, a Doppler spectrum image at observation point
152, and a Doppler spectrum image at observation point 162
in series.
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[0180] As described above, when it is difficult to represent
the mitral valve tip, the aortic valve tip, the pulmonary venous
blood flow, and the pulmonary arterial blood flow in one
cross-sectional image, by representing the mitral valve tip,
the aortic valve tip, the pulmonary venous blood flow, and the
pulmonary arterial blood flow using four cross-sectional
images, an observation point can be set for each.

[0181] Furthermore, in the third example of setting, as with
the first example of setting, by serially transmitting and
receiving ultrasound toward and from each observation point
ata plurality of times (N times), a Doppler spectrum image at
each observation point can be acquired without reducing the
Doppler velocity range.

[0182] Then, as with the first example of setting, a data-
missing part in Doppler spectrum image data is interpolated
by the interpolator 6. The display controller 9 causes a Dop-
pler spectrum image that has been subjected to interpolation
to be displayed on the display 11. In the third example of
setting, Doppler spectrum images variously of observation
point 132, observation point 142, observation point 152, and
observation point 162 are generated and displayed on the
display 11. In other words, Doppler spectrum images at four
sites are generated and displayed on the display 11. Moreover,
the display processor 7 generates the trace waveform of a
Doppler spectrum image at each observation point that has
been subjected to interpolation. The computing part 8 obtains
indices used for evaluating cardiac function based on the trace
waveform at each observation point.

[0183] Inaddition, the abovementioned signal processor 4,
image generator 5, interpolator 6, display processor 7, com-
puting part 8, display controller 9, and controller 13 each
incorporate an CPU (Central Processing Unit) and memory
devices such as ROM (Read Only Memory) and RAM (Ran-
dom Access Memory). In the memory device, a signal-pro-
cessing program for executing the function of the signal pro-
cessor 4, an image-generating program for executing the
function of the image generator 5, an interpolating program
for executing the function of the interpolator 6, a display-
composing program for executing the function of the display
processor 7, a computing program for executing the function
of the computing part 8, a display-controlling program for
executing the function of the display controller 9, and a con-
trolling program for executing the function of the controller
13 have been stored.

[0184] The CPU executes the signal-processing program
stored in the memory device, thereby generating B-mode
ultrasonic raster data or Doppler spectrum images. In addi-
tion, the CPU executes the image-generating program stored
in the memory device, thereby generating ultrasonic image
data such as cross-sectional image data, MPR image data, and
three-dimensional image data. Moreover, the CPU executes
the interpolating program stored in the memory device,
thereby interpolating a data-missing part in a Doppler spec-
trum image.

[0185] Furthermore, the CPU executes the display-com-
posing program stored in the memory device, thereby obtain-
ing the trace waveform and combining two Doppler spectrum
images. In addition, the CPU executes the computing pro-
gram stored in the memory device, thereby obtaining indices
used for evaluating the cardiac function. Moreover, the CPU
executes the display-controlling program stored in the
memory device, thereby causing cross-sectional images or
Doppler spectrum images to be displayed on the display 11.
Furthermore, the CPU executes the controlling program
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stored in the memory device, thereby controlling movement
of each part of the ultrasonic imaging apparatus 1.

Fourth Example of Setting

[0186] In the fourth example of setting, observation points
(range gates) are set at the mitral valve tip and the mitral
annulus in order to obtain the velocity of the left ventricular
inflow at the mitral valve tip and the velocity of the mitral
annulus. The velocity of the mitral annulus tissue is obtained
by performing tissue Doppler imaging (DTT).

[0187] In the fourth example of setting, a cross-sectional
image of the subject is acquired and displayed on the display
11, and observation points (range gates) are set at the position
of the mitral valve tip and the position of the mitral annulus
represented in that cross-sectional image. For example, the
display controller 9 causes cross-sectional image 100 to be
displayed on the display 11. Scanning is performed while
changing the position and angle of the ultrasonic probe 2 so
that the mitral valve tip and the mitral annulus are represented
in cross-sectional image 100.

[0188] The operator designates the position of the mitral
valve tip and the position of the mitral annulus represented in
cross-sectional image 100 by means of the operating part 12
while observing cross-sectional image 100 displayed on the
display 11. For example, the display controller 9 causes
observation point 102 and observation point 104 to be dis-
played on cross-sectional image 100, and the operator desig-
nates the position of the mitral valve tip and the position of the
mitral annulus using observation point 102 and observation
point 104, respectively. For example, the position of the
mitral valve tip is designated as observation point 102, and the
position of the mitral annulus is designated as observation
point 104. Coordinate information showing the position of
the observation point on cross-sectional image 100 is output
from the user interface (UT) 10 to the controller 13. In addi-
tion, when the mitral valve tip and the mitral annulus are not
represented in one cross-sectional image and it is difficult to
set observation points (range gates) at the mitral valve tip and
the mitral annulus in one cross-sectional image, a process
according to the abovementioned second example of setting
may be performed.

[0189] Specifically, a cross-sectional image in which the
mitral valve tip is represented and a cross-sectional image in
which the mitral annulus is represented are acquired and
displayed on the display 11, and observation points (range
gates) may be set on each cross-sectional image.

[0190] As with the abovementioned first example, the
transmitting and receiving part 3 acquires Doppler informa-
tion at observation point 102 (mitral valve tip) and Doppler
information at observation point 104 (mitral annulus) by per-
forming segment scanning. Normal Doppler scanning is per-
formed for the mitral valve tip, and TDI is performed for the
mitral annulus. The Doppler processor 42 serially generates a
Doppler spectrum image at observation point 102 (mitral
valve tip) and a Doppler spectrum image at observation point
104 (mitral annulus). Then, as with the first example of set-
ting, a data-missing part in Doppler spectrum image data is
interpolated by the interpolator 6. The display controller 9
causes a Doppler spectrum image subjected to interpolation
to be displayed on the display 11. In the fourth example of
setting, a Doppler spectrum image at the mitral valve tip
(observation point 102) and a Doppler spectrum image at the
mitral annulus (observation point 104) are generated and
displayed on the display 11.
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[0191] Because observation point 102 has been set for the
position ofthe mitral valve tip, the Doppler spectrum image at
observation point 102 represents the velocity of the left ven-
tricular inflow at the mitral valve tip. On the other hand,
because observation point 104 has been set for the position of
the mitral annulus, the Doppler spectrum image at observa-
tion point 104 represents the velocity of the tissue of the
mitral annulus.

[0192] Moreover, the display processor 7 generates the
trace waveform of Doppler spectrum image data at each
observation point that has been subjected to interpolation. In
the fourth example of setting, the display processor 7 gener-
ates the trace waveform of the Doppler spectrum image data
representing the velocity ofthe left ventricular inflow, and the
trace waveform of the Doppler spectrum image data repre-
senting the velocity of the mitral annulus.

[0193] The computing part 8 obtains an index used for the
evaluation of cardiac function based on the trace waveform at
each observation position. In the fourth example of setting,
the computing part 8 obtains an index based on the trace
waveform representing margins of the Doppler spectrum
image representing the velocity of the left ventricular inflow
and the trace waveform representing margins of the Doppler
spectrum image representing the velocity of the tissue of the
mitral annulus.

[0194] For example, the computing part 8 obtains the
velocity in a time phase when the E-wave is detected (E wave
peak value) based on the trace waveform of the Doppler
spectrum image representing the velocity of the left ventricu-
lar inflow. In addition, the computing part 8 obtains the peak
value of the velocity of the mitral annulus based on the trace
waveform of the Doppler spectrum image representing the
velocity of the mitral annulus. Then, the computing part 8
obtains the value in which the E-wave peak value is divided
by the peak value of the velocity of the mitral annulus (E/e').
The display controller 9 causes the index obtained by the
computing part 8 (E/e") to be displayed on the display 11.
[0195] As described above, according to the ultrasonic
imaging apparatus of the present embodiment, Doppler scan-
ning for obtaining the velocity of the left ventricular inflow
and TDI for obtaining the velocity of the mitral annulus can be
combined. Thereby, (E/e'), which is the index of the left
ventricular diastolic performance, can be obtained based on
Doppler spectrum images of the same heartbeat.

[0196] Conventionally, (E/e") was obtained based on Dop-
pler spectrum images of different heartbeats. In contrast,
according to the ultrasonic imaging apparatus of the present
embodiment, (E/e') can be obtained based on Doppler spec-
trum images of the same heartbeat, so cardiac enlargement
and the like can be more accurately evaluated.

[0197] In addition, volume data may be acquired by per-
forming volume scanning with the ultrasonic probe 2 and the
transmitting/receiving part 3. Then, the image generator 5
may generate MPR image data in which the mitral valve tip is
represented and MPR image data in which the mitral annulus
is represented by subjecting the volume data to MPR process-
ing. The display controller 9 causes a cross-sectional image in
which the mitral valve tip is represented and a cross-sectional
image in which the mitral annulus is represented to be dis-
played on the display 11, and the operator designates the
position of the mitral valve tip and the position of the mitral
annulus using observation points (range gates). In addition,
the image generator 5 generates three-dimensional image
data sterically representing the heart based on the volume
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data, and the display controller 9 may cause two observation
points (range gates) to overlap the three-dimensional image
and be displayed on the display 11. In this case, the operator
designates the position of the mitral valve tip and the position
of the mitral annulus using two observation points while
observing the three-dimensional image displayed on the dis-
play 11.

What is claimed is:

1. An ultrasonic imaging apparatus comprising:

aDoppler scanner configured to perform Doppler scanning
by serially transmitting and receiving ultrasound toward
and from each of a plurality of observation points in a
subject at a plurality of respective times;

aprocessor configured to generate a first Doppler spectrum
image representing the velocity of a moving body at
each observation point by analyzing the frequency of
signals received at the plurality of observation points
acquired via Doppler scanning;

an interpolator configured to acquire a second Doppler
spectrum image by interpolation based on the first Dop-
pler spectrum image at each observation point generated
by the processor, the second Doppler spectrum image
being at each observation point when the ultrasound has
not been transmitted to and received from each observa-
tion point by the Doppler scanner transmitting and
receiving ultrasound toward and from the plurality of
observation points at a plurality of respective times, and
to combine the first Doppler spectrum at each observa-
tion point generated by the processor and the second
Doppler spectrum image at each observation point via
interpolation for each observation point, in order to gen-
erate a third Doppler spectrum at each observation point;
and

a display controller configured to cause the third Doppler
spectrum image at each observation point combined by
the interpolator to be displayed on a display.

2. The ultrasonic imaging apparatus according to claim 1,

wherein the interpolator is configured to obtain the quan-
tity of characteristics on the first Doppler spectrum
image at each observation point based on the first Dop-
pler spectrum image at each observation point, to receive
ECG signals of the sample in order to estimate the sec-
ond Doppler spectrum image at each observation point
via a regression model with a parametric model utilizing
the ECG signal and the quantity of characteristics on the
first Doppler spectrum image at each observation point,
and to generate the third Doppler spectrum image at
each observation point by combining the first Doppler
spectrum image at each observation point and the esti-
mated second Doppler spectrum image at each observa-
tion point per observation point.

3. The ultrasonic imaging apparatus according to claim 2,

wherein the interpolator is configured to obtain the average
flow rate of the moving body, spectral dispersion, and
total power of the spectrum as the quantity of features for
the first Doppler spectrum image at each observation
point based on the first Doppler spectrum image at each
observation point.

4. The ultrasonic imaging apparatus according to claim 1,

further comprising:

acolor-assigning part configured to assign a different color
to the third Doppler spectrum image at each observation
point combined by the interpolator for each observation
point,
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wherein the display controller is configured to cause the
third Doppler spectrum image at each observation point
with a different color assigned to be displayed on the
display simultaneously.

5. The ultrasonic imaging apparatus according to claim 1,
further comprising:
an image-acquiring part configured to acquire ultrasonic
image data representing a tissue in the subject by scan-
ning the subject using ultrasound,

wherein the display controller is configured to cause mark-
ers for designating each of the plurality of observation
points to overlap the ultrasonic image based on the ultra-
sonic image data and be displayed on the display; and

the Doppler scanner is configured to perform Doppler
scanning by receiving the positions of the plurality of
observation points designated by the markers on the
ultrasonic image, and by serially transmitting and
receiving ultrasound toward and from each of the desig-
nated plurality of observation points at a plurality of
respective times.

6. The ultrasonic imaging apparatus according to claim 1,
further comprising:
an image-acquiring part configured to scan the heart of the
subject using ultrasound to acquire ultrasonic image
data in which the mitral valve tip and the aortic valve tip
in the heart of the subject are represented; and

a combining part,

wherein the display controller is configured to cause mark-
ers for designating the position of the mitral valve tip and
the position of the aortic valve tip to each overlap the
ultrasonic image based on the ultrasonic image data and
be displayed on the display;

the Doppler scanner is configured to receive the position of
the mitral valve tip and the position of the aortic valve tip
designated by the markers on the ultrasonic image in
order to perform Doppler scanning by alternately trans-
mitting and receiving ultrasound toward and from two
observation points at a plurality of respective times, with
the position of the mitral valve tip and the position of the
aortic valve tip each as observation points;

the processor is configured to generate the first Doppler
spectrum image at the position of the mitral valve tip and
the first Doppler spectrum image at the position of the
aortic valve tip;

the interpolator is configured to acquire the second Dop-
pler spectrum imageat the position of the mitral valve tip
based on interpolation of the first Doppler spectrum
image at the position of the mitral valve tip, to acquire
the second Doppler spectrum image at the position of the
aortic valve tip based on interpolation of the first Dop-
pler spectrum image at the position of the aortic valve
tip, and to generate the third Doppler spectrum image at
the position of the mitral valve tip and the third Doppler
spectrum image at the position of the aortic valve tip via
the combination;

the combining part is configured to generate a single Dop-
pler spectrum image by combining a positive velocity
component of the velocity represented in the third Dop-
pler spectrum image at the position of the mitral valve tip
and a negative velocity component of the velocity rep-
resented in the third Doppler spectrum image at the
position of the aortic valve tip; and
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the display controller is configured to cause the single
Doppler spectrum image generated by the combining
part to be displayed on the display.

7. The ultrasonic imaging apparatus according to claim 6,

further comprising:

acomputing part configured to obtain an index used for the
evaluation of cardiac function based on the third Dop-
pler spectrum image at the position of the mitral valve tip
and the third Doppler spectrum image at the position of
the aortic valve tip.

8. The ultrasonic imaging apparatus according to claim 1,

further comprising:

an image-acquiring part configured to scan the heart of the
subject using ultrasound to acquire ultrasonic image
data in which a mitral valve tip and an mitral annulus in
the heart of the subject are represented,

wherein the display controller is configured to cause mark-
ers for designating the position of the mitral valve tip and
the position of the mitral annulus to each overlap the
ultrasonic image based on the ultrasonic image data and
be displayed on the display;

the Doppler scanner is configured to receive the position of
the mitral valve tip and the position of the mitral annulus
designated by the markers on the ultrasonic image to
perform Doppler scanning by alternately transmitting
and receiving ultrasound toward and from two observa-
tion points at a plurality of respective times, with the
position of the mitral valve tip and the position of the
mitral annulus each as observation points;

the processor is configured to generate the first Doppler
spectrum image at the position of the mitral valve tip and
the first Doppler spectrum image at the position of the
mitral annulus;

the interpolator is configured to acquire the second Dop-
pler spectrum image at the position of the mitral valve tip
by interpolation based on the first Doppler spectrum
image at the position of the mitral valve tip, to acquire
the second Doppler spectrum image at the position of the
mitral annulus by interpolation based on the first Dop-
pler spectrum image at the position of the mitral annulus,
and to generate the third Doppler spectrum image at the
position of the mitral valve tip and the third Doppler
spectrum image at the position of the mitral annulus via
the combination; and

the display controller is configured to cause the third Dop-
pler spectrum image at the position of the mitral valve tip
and the third Doppler spectrum image at the position of
the mitral annulus that have been combined by the inter-
polator to be displayed on the display.

9. The ultrasonic imaging apparatus according to claim 8,

further comprising:

a computing part is configured to obtain an index used for
the evaluation of cardiac function based on the third
Doppler spectrum image at the position of the mitral
valve tip and the third Doppler spectrum image at the
position of the mitral annulus.

10. The ultrasonic imaging apparatus according to claim 9,

wherein the computing part is configured to obtain the peak
value of the blood flow velocity at the position of the
mitral valve tip based on the third Doppler spectrum
image at the position of the mitral valve tip, to obtain the
peak value of the velocity of the mitral annulus based on
the third Doppler spectrum image at the position of the
annulus, and to obtain the index by dividing the peak
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value of the blood flow velocity at the position of the
mitral valve tip by the peak value of the velocity of the
mitral annulus.

11. A method of generating ultrasonic images, comprising:

performing Doppler scanning by serially transmitting and
receiving ultrasound toward and from each of a plurality
of observation points in a subject at a plurality of respec-
tive times;

generating a first Doppler spectrum image representing the
velocity of a moving body at each observation point by
analyzing the frequency analysis of the signals received
at the plurality of observation points acquired by the
Doppler scan;

acquiring a second Doppler spectrum image at each con-
secutive observation point when the ultrasound has not
been transmitted to and received from each observation
point by the Doppler scanner transmitting and receiving
the ultrasound toward and from the plurality of observa-
tion points at a plurality of respective times, based on
interpolation of the first Doppler spectrum image at each
observation point generated by the frequency analysis,
and combining the first Doppler spectrum at each obser-
vation point generated by the frequency analysis and
interpolation of the second Doppler spectrum image at
each observation point per observation point, in order to
generate a third Doppler spectrum at each observation
point by; and

displaying the third Doppler spectrum image at each obser-
vation point that has been combined.

12. The method of generating ultrasonic images according

to claim 11, comprising;

obtaining the quantity of characteristics of the first Doppler
spectrum image at each observation point based on the
first Doppler spectrum image at each observation point,
receiving ECG signals of the sample to estimate the
second Doppler spectrum image at each observation
point via a regression model with a parametric model
utilizing the ECG signal and the quantity of character-
istics of the first Doppler spectrum image at each obser-
vation point, and generating the third Doppler spectrum
image at each observation point by combining the first
Doppler spectrum image at each observation point and
the estimated second Doppler spectrum image at each
observation point per observation point.

13. The method of generating ultrasonic images according

to claim 12, comprising;

obtaining the average flow rate of the moving body, spec-
tral dispersion, and total power of the spectrum as the
quantity of features of the first Doppler spectrum image
at each observation point based on the first Doppler
spectrum image at each observation point.

14. The method of generating ultrasonic images according

to claim 11, comprising:

assigning a different color to the third Doppler spectrum
image at each observation point per observation point;
and

displaying the third Doppler spectrum image at each obser-
vation point with the color assigned simultaneously.

15. The method of generating ultrasonic images according

to claim 11, comprising;

further acquiring ultrasonic image data representing a tis-
sue in the subject by scanning the subject using ultra-
sound,;
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causing markers for designating each of the plurality of
observation points to overlap the ultrasonic image based
on the ultrasonic image data and be displayed; and

receiving the positions of the plurality of observation
points designated by the markers on the ultrasonic image
to perform Doppler scanning by serially transmitting
and receiving ultrasound toward and from each of the
designated plurality of observation points at a plurality
of respective times.

16. The method of generating ultrasonic images according

to claim 11, comprising:

scanning the heart ofthe subject using ultrasound to further
acquire ultrasonic image data in which the mitral valve
tip and the aortic valve tip in the heart of the subject are
represented;

causing markers for designating the position of the mitral
valve tip and the position of the aortic valve tip to each
overlap the ultrasonic image based on the ultrasonic
image data and be displayed,

receiving the position of the mitral valve tip and the posi-
tion of the aortic valve tip designated by the markers on
the ultrasonic image to perform Doppler scanning by
alternately transmitting and receiving ultrasound toward
and from two observation points at a plurality of respec-
tive times, each with the position of the mitral valve tip
and the position of the aortic valve tip as observation
points;

generating the first Doppler spectrum image at the position
of the mitral valve tip and the first Doppler spectrum
image at the position of the aortic valve tip;

acquiring the second Doppler spectrum image at the posi-
tion of the mitral valve tip based on interpolation of the
first Doppler spectrum image at the position of the mitral
valve tip, acquiring the second Doppler spectrum image
at the position of the aortic valve tip based on interpola-
tion of the first Doppler spectrum image at the position
of the aortic valve tip, and generating the third Doppler
spectrum image at the position of the mitral valve tip and
the third Doppler spectrum image at the position of the
aortic valve tip via combination;

generating one Doppler spectrum image by combining a
positive velocity component of the velocity represented
in the third Doppler spectrum image at the position of the
mitral valve tip and anegative velocity component of the
velocity represented in the third Doppler spectrum
image at the position of the aortic valve tip; and

displaying a single Doppler spectrum image.

17. The method of generating ultrasonic images according

to claim 16, comprising:

obtaining an index used for the evaluation of cardiac func-
tion based on the third Doppler spectrum image at the
position of the mitral valve tip and the third Doppler
spectrum image at the position of the aortic valve tip.
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18. The method of generating ultrasonic images according
to claim 11, comprising:
acquiring ultrasonic image data in which the mitral valve
tip and the mitral annulus in the heart of the subject are
represented by scanning the heart of the subject using
ultrasound,
causing markers for designating the position of the mitral
valve tip and the position of the mitral annulus to each
overlap the ultrasonic image based on the ultrasonic
image data and be displayed,
receiving the position of the mitral valve tip and the posi-
tion of the mitral annulus designated by the markers on
the ultrasonic image to perform Doppler scanning by
alternately transmitting and receiving ultrasound toward
and from two observation points at a plurality of respec-
tive times, each with the position of the mitral valve tip
and the position of the mitral annulus as observation
points;
generating the first Doppler spectrum image at the position
of the mitral valve tip and the first Doppler spectrum
image at the position of the mitral annulus;
acquiring the second Doppler spectrum image at the posi-
tion of the mitral valve tip based on interpolation of the
first Doppler spectrum image at the position of the mitral
valve tip, acquiring the second Doppler spectrum image
at the position of the mitral annulus based on interpola-
tion of the first Doppler spectrum image at the position
of the mitral annulus, and generating the third Doppler
spectrum image at the position of the mitral valve tip and
the third Doppler spectrum image at the position of the
mitral annulus via combination; and
causing the third Doppler spectrum image at the position of
the mitral valve tip and the third Doppler spectrum
image at the position of the mitral annulus to be dis-
played on the display.
19. The method of generating ultrasonic images according
to claim 18, comprising:
obtaining an index used for the evaluation of cardiac func-
tion based on the third Doppler spectrum image at the
position of the mitral valve tip and the third Doppler
spectrum image at the position of the mitral annulus.
20. The method of generating ultrasonic images according
to claim 19, comprising:
obtaining the peak value of the blood flow velocity at the
position of the mitral valve tip based on the third Dop-
pler spectrum image at the position of the mitral valve
tip, obtaining the peak value of the velocity of the mitral
annulus based on the third Doppler spectrum image at
the position of the annulus, and obtaining the index by
dividing the peak value of the blood flow velocity at the
position of the mitral valve tip by the peak value of the
velocity of the mitral annulus.
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