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Measurement Trigger Selection criterion
target waveform (S wave, D wave, AR wave)
gllélg?io?m/ artery| (ECGwaveform|____
Trigger Selection criterion -
thﬁéer:gggrement waveform (E wave, A wave) -
Left ventricular]l  |rre wavefarml = - - = = - oo -
blood inflow ECG waveform |
Age group PCG waveform| _ _ _ __ _ ___ __ _______ -

Adult (elderly)

e -R
Doppler trace | _ _ _ _ _ _ __ __ ________ ~ DB3
waveform (Vp) DB?
Manual setting | _ _ _ _ _ _ _ __ ____ _____

~—DBI

FIG.7

Trigger waveform

Selection criterion (E wave, A wave)

ECG waveform

Local maximum/minimum pairs of trace waveform are searched out
with reference to 40% of cardiac cycle TO from R wave of ECG
signal as reference position, and two coordinates having -maximum
and second maximum are detected, thereby selecting maximum
coordinate following reference position as E wave, and maximum
coordinate following E wave as A wave

PCG waveform

Maximum/minimum pairs of trace waveform are searched out with
reference to S1 or S2 of PCG waveform as reference position,
and two coordinates having maximum and second local maximum
are detected, thereby selecting maximum coordinate following
reference position as E wave, and local maximum coordinate
following E wave as A wave

Trace waveform
(Vp)

Two coordinates exhibiting maximum and second local maximum in
trace waveform are detected, and when distance between two
coordinates is shorter than cardiac cycle T0, temporally preceding
local maximum coordinate in the same cardiac cycle is selected as
E wave, and local maximum coordinate following E wave is selected
as A wave

Manual setting

Local maximum/minimum pairs of trace waveform are searched out
with reference to manually designated position as reference position,
and two coordinates having maximum and second local maximum
are detected, thereby selecting local maximum coordinate following
reference position as E wave, and local maximum coordinate
following E wave as A wave

FIG.8
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Perform initialization for apparatus ~— S1
 /

Detect Doppler signal ~— S2
Y

Calculate Doppler spectrum ~— 53
Y

Generate trace waveform ~— $4
Y

Detect local maximum/minimum pairs ~— S5
Y

Select E and A waves ~— S6
Y

Measure diagnostic parameter ~ 57

Y

Display diagnostic parameter measurement result |~ S8

FIG. 11
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FIG.12B

Trigger waveform

Selection criterion (S wave, D wave, AR wave)

ECG waveform

Local maximum/minimum pairs of trace waveform are searched out with
reference to 40% of cardiac cycle TO from R wave of ECG signal as
reference position, and two coordinates having maximum and second local
maximum are detected, thereby selecting local maximum coordinate
following reference position as S wave, local maximum coordinate
following S wave as A wave, and local minimum coordinate forming local
maximum/minimum pair, together with S wave, as AR wave

PCG waveform

Local Maximum/minimum pairs of trace waveform are searched out with
reference to S1 of PCG waveform as reference position, and two
coordinates having maximum and second local maximum are detected,
thereby selecting local maximum coordinate following reference position
as S wave, and local maximum coordinate following S wave as D wave,
or local maximum/minimum pairs of trace waveform are searched out
with reference to S2 of PCG waveform as reference position, and two
coordinates having maximum and second local maximum are detected,
thereby selecting local maximum coordinate following reference position
as D wave, and local maximum coordinate following D wave as S wave

Trace waveform
(Vp)

Two coordinates exhibiting maximum and second local maximum in trace
waveform are detected, and when distance between two coordinates is
shorter than cardiac cycle TO, temporally preceding local maximum
coordinate in the same cardiac cycle is selected as S wave, and local
maximum coordinate following S wave is selected as D wave

Manual setting

Local Maximum/minimum pairs of trace waveform are searched out with
reference to manually designated position as reference position, and two
coordinates having maximum and second local maximum are detected,
thereby selecting local maximum coordinate following reference position
as S wave, and local maximum coordinate following S wave as D wave

FIG.13
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Doppler envelope waveform Doppler envelope waveform
obtair]ed by linear prediction used for modeling
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| Normal model waveform
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CAB processing
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Power spectrum of
normal model

Power spectrum of
diagnostic waveform
obtained by CAB processing

Frequency
Frequency in MEM

FIG.25

Quality engineering technique

Distance D
Q
Q
Q
20
Sensitivity
True value M

MT method, MTA method, MTS method
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/

Example of diagnostic DB of ages, diagnosis regions,
and measurement parameters (normal case)

Table left ventricular filling dynamics in normal case

<Age 50 =Age 50 P value
(n=61) (n=56)

Left ventricular inflow

Maximum E (cm/s) 72+14 62114 <0.01
Maximum A (cm/s) 4010 691141 <0.01
< E/A 19406 11403 <001
DT (ms) 179120 210+36 <0.01
IVRT (cm/s) 7611 80+17 <0.01
Pulmonary artery (n=44) (n=41)
Maximum S (cm/s) 4819 71+9 <0.01
Maximum D (cm/s) 50£10 3819 <0.01
Maximum AR {(cm/s) 19+4 23114 <0.01

(Quoted from Klein A.L. and Cohen.G.l.: Doppler echocardiographic
assessment of constrictive pericarditis, cardiac amyloielesis,
and cardiac tarrponade Cleve.Clin.J.Med.59 : 281, 1992)

-

FIG. 27
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Perform initialization for apparatus

US 8,303,507 B2

~—S11

Y

Detect Doppler signal

~— 312

Y

Calculate Doppler spectrum

~—S13

Y

Generate trace waveform

~—S14

Y

Perform CAB processing (generate CAB data)

~ 515

Y

Generate diagnostic waveform

~—S§16

Y

Detect local maximum/minimum pairs

~S17

Y

Select E and A waves

~— 518

Y

Calculate diagnostic parameter

~—S19

Y

Perform abnormal/normal determination for
diagnosis region

~— 520

Y

Display determination result and diagnostic
parameter measurement result or the like

521

FIG.28
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Probability of population
Density function

Rejected or picked up
as abnormal value

Parameter for evaluation
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residual square sum
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Bare 10 data Average VS Rejection Effect Bare 10 data Average VS Rejection Effect
4 Cardiac Cycle Rejection(1,3,5,9) 4 Cardiac Cycle Rejection (1,3,5,9)
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1
ULTRASONIC DOPPLER DIAGNOSTIC
APPARATUS AND MEASURING METHOD OF
DIAGNOSTIC PARAMETER

BACKGROUND OF THE INVENTION

The present invention relates to an ultrasonic Doppler diag-
nostic apparatus which measures the flow velocity informa-
tion of a blood flow and the movement information of tissue
in a living body by using the Doppler effect of ultrasonic
waves, and a measuring method of diagnostic parameter.

An ultrasonic diagnostic apparatus is designed to apply
ultrasonic pulses generated by piezoelectric transducers
incorporated in an ultrasonic probe into an object to be exam-
ined, receive reflected ultrasonic waves generated by the dif-
ference in acoustic impedance between object tissues through
the piezoelectric transducers, and display the resultant image
on a monitor. This diagnostic method allows easy observation
of a real-time two-dimensional image by simple operation of
only bringing the ultrasonic probe into contact with the body
surface, and hence is widely used for functional diagnosis or
morphological diagnosis of various organs of a living body.
Ultrasonic diagnostic methods of obtaining living body infor-
mation by using reflected waves from tissue or blood cells in
a living body have rapidly progressed along with two great
technical developments of an ultrasonic pulse reflection
method and ultrasonic Doppler method. B mode images and
color Doppler images obtained by these techniques have
become indispensable to recent ultrasonic image diagnosis.

A Doppler spectrum method is available as a method of
obtaining blood flow information at an arbitrary position in an
object quantitatively with high accuracy. In this Doppler
spectrum method, ultrasonic wave transmission/reception is
performed with respect to the same region of an object at
predetermined intervals a plurality of number of times, and
Doppler signals are detected by performing quadrature phase
detection for reflected ultrasonic waves from moving reflec-
tors such as blood cells by using a reference signal having a
frequency almost equal to the resonance frequency of the
piezoelectric transducers used for ultrasonic wave transmis-
sion/reception. A Doppler signal in the desired region is
extracted from these Doppler signals by using a range gate. A
Doppler spectrum is calculated by FFT-analyzing the
extracted Doppler signal.

Doppler spectra are continuously calculated with respect to
Doppler signals obtained from a desired region of an object
by this sequence, and the plurality of obtained Doppler spec-
tra are sequentially arrayed to generate Doppler spectrum
data. In general, in order to accurately set a range gate at a
desired observation region of an object, the range gate is set
under B mode image observation. At this time, the range gate
position is displayed on the B mode image.

The Doppler spectrum data obtained by this ultrasonic
Doppler diagnostic apparatus is generally displayed with the
ordinate representing a frequency (f), the abscissa represent-
ing time (t), and the power (intensity) of each frequency
component being represented by a luminance (gray level).
Various kinds of diagnostic parameters are measured on the
basis of this Doppler spectrum data. For example, a maximum
blood flow velocity Vp corresponding to a maximum fre-
quency component fp in the frequency axis direction or the
position of an average flow velocity V¢ corresponding to an
average frequency component fc is detected with respect to
each of temporally continuously obtained Doppler spectra,
and a trace waveform representing a temporal change in the
maximum blood flow velocity Vp or average flow velocity Ve
is generated.
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When a blood flow in a blood vessel such as a carotid is to
be evaluated, a waveform peak PS (Peak of Systolic) which
occurs in a trace waveform in a systole and a waveform peak
ED (End of Diastolic) which occurs in a diastole are detected.
HR (Heart Rate) of an intravascular blood flow is measured
on the basis of the position information of PS or ED. In
addition, PI (Pulsatility Index), RI (Resistance Index), and the
like as diagnostic parameters for a peripheral vessel are mea-
sured from a trace waveform in a cardiac cycle set by PS or
ED.

Note that the generation of the trace waveform of Vp or Ve,
the detection of PS/ED, and the measurement of a diagnostic
parameter such as PI or RI, described above, are basically
performed by manual operation with respect to frozen
(freeze-displayed) Doppler spectrum data in the prior art.
Recently, however, as disclosed in, for example, Jpn. Pat.
Appln. KOKAT Publication No. 2003-284718, it has become
possible that Vp or Ve be automatically traced or HR, PI, or RI
be automatically measured with respect to Doppler spectrum
data display in real time.

BRIEF SUMMARY OF THE INVENTION

For cardiac function evaluation as well, in daily examina-
tion, Doppler spectrum data is generated with respect to a left
ventricular blood inflow (LV-Inflow), pulmonary artery blood
flow (PV), or the like, and various kinds of diagnostic param-
eters are measured on the basis of the trace waveforms of the
maximum blood flow velocity Vp and average flow velocity
Ve in the Doppler spectrum data.

As diagnostic parameters in the above left ventricular
blood inflow measurement, an amplitude ratio “E/A”
between E and A waves of the trace waveform of the maxi-
mum blood flow velocity Vp, and a descending period “DCT”
of an E wave are used. As diagnostic parameters in the pul-
monary artery blood flow measurement, a velocity “VS” of an
S wave, a velocity “VD” of a D wave, and a velocity “VAR”
of'an AR wave are used.

The above diagnostic parameter measurement is conven-
tionally performed with respect to a trace waveform in a
desired period which is read out from a cine memory in which
the trace waveform obtained by the ultrasonic diagnostic
apparatus is temporarily stored.

Conventionally, for example, after a trace waveform in a
desired period is selected by sequentially reading out trace
waveforms stored in a cine memory, two time cursors are
placed on the trace waveform in the desired period which is
statically displayed on a display unit, thereby setting one
cardiac cycle (e.g., an ED-ED interval), selecting E and A
waves in the trace waveform in this one cardiac cycle, and
setting a tangent for “DCT” measurement.

However, the above processing in conventional diagnostic
parameter measurement is performed by manual operation by
an operator, and hence cumbersome operation is required. In
particular, it is difficult to automate the selection of E and A
waves in left ventricular blood inflow measurement and S, D,
and AR waves in pulmonary artery blood flow measurement,
as compared with the selection of PS and ED which has
already been described, because pattern recognition is
required.

That is, manual operation in the conventional measuring
method of diagnostic parameter requires a long period of time
and decreases the efficiency of cardiac function measure-
ment. This also makes it impossible to measure Doppler
spectrum data displayed in real time. In addition; the diag-
nostic parameter measurement accuracy based on this manual
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operation depends on the experience of an operator, and
hence sufficient reproducibility cannot be obtained.

The present invention has been made in consideration of
such conventional problems, and has as its object to provide
an ultrasonic Doppler diagnostic apparatus in which when
cardiac function measurement is to be performed on the basis
of the trace waveform of a Doppler spectrum, an improve-
ment in measurement accuracy and a reduction in measure-
ment time can be achieved by automatically measuring diag-
nostic parameters effective for the measurement, and a
measuring method of diagnostic parameter.

According to an aspect of the present invention, there is
provided an ultrasonic Doppler diagnostic apparatus com-
prising a Doppler signal detecting unit which detects a Dop-
pler signal at a predetermined region from a reception signal
obtained by performing ultrasonic wave transmission/recep-
tion with respect to an object to be examined, a spectrum
calculating unit which calculates a frequency spectrum of the
Doppler signal, a trace waveform generating unit which gen-
erates a trace waveform representing a temporal change in a
predetermined spectrum component in the frequency spec-
trum, a CAB processing unit which generates CAB data by
extracting a trace waveform for each cardiac cycle from the
generated trace waveform, and arraying the plurality of
extracted trace waveforms along a first time axis representing
atime direction associated with a heart rate and a second time
axis representing a time direction within one cardiac cycle, a
statistical processing unit which generates a diagnostic wave-
form by performing statistical processing using the CAB
data, a storage unit which stores a selection criterion, a feature
amount selecting unit which automatically selects a feature
amount for the diagnostic waveform on the basis of the stored
selection criterion, a diagnostic parameter measuring unit
which measures a diagnostic parameter on the basis of the
feature amount, and a display unit which displays a measure-
ment result on the diagnostic parameter.

According to another aspect of the present invention, there
is provided an ultrasonic Doppler diagnostic apparatus com-
prising a Doppler signal detecting unit which detects a Dop-
pler signal at a predetermined region from a reception signal
obtained by performing ultrasonic wave transmission/recep-
tion with respect to an object to be examined, a spectrum
calculating unit which calculates a frequency spectrum of the
Doppler signal, a trace waveform generating unit which gen-
erates a trace waveform representing a temporal change in a
predetermined spectrum component in the frequency spec-
trum, a storage unit which stores a selection criterion, a fea-
ture amount selecting unit which automatically selects a fea-
ture amount with respect to the trace waveform in a
predetermined cardiac cycle of the object on the basis of the
stored selection criterion, a diagnostic parameter measuring
unit which measures a diagnostic parameter on the basis of
the feature amount, and a display unit which displays a mea-
surement result on the diagnostic parameter.

According to another aspect of the present invention, there
is provided a measuring method of diagnostic parameter
comprising detecting a Doppler signal at a predetermined
region from a reception signal obtained by performing ultra-
sonic wave transmission/reception with respect to an object to
be examined, calculating a frequency spectrum of the Dop-
pler signal, generating a trace waveform representing a tem-
poral change in a predetermined spectrum component in the
frequency spectrum, generating CAB data by extracting a
trace waveform for each cardiac cycle from the generated
trace waveform, and arraying the plurality of extracted trace
waveforms along a first time axis representing a time direc-
tion associated with a heart rate and a second time axis rep-
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resenting a time direction within one cardiac cycle, generat-
ing a diagnostic waveform by performing statistical
processing using the CAB data, automatically selecting a
feature amount with respect to the diagnostic waveform on
the basis of a stored selection criterion, measuring a diagnos-
tic parameter on the basis of the feature amount, and display-
ing a measurement result on the diagnostic parameter.

According to another aspect of the present invention, there
is provided a measuring method of diagnostic parameter
comprising detecting a Doppler signal at a predetermined
region from a reception signal obtained by performing ultra-
sonic wave transmission/reception with respect to an object to
be examined, calculating a frequency spectrum of the Dop-
pler signal, generating a trace waveform representing a tem-
poral change in a predetermined spectrum component in the
frequency spectrum, automatically selecting a feature
amount with respect to the trace waveform in a predetermined
cardiac cycle of the object on the basis of a stored selection
criterion, measuring a diagnostic parameter on the basis of the
feature amount, and displaying a measurement result on the
diagnostic parameter.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

FIG.1 is a block diagram showing the overall arrangement
of an ultrasonic Doppler diagnostic apparatus according to
the first embodiment;

FIG. 2 is a block diagram showing the arrangements of a
transmission/reception unit and data generating unit in the
first embodiment;

FIG. 3 is a timing chart showing the basic operations of a
Doppler signal detecting unit and spectrum calculating unitin
the first embodiment;

FIGS. 4A and 4B are graphs showing a method of calcu-
lating a Doppler spectrum in the first embodiment;

FIG. 5 is a graph showing a method of calculating the
maximum frequency component of a Doppler spectrum in the
first embodiment;

FIGS. 6A and 6B are graphs showing a trace waveform in
left ventricular blood inflow measurement in the firstembodi-
ment;

FIG. 7 is a view schematically showing a database of
selection criteria in a feature amount selecting unit in the first
embodiment;

FIG. 8 is a view showing a specific example of selection
criteria in left ventricular blood inflow measurement in the
first embodiment;

FIGS. 9A and 9B are graphs showing a method of measur-
ing diagnostic parameters which is performed for a trace
waveform in left ventricular blood inflow measurement in the
first embodiment;

FIG. 10 is a view showing a specific example of a display
method in a display unit in the first embodiment;

FIG. 11 is a flowchart showing a sequence for measuring
diagnostic parameters in the first embodiment;

FIGS. 12A and 12B are graphs showing a trace waveform
in pulmonary artery blood flow measurement in a modifica-
tion of the first embodiment;

FIG. 13 is a view showing selection criteria in pulmonary
artery blood flow measurement in a modification to the first
embodiment;

FIG. 14 is a graph showing trigger waveforms in a modi-
fication to the first embodiment;

FIG. 15 is a block diagram showing the arrangement of an
ultrasonic Doppler diagnostic apparatus according to the sec-
ond embodiment;
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FIG. 16 is a chart showing a trace waveform representing a
temporal change in a maximum blood flow velocity Vp which
is obtained on the basis of a spectrum waveform (correspond-
ing to 18 heartbeats) in the carotid,;

FIG. 17 is a chart showing a result obtained by CAB pro-
cessing in which a trace waveform of a Vp waveform is input;

FIG. 18 is a chart showing a result obtained by CAB pro-
cessing in which a trace waveform of a Vc waveform is input;

FIG. 19 is a chart two-dimensionally showing CAB data
obtained by CAB processing;

FIG. 20 is a graph showing an example of a diagnostic
waveform obtained by ARX time axis model calculation pro-
cessing;

FIG. 21 is a graph for explaining a frequency parametric
model;

FIG. 22 is a graph showing an example of a reference
waveform to be stored as a normal model for each age and
each diagnosis region;

FIG. 23 is a graph showing an example of a diagnostic
waveform obtained by CAB processing;

FIG. 24 is a graph for explaining a time-series residual
square sum between a reference waveform and a diagnostic
waveform;

FIG. 25 is a graph for explaining the formation of a fre-
quency spectrum by MEM;

FIG. 26 is a graph for explaining evaluation by a quality
optical technique using a residual square sum and frequency
spectrum;

FIG. 27 is a view showing an example of normal values of
various kinds of measurement parameters stored in a diag-
nostic database;

FIG. 28 is a flowchart showing the flow of processing
executed by the ultrasonic Doppler diagnostic apparatus
according to the second embodiment using a CAB function, a
diagnostic parameter measuring function using CAB data,
and a diagnosis support function using CAB data;

FIG. 29 is a block diagram showing the arrangement of an
ultrasonic Doppler diagnostic apparatus according to the
third embodiment;

FIG. 30is a graph for explaining a reject function which the
ultrasonic Doppler diagnostic apparatus according to the
third embodiment has;

FIG. 31 is a graph for explaining a manual reject function;

FIG. 32 is a graph for explaining an automatic reject func-
tion;

FIG. 33 is a graph for explaining the automatic reject
function;

FIG. 34A is a graph showing a diagnostic waveform (thick
line) obtained by statistical processing using heartbeats with-
out reject processing, and FIG. 34B is a graph showing a
diagnostic waveform (thick line) obtained by statistical pro-
cessing upon rejection of four heartbeats by reject processing;
and

FIG. 35 is a flowchart showing the flow of processing
executed by this ultrasonic Doppler diagnostic apparatus
using the reject function.

DETAILED DESCRIPTION OF THE INVENTION

The first to third embodiments of the present invention will
be described below with reference to the views of the accom-
panying drawing. Note that the same reference numerals in
the following description denote constituent elements having
substantially the same functions and arrangements, and a
repetitive description will be made only when required.
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(First Embodiment)

The first embodiment of the present invention will be
described below with reference to the views of the accompa-
nying drawing.

(Arrangement of Apparatus)

In the following embodiment of the present invention, a
plurality of local maximum/minimum pairs are detected with
respect to the trace waveform of a maximum blood flow
velocity Vp generated with respect to the Doppler spectrum
data of a left ventricular blood inflow, and an E wave and A
wave as feature amounts are selected, on the basis of a selec-
tion criterion stored in advance as database data, from a
plurality of local maximum/minimum pairs in a predeter-
mined cardiac cycle set on the basis of an ECG signal. Diag-
nostic parameters “E/A” and “DCT” are measured by using
the position information or velocity information of the
selected E and A waves.

The arrangement of an ultrasonic Doppler diagnostic appa-
ratus and the basic operation of each unit in an embodiment of
the present invention will be described below with reference
to FIGS.11010.FIG. 1is ablock diagram showing the overall
arrangement of the ultrasonic Doppler diagnostic apparatus
according to this embodiment. FIG. 2 is a block diagram of a
transmission/reception unit and data generating unit which
constitute this ultrasonic Doppler diagnostic apparatus.

An ultrasonic Doppler diagnostic apparatus 100 shown in
FIG. 1 comprises an ultrasonic probe 3 which transmits/
receives ultrasonic waves to/from an object to be examined, a
transmission/reception unit 2 which performs transmission/
reception with respect to the ultrasonic probe 3, and a data
generating unit 4 which performs signal processing for
obtaining B mode data, color Doppler image data, and a
Doppler spectrum from reception signals obtained from the
transmission/reception unit 2. This apparatus further com-
prises a blood flow evaluating unit 6 which generates the trace
waveform of a maximum blood flow velocity Vp or average
flow velocity Vc on the basis of the Doppler spectrum
obtained by a data generating unit 4, and measures various
kinds of diagnostic parameters in cardiac function measure-
ment on the basis of the trace waveform, and a data storage
unit 5 which stores the various kinds of data generated by the
data generating unit 4, the trace waveform generated by the
blood flow evaluating unit 6 or measurement results of vari-
ous kinds of diagnostic parameters in the blood flow evaluat-
ing unit 6, and the like.

The ultrasonic Doppler diagnostic apparatus 100 also com-
prises a reference signal generating unit 1 which generates,
for example, a continuous or rectangular wave having a fre-
quency almost equal to the center frequency of ultrasonic
pulses with respect to the transmission/reception unit 2 or
data generating unit 4, a display unit 7 which displays, for
example, the image data or Doppler spectrum generated by
the data generating unit 4 and the trace waveform generated
by the blood flow evaluating unit 6 or measurement results of
diagnostic parameters in the blood flow evaluating unit 6, and
the like, an input unit 8 which is used by an operator to, for
example, input patient information, select an image display
mode, measurement mode, and trigger waveform, set ultra-
sonic data acquisition conditions, and input various kinds of
command signals, a living body measuring unit 9 which
acquires the heartbeat information of an object to be exam-
ined, and a system control unit 10 which systematically con-
trols the above respective units of the ultrasonic Doppler
diagnostic apparatus 100.

The ultrasonic probe 3 transmits/receives ultrasonic waves
to/from the surface of the object while the front surface of the
probe is in contact with the surface of the object, and has a
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one-dimensional array of a plurality of (N) minute piezoelec-
tric transducers at the distal end portion of the probe. Each
piezoelectric transducer is an electroacoustic conversion ele-
ment, which has a function of converting an electrical pulse
into an ultrasonic pulse (transmission ultrasonic wave) at the
time of transmission and converting a reflected ultrasonic
wave (reception ultrasonic wave) into an electrical signal
(reception signal) at the time of reception. The ultrasonic
probe 3 is designed to be small in size and weight and is
connected to a transmission unit 21 and reception unit 22 of
the transmission/reception unit 2 through cables. The ultra-
sonic probe 3 includes probes for sector scanning, linear
scanning, and convex scanning, one of which is arbitrarily
selected in accordance with a diagnosis region. The following
description will exemplify the ultrasonic probe 3 for sector
scanning directed to cardiac function measurement. How-
ever, the present invention is not limited to this, and this probe
may be that for linear scanning or convex scanning.

The transmission/reception unit 2 shown in FIG. 2 com-
prises the transmission unit 21 which generates a driving
signal for making the ultrasonic probe 3 emit transmission
ultrasonic waves and the reception unit 22 which performs
phased addition of reception signals from the ultrasonic probe
3.

The transmission unit 21 comprises a rate pulse generator
211, transmission delay circuit 212, and pulser 213. The rate
pulse generator 211 generates a rate pulse for determining the
repetition period of transmission ultrasonic waves by fre-
quency-dividing a continuous wave or rectangular wave sup-
plied from the reference signal generating unit 1, and supplies
the rate pulse to the transmission delay circuit 212.

The transmission delay circuit 212 is comprised of inde-
pendent delay circuits equal in number to the piezoelectric
transducers (N channels) used for transmission. The trans-
mission delay circuit 212 gives a rate pulse a delay time for
focusing a transmission ultrasonic wave to a predetermined
depth so as to obtain a small beam width at the time of
transmission and a delay time for applying a transmission
ultrasonic wave in a predetermined direction, and supplies the
resultant rate pulse to the pulser 213. The pulser 213 has
independent driving circuits corresponding to N channels,
and generates driving pulses for driving the piezoelectric
transducers incorporated in the ultrasonic probe 3 on the basis
of the rate pulse.

The reception unit 22 comprises a preamplifier 221, A/D
converter 222, beam former 223, and adder 224 each com-
prising N channels. The preamplifier 221 ensures a sufficient
S/N by amplifying a small signal converted into an electrical
reception signal by each ultrasonic transducer. The N-channel
reception signals amplified to a predetermined magnitude by
the preamplifier 221 are converted into digital signals by the
A/D converter 222. The resultant signals are sent to the beam
former 223.

The beam former 223 gives each of the N-channel recep-
tion signals output from the A/D converter 222 a focusing
delay time for focusing a reflected ultrasonic wave from a
predetermined depth and a deflection delay time for setting
reception directivity with respect to a predetermined direc-
tion. The adder 224 then performs phased addition of recep-
tion signals from the beam former 223 (addition of reception
signals obtained from a predetermined direction upon phase
matching).

The data generating unit 4 comprises a B mode data gen-
erating unit 41 which generates B mode data with respect to
the reception signal output from the adder 224 of the recep-
tion unit 22, a Doppler signal detecting unit 42 which detects
a Doppler signal by performing quadrature detection of the
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reception signal, a color Doppler data generating unit 43
which generates color Doppler data on the basis of the
detected Doppler signal, and a spectrum data calculating unit
44 which calculate the frequency spectrum of the Doppler
signal.

The B mode data generating unit 41 comprises an envelope
detector 411 and logarithmic converter 412. The envelope
detector 411 performs envelope detection of the reception
signal after phased addition which is supplied from the adder
224 of the reception unit 22. The amplitude of this envelope
detection signal is logarithmically converted by the logarith-
mic converter 412. In general, a reception signal from the
inside of the object has an amplitude with a wide dynamic
range of 80 dB or more. When such a signal is to be displayed
on a TV monitor having a dynamic range of about 30 dB, the
amplitude of the signal needs to be compressed by logarith-
mic conversion.

The Doppler signal detecting unit 42 comprises a n/2 phase
shifter 421, mixers 422-1 and 422-2, and LPFs (Low-Pass
Filters) 423-1 and 423-2, and detects a Doppler signal by
performing quadrature phase detection for the reception sig-
nal supplied from the adder 224 of the reception unit 22 by the
operation to be described later.

The color Doppler data generating unit 43 comprises a
Doppler signal storage circuit 431, MTT filter 432, and auto-
correlation computing unit 433. A Doppler signal from the
Doppler signal detecting unit 42 is temporarily stored in the
Doppler signal storage circuit 431. The MT1 filter 432 as a
high-pass digital filter reads out a Doppler signal stored in the
Doppler signal storage circuit 431, and removes a Doppler
component (a clutter component) due to the respiratory
movement or pulsatory movement of an organ or the like from
the Doppler signal. The autocorrelation computing unit 433
calculates the autocorrelation value of the Doppler signal
obtained by extracting only blood flow information using the
MTT filter 432, and further calculates the average flow veloc-
ity value or variance of a blood flow on the basis of the
autocorrelation value.

The spectrum data calculating unit 44 comprises an SH
(Sample/Hold circuit) 441, HPF (High-Pass Filter) 442, and
FFT (Fast-Fourier-Transform) analyzer 443, and performs
FFT analysis for the Doppler signal obtained by the Doppler
signal detecting unit 42. Note that the SH 441 and HPF 442
each are comprised of two channels, to each of which the
complex components of the Doppler signal output from the
Doppler signal detecting unit 42, i.e., a real component (I
component) and imaginary component (QQ component), are
supplied.

The basic operations of the Doppler signal detecting unit
42 and spectrum data calculating unit 44 which are important
constituent elements for the generation of a Doppler spectrum
in the present invention will be described in detail next with
reference to the timing chart of FIG. 3. For the sake of easy
explanation, FIG. 3 shows a case wherein a Doppler compo-
nent is detected from an analog reception signal. In actual
processing, however, such detection is performed with
respect to a digital reception signal output from the reception
unit 22.

Referring to FIG. 3, reference symbol (a) denotes a refer-
ence signal output from the reference signal generating unit1;
(b), a rate pulse for a Doppler spectrum which is output from
the rate pulse generator 211 of the transmission/reception unit
2; and (c), a reception signal after phased addition which is
obtained from the adder 224 of the reception unit 22.

In addition, reference symbol (d) denotes a quadrature
phase detection output from the LPF 423 of the Doppler
signal detecting unit 42; (e), a sampling pulse which is sup-
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plied from the system control unit 10 to set a sampling (range
gate) position of the SH 441 in the spectrum data calculating
unit 44; (f), a Doppler signal sampled/held by the SH 441; and
(g), a Doppler signal in a range gate smoothed by the HPF
442.

The reception signal ((c) in FIG. 3) output from the recep-
tion unit 22 in FIG. 2 is input to the first input terminal of each
of'the mixers 422-1 and 422-2 of the Doppler signal detecting
unit 42. On the other hand, the reference signal ((a) in FIG. 3)
which is generated by the reference signal generating unit 1
and has a repetition frequency almost equal to the center
frequency of this reception signal is directly supplied to the
second input terminal of the mixer 422-1, and the reference
signal obtained by 90° phase shift in the n/2 phase shifter 421
is sent to the second input of the mixer 422-2. The outputs
from the mixers 422-1 and 422-2 are sent to the LPFs 423-1
and 423-2, and the sum component of the frequency of the
reception signal supplied from the reception unit 22 and the
repetition frequency of the reference signal supplied from the
reference signal generating unit 1 is removed, and only the
difference component is extracted as a Doppler signal ((d) in
FIG. 3).

The Doppler signals output from the LPFs 423-1 and 423-2
and the sampling pulse (range gate pulse) generated by the
system control unit 10 by frequency-dividing the reference
signal from the reference signal generating unit 1 are supplied
to the SH 441 ((e) in FIG. 3). A Doppler signal from a desired
distance is sampled/held with this sampling pulse ((f) in FIG.
3). Note that this sampling pulse is generated a delay time Ts
after the rate pulse ((b) in FIG. 3) for determining the timing
of the emission of a transmission ultrasonic wave. The delay
time T's can be arbitrarily set by the input unit 8.

By changing the delay time Ts of the sampling pulse, the
operator can extract a Doppler signal at a desired distance Lg
from the ultrasonic probe 3. Note that letting C be the sound
velocity of an object, the delay time Ts and desired distance
Lg have the relationship represented by 2Lg/C=Ts.

The staircase noise component superimposed on the Dop-
pler signal at the desired distance Lg output from the SH 441
is removed by the HPF 442 ((g) in FIG. 3), and the smoothed
Doppler signal is supplied to the FFT analyzer 443 to generate
a frequency spectrum (a Doppler spectrum).

The FFT analyzer 443 comprises a computing circuit and
storage circuit (not shown), and temporarily stores, in the
storage circuit, the Doppler signal output from the HPF 442.
The computing circuit performs FFT analysis in a predeter-
mined period of a series of Doppler signals stored in this
storage circuit.

FIGS. 4A and 4B show a method of calculating a Doppler
spectrum by using the FFT analyzer 443. FIG. 4A shows a
Doppler signal Ax input to the FFT analyzer 443. FIG. 4B
shows Doppler spectrum data B1, B2, B3, . . . obtained by
performing FFT analysis in a predetermined period of the
Doppler signal Ax. The first Doppler spectrum B1 corre-
sponding to spectrum components fl to fim is calculated by
performing FFT analysis for m Doppler signal components
ql to qm of the discrete Doppler signal (FIG. 4A) supplied
from the HPF 442. The new Doppler spectrum data B2 is
calculated by FFT analysis for m Doppler signal components
ql4j to qm+j after a time AT. Note that FIG. 4A shows a case
wherein j=3.

Subsequently, likewise, the Doppler spectra B3, B4, . . .
corresponding to spectrum components fl to fm are gener-
ated by sequentially performing FFT analysis for m Doppler
signal components q1+2; to qm+2; after a time 2AT, q1+3;j to
qm+3; after a time 3AT, . . . (FIG. 4B).
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Referring back to FIG. 1, the blood flow evaluating unit 6
comprises a trace waveform generating unit 61 which gener-
ates the trace waveform of the maximum blood flow velocity
Vp corresponding to a maximum frequency fp of a plurality
of Doppler spectra time-serially obtained by the spectrum
calculating unit 44, a local maximum/minimum detecting
unit 62 which detects a local maximunm/minimum pair with
respect to this trace waveform, and a cardiac cycle setting unit
63 which sets a cardiac cycle on the basis of the heartbeat
information of the object which is supplied from the living
body measuring unit 9. The blood flow evaluating unit 6
further comprises a feature amount selecting unit 64 which
selects E and A waves as feature amounts of a trace waveform
in left ventricular blood inflow measurement from a plurality
of local maximum/minimum pairs in the set cardiac cycle on
the basis of a selection criterion set in advance, and a diag-
nostic parameter measuring unit 65 which measures various
kinds of diagnostic parameters on the basis of the amplitudes
or waveforms of the selected E and A waves.

The trace waveform generating unit 61 detects the maxi-
mum frequency fp with respect to a plurality of Doppler
spectra B1, B2, B3, . . . obtained by the spectrum calculating
unit 44 at AT intervals, and generates a trace waveform rep-
resenting a temporal change in the maximum blood flow
velocity Vp corresponding to the maximum frequency fp.
FIG. 5 shows a method of calculating the above maximum
frequency fp. The maximum frequency fp is obtained on the
basis of the intersection between a preset spectrum threshold
S0 and a Doppler spectrum Bx.

In the following description, the maximum blood flow
velocity Vp corresponding to the maximum frequency fp of
the Doppler spectrum is called the maximum blood flow
velocity Vp of the Doppler spectrum. A case wherein various
kinds of diagnostic parameters are measured on the basis of
the trace waveform of the maximum blood flow velocity Vp
will be described below.

The local maximum/minimum detecting unit 62 of the
blood flow evaluating unit 6 detects a local maximum/mini-
mum pair corresponding to the trace waveform of the maxi-
mum blood flow velocity Vp generated by the trace waveform
generating unit 61. FIG. 6 A shows the trace waveform of the
maximum blood flow velocity Vp generated by the trace
waveform generating unit 61 on the basis of the Doppler
spectrum of a cardiac left ventricular blood inflow which is
obtained by setting a range gate in the mitral valve outflow
portion of the object. The left end portion of this graph shows
a Doppler spectrum Bx at time t=t0. In addition, the graph
shows a trace waveform Cp indicating a temporal change in
the maximum blood flow velocity Vp measured in the Dop-
pler spectrum Bx.

The local maximum/minimum detecting unit 62 detects a
plurality of local maximum/minimum pairs by performing
gradient operation and Laplacian operation for inflection
point detection with respect to the trace waveform Cp gener-
ated by the trace waveform generating unit 61. That is, as
indicated by the trace waveform Cp in FIG. 6A, local maxi-
mun/minimum pairs [p01, q01], [p01, q01], [p03, q03], . ..
are detected.

The cardiac cycle setting unit 63 sets a cardiac cycle on the
basis of the heartbeat information of the object which is
supplied from the living body measuring unit 9. For example,
the cardiac cycle setting unit 63 detects the position of an R
wave by detecting the maximum value of an ECG waveform
in FIG. 6B which is supplied from an ECG unit (electrocar-
diograph) of the living body measuring unit 9, and sets a
cardiac cycle T0 in accordance with an R-R interval.
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The feature amount selecting unit 64 comprises a storage
circuit (not shown). In this storage circuit, a selection crite-
rion for the selection of an E wave (early diastoric flow) and
A wave (atrial contraction flow) from a plurality of local
maximunm/minimum pairs set in a trace waveform is stored in
advance as database data. FIG. 7 schematically shows a selec-
tion criterion database stored in the storage circuit, in which
the selection criteria are set in correspondence with different
measurement targets of objects to be examined and different
age groups.

For example, in a database DB1, a selection criterion for E
and A waves with respect to a trace waveform obtained in left
ventricular blood inflow measurement of adults (elderly) is
stored. In a database DB2, a selection criterion for S, D, and
AR waves with respect to a trace waveform obtained in pul-
monary artery blood flow measurement is stored.

In addition, the selection criteria stored in the database
DBI1 include selection criteria for automatically selecting
various kinds of waveforms on the basis of cardiac cycles set
in accordance with an ECG waveform, a PCG (phonocardio-
graphic) waveform, and the trace waveform shown in FIG. 6 A
as trigger waveforms, and selection criteria for automatic
selection on the basis of manually set cardiac cycles or heart-
beat triggers.

The feature amount selecting unit 64 receives the trace
waveform Cp (FIG. 6A) to which the information of the local
maximun/minimum pair is added from the local maximum/
minimum detecting unit 62, and the cardiac cycle information
(FIG. 6B) from the cardiac cycle setting unit 63, and sets the
cardiac cycle TO with respect to the trace waveform Cp in an
interval [t1-t2]. The feature amount selecting unit 64 detects
local maximum/minimum pairs [p11, q11], [p12, q12], [p13,
q13], . . . which have already been set in the trace waveform
Cp with reference to time t3, at which 40% of the cardiac
cycle T0 has elapsed from the R wave of the ECG waveform
at time t1, up to time t2, and detects the local maximums p11
and pl13 respectively having the maximum value and the
second local maximum value.

Subsequently, of the two local maximum values p11 and
p13, the local maximum p11 at time t4 near time t3 is selected
as an E wave, and the local maximum p13 at time t5 following
the local maximum p11 is selected as an A wave. Position
(time) information t4 of the selected E wave and position
information t5 of the A wave are supplied to the diagnostic
parameter measuring unit 65.

The diagnostic parameter measuring unit 65 comprises a
computing circuit (not shown), and measures diagnostic
parameters “E/A” and “DCT (deceleration time)”” on the basis
of the trace waveform Cp of the maximum blood flow veloc-
ity Vp, the position information t4 of the E wave, and the
position information t5 of the A wave supplied from the
feature amount selecting unit 64.

A measuring method of diagnostic parameter performed
by the diagnostic parameter measuring unit 65 with respect to
the trace waveform Cp will be described with reference to
FIGS. 9A and 9B. The computing circuit of the diagnostic
parameter measuring unit 65 calculates the diagnostic param-
eter “E/A” in accordance with a ratio VE/VA between an
amplitude (flow velocity) VE of the E wave of the trace
waveform Cp at time t4 and an amplitude (flow velocity) VA
of the A wave at time t5. A tangent Ct is set with respect to a
descending curve from the local maximum pll of the E wave,
and the interval between time t6, at which the tangent Ct
crosses a baseline B1, and time t4 of the E wave is calculated
as the diagnostic parameter “DCT”.

The data storage unit 5 in FIG. 1 then stores the B mode
image data and color Doppler image data generated by the
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data generating unit 4 and Doppler spectrum data generated
by combining a plurality of Doppler spectra. The data storage
unit 5 further stores the trace waveform generated by the trace
waveform generating unit 61 of the blood flow evaluating unit
6 on the basis of a Doppler spectrum, the information of the E
and A waves selected by the feature amount selecting unit 64
in a predetermined cardiac cycle of this trace waveform, and
the measurement results on the diagnostic parameters “E/A”
and “DCT” measured by the diagnostic parameter measuring
unit 65 in the predetermined cardiac cycle.

The display unit 7 comprises a display data generating
circuit, conversion circuit, and monitor which are not shown.
The B mode image data, color Doppler image data, and Dop-
pler spectrum data generated by the data generating unit 4 and
the like, the trace waveform of the maximum blood flow
velocity Vp obtained by the blood flow evaluating unit 6, and
the measurement results on the diagnostic parameters “E/A”
and “DCT” are combined and converted into data in a prede-
termined display format by the display data generating cir-
cuit. The resultant data is then subjected to D/A conversion
and TV format conversion in the conversion circuit to be
displayed on the monitor.

FIG. 10 shows a specific example of a display method for
the monitor of the display unit 7. The following areas are
provided on the monitor: an image data display area 200 on
which B mode image data and color Doppler image data are
combined and displayed; a trace waveform display area 300
on which a trace waveform and ECG waveform superim-
posed on Doppler spectrum data (not shown) are displayed;
and a diagnostic parameter display area 400 on which a list of
the measurement values of diagnostic parameters such as
“E/A” and “DCT” is displayed.

A Doppler marker 201 and range gate position 202 are
displayed on a B mode image and color Doppler image dis-
played on the image data display area 200. The Doppler
marker 201 indicates the direction of a region of interest for
the acquisition of a Doppler spectrum. The range gate posi-
tion 202 is set in a region of interest (e.g., a mitral valve
outflow portion) on the Doppler marker 201. The position
information and amplitude information of E and A waves, the
tangent Ct for the measurement of the diagnostic parameter
“DCT”, and the like are superimposed and displayed on the
trace waveform Cp in the trace waveform display area 300.

The input unit 8 comprises input devices such as a display
panel on an operation panel, a keyboard, a trackball, a mouse,
and selection buttons, and is used to input patient information,
select an image display mode and display method, select a
measurement mode and trigger waveform, set ultrasonic data
acquisition conditions, and input various kinds of command
signals.

The above image display mode includes a B mode, color
Doppler mode, and Doppler spectrum mode. The measure-
ment mode includes left ventricular blood inflow measure-
ment, pulmonary artery blood flow measurement, and the like
using the trace waveform of Doppler spectrum data. The
trigger waveform includes an ECG waveform, PCG wave-
form, Vp trace waveform, and the like as shown in FIG. 5 or
6. The display method includes, for example, real-time dis-
play and freeze display of image data, trace waveforms, and
diagnostic parameter measurement values. In addition,
manual scrolling of a trace waveform in freeze display, setting
of the positions of a Doppler marker and range gate for the
acquisition of a Doppler spectrum, and the like are also per-
formed by using the input device of the input unit 8.

The system control unit 10 comprises a CPU and storage
circuit (not shown). The input information, setting informa-
tion, and selection information input by the operator in
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advance from the input unit 8 are stored in the storage circuit.
The CPU systematically controls the respective units of the
ultrasonic Doppler diagnostic apparatus 100 and the overall
system on the basis of the above information input from the
input unit 8.

The living body measuring unit 9 acquires the heartbeat
information of an object to be examined. This embodiment
will exemplifies the case wherein an ECG unit which acquires
an ECG waveform from an object to be examined is used.
However, another kind of living body signal measuring unit
such as a PCG unit or the like which acquires a phonocardio-
graphic wave (PCG waveform) may be used.

(Diagnostic Parameter Measurement Sequence)

A diagnostic parameter measurement sequence in this
embodiment will be described next with reference to FIGS. 1
to 11. FIG. 11 is a flowchart showing a sequence for measur-
ing diagnostic parameters in this embodiment.

The following description will be made about a sequence
for measuring the diagnostic parameters “E/A” and “DCT”
by selecting E and A waves with respect to the trace waveform
Cp of the maximum blood flow velocity Vp generated with
respect to the Doppler spectrum of a left ventricular blood
inflow on the basis of heartbeat information obtained from an
ECG waveform. However, the measurement target, trigger
waveform, diagnostic parameters, and the like to be used are
not limited to them.

Prior to the transmission/reception of ultrasonic waves
with respect to an object to be examined, an operator operates
the input unit 8 to input patient information, select an image
display mode, measurement mode, and trigger waveform,
and set and update various kinds of ultrasonic data acquisition
conditions. These pieces of information are stored in the
storage circuit (not shown) of the system control unit 10.

In this embodiment, the operator selects the B mode, color
Doppler mode, and Doppler spectrum mode as image display
modes, and selects left ventricular blood inflow measurement
based on the trace waveform Cp of the maximum blood flow
velocity Vp as a measurement mode. The operator further
selects an ECG waveform as a trigger waveform used for the
selection of E and A waves of a trace waveform in this left
ventricular blood inflow measurement, and selects real-time
display as a display method for a trace waveform and diag-
nostic parameter measurement results (step S1 in FIG. 11).

When these inputting/selecting/setting operations are
complete, the operator fixes the distal end (ultrasonic wave
transmission/reception surface) of the ultrasonic probe 3 at a
predetermined position on the body surface of the object.
Ultrasonic wave transmission/reception is then performed in
the first ultrasonic wave transmission/reception direction
(scanning direction 01) to obtain B mode data and color
Doppler data. That is, the rate pulse generator 211 in the
transmission/reception unit 2 in FIG. 2 frequency-divides the
reference signal supplied from the reference signal generat-
ing unit 1 to generate a rate pulse for determining the repeti-
tion period of ultrasonic pulses applied into the object, and
supplies the rate pulse to the transmission delay circuit 212.

The transmission delay circuit 212 gives the rate pulse a
focusing delay time for the focusing of ultrasonic waves to a
predetermined depth and a deflection delay time for the trans-
mission of ultrasonic waves in the scanning direction 61, and
supplies the resultant rate pulse to the pulser 213. The pulser
213 then supplies driving signals generated by the rate pulse
to the N piezoelectric transducers of the ultrasonic probe 3
through a cable (not shown) to apply ultrasonic pulses in the
scanning direction 81 of the object.

The ultrasonic pulses applied to the object are partially
reflected by the boundary surfaces between organs having
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different acoustic impedances or tissues in the organs. When
such ultrasonic waves are reflected by a moving reflector such
as the cardiac wall and blood cells, the ultrasonic frequency is
Doppler-shifted.

The reflected ultrasonic waves (reception ultrasonic
waves) reflected by tissue or blood cells in the object are
received by the piezoelectric transducers of the ultrasonic
probe 3 to be converted into electrical signals (reception
signals). The reception signals are converted into digital sig-
nals by the A/D converter 222 after being amplified to a
predetermined magnitude by the independent N-channel
preamplifier 221 in the reception unit 22. The beam former
223 gives the reception signals converted into the digital
signals predetermined delay times. The resultant signals are
added/combined by the adder 224. The resultant signal is then
supplied to the B mode data generating unit 41 and Doppler
signal detecting unit 42 of the data generating unit 4.

At this time, in the beam former 223, a delay time for the
focusing of reflected ultrasonic waves from a predetermined
depth and a delay time for the acquisition of strong reception
directivity in the scanning direction 61 with respect to
reflected ultrasonic waves are set in accordance with control
signals from the system control unit 10.

The output signal from the adder 224 which is supplied to
the B mode data generating unit 41 is subjected to envelope
detection and logarithmic conversion. The resultant signal is
then stored in the B mode image data storage area in the data
storage unit 5 in FIG. 1.

In generating color Doppler image data, ultrasonic wave
transmission/reception is consecutively performed a plurality
of number of times (L times) in the scanning direction 61 by
the same sequence as that for the acquisition of a Doppler
shift of a reception signal, and autocorrelation computation is
performed for the resultant reception signal.

The reception signal obtained by the first ultrasonic wave
transmission/reception for color Doppler data in the scanning
direction 01 which is performed by the transmission/recep-
tion unit 2 is supplied from the adder 224 to the Doppler
signal detecting unit 42. The mixers 422-1 and 422-2 and the
LPFs 423-1 and 423-2 detect a 2-channel Doppler signal
(complex signal) by quadrature phase detection. The real and
imaginary components of this Doppler signal are temporarily
stored in the Doppler signal storage circuit 431 of the color
Doppler data generating unit 43. Doppler signals are acquired
by performing the same processing for reception signals
obtained by the second ultrasonic wave transmission/recep-
tion to the Lth ultrasonic wave transmission/reception in the
scanning direction 81. The signals are then stored in the
Doppler signal storage circuit 431.

Upon completing the storage of the Doppler signals
obtained by L times of ultrasonic wave transmission in the
scanning direction 61 in the Doppler signal storage circuit
431, the system control unit 10 sequentially reads out Doppler
signal components corresponding to a predetermined posi-
tion (depth) from the Doppler signals stored in the Doppler
signal storage circuit 431, and supplies them to the MTI filter
432. The MTI filter 432 filters the supplied Doppler signal
components to remove tissue Doppler components (clutter
components) caused by the motion of tissue such as cardiac
muscle, and supplies the Doppler signal constituted by the
blood flow Doppler components due to the blood flow to the
autocorrelation computing unit 433.

The autocorrelation computing unit 433 performs autocor-
relation computation by using the Doppler signal supplied
from the MTT filter 432, and calculates an average flow veloc-
ity value, variance, power value, or the like on the basis of the
autocorrelation computation result. Such computation is per-
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formed with respect to other positions (depths) in the scan-
ning direction 01, and the calculated average blood flow
velocity, variance, power value, or the like in the scanning
direction 01 is stored in the color Doppler image data storage
area in the data storage unit S in FIG. 1.

The system control unit 10 performs ultrasonic wave trans-
mission/reception in scanning directions 62 to 6P according
to the same sequence. The B mode data and color Doppler
data obtained at this time are stored in the B mode image data
storage area and color Doppler image data storage area in the
data storage unit 5.

That is, the B mode data corresponding to the scanning
directions 61 to 6P are sequentially stored in the B mode
image data storage area in the data storage unit 5 to generate
B mode image data corresponding to one frame. Likewise, the
color Doppler image data corresponding to the scanning
directions 01 to 6P are stored in the color Doppler image data
storage area to generate color Doppler image data corre-
sponding to one frame.

The display data generating circuit of the display unit 7
combines the 1-frame image data stored in the data storage
unit 5, i.e., the B mode image data obtained in the scanning
directions 61 to 6P, and the color Doppler image data, and
converts the resultant data into data in a predetermined dis-
play format. The conversion circuit performs D/A conversion
and TV format conversion of the combined image data,
thereby generating a video signal. The obtained video signal
is displayed on the monitor.

Subsequently, ultrasonic wave transmission/reception is
repeated in the directions 61 to 6P in the same manner as
described above, and the resultant B mode image data and
color Doppler image data are displayed on the display unit 7
in real time.

The operator then uses an input device of the input unit 8 to
set a Doppler marker in a direction 6D to set a diagnosis
region (mitral valve) for a Doppler spectrum with respect to
the B mode image or color Doppler image of the object
displayed on the monitor of the display unit 7. The range gate
is set at the distance Lg on this Doppler maker.

B mode or color Doppler ultrasonic wave transmission/
reception repetitively performed in the scanning directions 61
to P and ultrasonic wave transmission/reception for the
acquisition of a Doppler spectrum in the scanning direction
0D corresponding to the Doppler marker are alternately per-
formed. In this case as well, ultrasonic wave transmission/
reception is performed in the direction 6D by the same
sequence as that for color Doppler ultrasonic wave transmis-
sion/reception. The output signal (reception signal) from the
adder 224 is supplied to the Doppler signal detecting unit 42.

As described above with reference to FIG. 3, the Doppler
signal detecting unit 42 supplies the Doppler signal detected
by quadrature phase detection of the reception signal to the
SH 441 of the spectrum calculating unit 44 (step S2 in FIG.
11). The SH 441 samples/holds the Doppler signal on the
basis of a sampling pulse at the range gate position Lg which
is supplied from the system control unit 10.

The output from the SH 441, which is obtained by repeti-
tive ultrasonic wave transmission/reception in the scanning
direction 0D, is smoothed by the HPF 442 and stored in the
storage circuit (not shown) of the FFT analyzer 443.

The computing circuit (not shown) of the FFT analyzer 443
sets a plurality of periods shifted by a predetermined time AT
from each other with respect to continuously obtained Dop-
plersignals, and generates a Doppler spectrum by performing
FFT analysis for the Doppler signal in each of the periods.

That is, as shown in FIG. 4A, the computing circuit of the
FFT analyzer 443 calculates a Doppler spectrum B1 corre-
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sponding to frequencies f1 to fm by performing FFT analysis
for discretely supplied Doppler signals by reading out, for
example, m signal components ql to qm. The calculated
Doppler spectrum B1 is stored in a Doppler spectrum data
storage area in the data storage unit 5.

In the same manner, the FFT analyzer 443 of the spectrum
data calculating unit 44 calculates Doppler spectra B2, B3,
B4, . . . with respect to m signal components after the times
AT, 2AT, 3AT, . . . . The calculated Doppler spectra are then
sequentially stored in the Doppler spectrum data storage area
in the data storage unit 5 (step S3 in FIG. 11).

The trace waveform generating unit 61 of the blood flow
evaluating unit 6 sequentially reads out the Doppler spectra
B1,B2,B3, ... stored in the data storage unit 5, and calculates
the maximum frequency fp of each Doppler spectrum by the
method shown in FIG. 5. The trace waveform generating unit
61 then generates the trace waveform Cp representing a tem-
poral change in the maximum blood flow velocity Vp corre-
sponding to the maximum frequency fp and stores it in the
trace waveform storage area in the data storage unit 5 (step S4
in FIG. 11).

Subsequently, the local maximum/minimum detecting unit
62 reads out the trace waveform data Cp stored in the data
storage unit 5, and detects local maximum/minimum pairs
[p01, q01], [p02, q02], [p03, q03], .. . by performing gradient
operation and Laplacian operation for the trace waveform Cp
(see FIG. 6A). The trace waveform data Cp to which these
local maximum/minimum pairs are added is stored in the
trace waveform storage area in the data storage unit 5 and
supplied to the feature amount selecting unit 64 (step S5 in
FIG. 11).

The cardiac cycle setting unit 63 detects an R wave by
detecting the maximum value of an ECG waveform supplied
from the living body measuring unit 9 having an ECG unit,
and supplies the cardiac cycle information set in accordance
with the R-R interval to the feature amount selecting unit 64.

The feature amount selecting unit 64 sets one cardiac
period T0 with respect to the trace waveform supplied from
the local maximum/minimum detecting unit 62 on the basis
of the cardiac cycle information supplied from the cardiac
cycle setting unit 63, and selects E and A waves by applying
a preset waveform selection criterion to a plurality of local
maximum/minimum pairs added to the trace waveform in the
cardiac period T0. The feature amount selecting unit 64 then
supplies the position information of the selected E wave and
the position information of the selected A wave to the diag-
nostic parameter measuring unit 65, together with the trace
waveform Cp described above (step S6 in FIG. 11).

The diagnostic parameter measuring unit 65 of the blood
flow evaluating unit 6 measures an amplitude VE of the E
wave and an amplitude VA of the A wave of the trace wave-
form Cp on the basis of the position information of the E and
A waves supplied from the feature amount selecting unit 64,
and calculates the diagnostic parameter “E/A” in accordance
with a ratio VE/VA. As shown in FIG. 9B, the diagnostic
parameter measuring unit 65 further sets the tangent Ct with
respect to a descending curve from the local maximum of the
E wave, and calculates the interval between the position
(time) of intersection between the tangent Ct and the baseline
B1 and the position (time) of the E wave as the diagnostic
parameter “DCT” (step S7in FIG. 11). The diagnostic param-
eters “E/A” and “DCT” calculated in this manner are stored in
the data storage unit 5.

The B mode image data, the color Doppler image data, the
Doppler spectrum data, the trace waveform Cp of the maxi-
mum blood flow velocity Vp to which the information of the
E and A waves is added, and the measurement results on the
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diagnostic parameters “E/A” and “DCT” which are stored in
the data storage unit 5 according to the above sequence are
supplied to the display unit 7. These data are combined by the
display data generating circuit and converted in accordance
with a predetermined display format. The resultant data is
subjected to D/A conversion and TV format conversion in the
conversion circuit and is displayed on the monitor.

For example, as shown in FIG. 10, the B mode image data
stored in the B mode image data storage area in the data
storage unit 5 and the color Doppler image data stored in the
color Doppler image data storage area are combined and
displayed in the image data display area 200 on the monitor.

In addition, Doppler spectrum image data (not shown) is
displayed in the trace waveform display area 300, while the
trace waveform Cp, markers or cursors indicating the posi-
tions of the E and A waves, the tangent Ct from the local
maximum ofthe E wave, and the like are superimposed on the
image data. Furthermore, the diagnostic parameters “E/A”
and “DCT” are displayed in the diagnostic parameter display
area 400 (step S8 in FIG. 11).

The respective units of the blood flow evaluating unit 6
generate a trace waveform, detect a local maximum/mini-
mum pair, select E and A waves in the latest cardiac cycle, and
measure diagnostic parameters with respect to Doppler spec-
tra continuously obtained at the range gate positions set in the
B mode image data and color Doppler image data displayed
on the display unit 7 in real time according to the above
sequence.

The obtained B mode image data and color Doppler image
data, and the Doppler spectrum data and trace waveform are
sequentially displayed in the image data display area 200 and
trace waveform display area 300 in real time, respectively. In
addition, the latest measurement results on the diagnostic
parameters “E/A” and “DCT” measured by the diagnostic
parameter measuring unit 65 on the basis of the E and A waves
of the trace waveform in the latest cardiac cycle selected by
the feature amount selecting unit 64 of the blood flow evalu-
ating unit 6 are displayed in the diagnostic parameter display
area 400. In this case, it is preferable that the trace waveform
in the cardiac cycle corresponding to the latest measurement
results on the diagnostic parameters be highlighted or a
marker or cursor be superimposed/displayed on the trace
waveform so as to be emphasized.

As described above, according to this embodiment, when
various kinds of diagnostic parameters are to be measured to
perform cardiac function measurement on the basis of the
trace waveform of a Doppler spectrum, since E and A waves
and the like required for this measurement are selected on the
basis of a selection criterion as database data, accurate wave-
form selection can be performed. This therefore makes it
possible to improve the measurement accuracy of diagnostic
parameters.

The above waveform selection requires no manual opera-
tion by the operator, and hence the time required to measure
diagnostic parameters is shortened, and measurement results
can be displayed in real time. This greatly improves the mea-
surement efficiency and diagnosis efficiency.

In addition, since the measurement of diagnostic param-
eters in this embodiment requires no manual operation by the
operator, measurement results do not depend on the experi-
ence of an operator. Therefore, measurement results with
excellent reproducibility can be easily obtained.

Furthermore, since a predetermined period of a trace wave-
form corresponding to a measurement result on a diagnostic
parameter displayed on the display unit is explicitly indi-
cated, the reliability of the measurement result on the diag-
nostic parameter can be checked by using the trace waveform.
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(Second Embodiment)

The second embodiment of the present invention will be
described next. An ultrasonic Doppler diagnostic apparatus
according to this embodiment executes CAB (Cut and
Arraign by Beat) processing by using a trace waveform
obtained by auto-trace processing and analyzes the result,
thereby providing information which can support diagnosis.

FIG. 15 is a block diagram showing the arrangement of the
ultrasonic Doppler diagnostic apparatus according to this
embodiment. Only different points from the ultrasonic Dop-
pler diagnostic apparatus according to the first embodiment
will be described below.

A feature amount selecting unit 64 executes CAB process-
ing (processing conforming to a CAB function to be
described later) for the trace waveforms of Vp, V¢, and the
like which are generated by a trace waveform generating unit
61. The feature amount selecting unit 64 also generates a
diagnostic waveform by performing statistical processing
using a trace waveform for each cardiac cycle which is
obtained by CAB processing.

A diagnostic parameter measuring unit 65 measures a diag-
nostic parameter by using a generated diagnostic waveform.

An analyzing unit 67 analyzes a measurement result on a
diagnostic parameter and a diagnostic waveform by using a
diagnostic database stored in advance to determine whether a
diagnosis target region is normal or abnormal.

A display unit 7 displays a trace waveform for each cardiac
cycle which is obtained by CAB processing, a measurement
result on a diagnostic parameter using a diagnostic waveform,
a determination result indicating whether a diagnosis target
region is normal or abnormal, and the like in a predetermined
form.

(CAB Function)

The CAB function of the ultrasonic Doppler diagnostic
apparatus according to this embodiment will be described
next. The CAB function serves to extract a trace waveform
obtained by auto-trace processing for each heartbeat with
reference to a predetermined time phase and array the
extracted waveforms in a coordinate system defined by the
first time axis (the time direction associated with a heart rate)
and the second time axis (the time direction in one cardiac
cycle).

FIG. 16 is a graph showing a trace waveform representing
a temporal change in the maximum blood flow velocity Vp
which is obtained on the basis of the spectrum waveform
(corresponding to 18 heartbeats) obtained from the carotid.
Upon receiving this trace waveform, the feature amount
selecting unit 64 detects all ED positions (or PS positions or
the like) on the trace waveform in accordance with an ECG
waveform from the cardiac cycle setting unit 63. In addition,
the feature amount selecting unit 64 extracts a trace waveform
for each cardiac cycle with reference to each detected ED
position or the like, and arrays the extracted waveforms in the
coordinate system defined by the time axis associated with
amplitude and heart rate and the time axis in one cardiac
cycle, thereby generating CAB data, as shown in FIG. 17. The
generated CAB data is displayed on the display unit 7,
together with the trace waveform, as needed. FIG. 18 shows
CAB data obtained by CAB processing upon receiving the
trace waveform of the V¢ waveform.

(Diagnostic Parameter Measuring Function Using CAB
Data)

The diagnostic parameter measuring function of the ultra-
sonic Doppler diagnostic apparatus according to this embodi-
ment which uses CAB data will be described next. This func-
tion serves to generate a diagnostic waveform by performing
statistical processing using CAB data obtained by CAB pro-
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cessing shown in FIG. 19 (which is two-dimensional display).
Statistical processing which can be used includes, for
example, multiple heartbeat averaging processing, AR (Auto-
Regressive) time axis model calculation processing, ARX
(Auto-Regressive and exogenious) time axis model calcula-
tion processing, and the like.

Multiple heartbeat averaging processing is executed
according to

J R (0
x(n) = *Z CAB(x(n), k)
k=1

where N is a multiple heartbeat heart rate (N=18 in this case),
which corresponds to a parameter for averaging calculation,
CAB (¥, y) is the amplitude of each trace waveform extracted
by CAB processing, X is the time associated with a heart rate,
and y is the time in one cardiac cycle.

AR time axis model calculation processing is executed by
using a general method such as the Burg (MEM) method,
geometric lattice method, Yule-Walker method, or modified
covariance method according to

& 2
x(n) = Z ixx(n — i) + u(n)

i=1

where X(n) is trace waveform data, u(n) is a residual, ai is an
AR coefficient sequence, and k is a model degree. The obser-
vation time for X(n) varies depending on parameters for aver-
aging processing and the like.

ARX time axis model calculation processing is a math-
ematical model which uses an ECG waveform as an exog-
enous input and makes a trace waveform autoregressive. This
processing is executed according to

A(q)*y(k)=B(g)* Utk)+w(k) 3

FIG. 20 shows an example of a diagnostic waveform (pre-
dictive waveform) obtained by ARX time axis model calcu-
lation processing.

The feature amount selecting unit 64 selects a feature
amount by using the diagnostic waveform generated by the
statistical processing exemplified above and the technique
described in the first embodiment. When, for example, a
blood flow velocity in each cardiac apex and a valve velocity
are expressed by auto-trace waveforms, blood flow and valve
peak velocities are selected by using the generated diagnostic
waveforms. The diagnostic parameter measuring unit 65
measures diagnostic parameters, the ratio between the maxi-
mum value of Ve and the maximum value of Vma of the mitral
valve, and the time interval between an E wave and an A wave,
described in the first embodiment, in a Tei-index manner.
(Frequency Parametric Model)

A frequency parametric model can also be used. According
to the frequency parametric model shown in FIG. 21, an AR
model is obtained by using equation (4), and is expanded by
using equation (5).

Ay =y + A xyn=1) +--- + A(g)x y(n — q) = e(n) (C)

2 ®
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where e(n) is noise, y(n) is an output, and A( ) is an AR model
of a coeflicient sequence. In addition, PT in equation (5) can
be expressed as follows to normalize P(f):

q ©)
PT=R(O)+ Y Alg)- Rtk - )

where R is a cofraction. The frequency model P(f) can be
calculated by the above technique.
(Diagnosis Support Function Using CAB Data)

The diagnosis support function of the ultrasonic Doppler
diagnostic apparatus according to this embodiment which
uses CAB data will be described next. The diagnosis support
function using CAB data serves to perform analysis using at
least one of the diagnostic waveform and diagnostic param-
eter obtained by the diagnostic parameter measuring function
and determine on the basis of the analysis result whether a
diagnosis target region is normal or abnormal.

FIG. 22 is a graph showing an example of a reference
waveform stored as a normal model for each age and each
diagnosis region. This reference waveform has a period Tn
normalized by a cardiac cycle and an amplitude An normal-
ized by a standard velocity range. FIG. 23 shows an example
of a diagnostic waveform obtained by CAB processing. Like-
wise, this diagnostic waveform is normalized by the cardiac
cycle set by the cardiac cycle setting unit 63 and the standard
velocity range.

Whether a diagnosis target region is normal or abnormal is
determined by using this reference waveform and diagnostic
waveform and a quality engineering technique. As the quality
engineering technique, the MT (Mahalanobis-Taguchi)
method, MTA (Mahalanobis-Taguchi Ajoint) method, MTS
(Mahalanobis-Taguchi-Summit) method, or the like can be
used.

More specifically, as shown in FIG. 24, the analyzing unit
67 calculates the difference (residual) between the reference
waveform (theoretical value) and the diagnostic waveform
(actual value) at each time and the square sum of the residuals
within a period Tn. As shown in FIG. 25, the analyzing unit 67
converts the time-series data of the reference waveform and
diagnostic waveform into frequency spectra by MEM (Maxi-
mum Entropy Method). As shown in FIG. 26, the analyzing
unit 67 further performs evaluation by using the M T method,
MTA method, or MTS method using the calculated square
sum of the residuals and frequency spectra. In this evaluation,
if, for example, the square sum of the residuals exceeds a
reference value, the analyzing unit 67 determines that the
diagnosis target region is abnormal. If the square sum of the
residuals is equal to or less than the reference value, the
analyzing unit 67 determines that the diagnosis target region
is normal.

The analyzing unit 67 determines whether a diagnosis tar-
get region is normal or abnormal by comparing the normal
value (or the normal range) of each kind of measurement
parameter stored in a diagnostic database like that shown in
FIG. 27 with the diagnostic parameter measurement result
obtained by the diagnostic parameter measuring function.
(Operation)

The operation of the ultrasonic Doppler diagnostic appa-
ratus according to this embodiment will be described next.

FIG. 28 is a flowchart showing the flow of processing
executed by the ultrasonic Doppler diagnostic apparatus
according to this embodiment using the CAB function, the
diagnostic parameter measuring function using CAB data,
and the diagnosis support function using CAB data.
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First of all, initialization is performed for this ultrasonic
Doppler diagnostic apparatus, a Doppler signal is detected in
accordance with the initialization, and a Doppler spectrum is
calculated (steps S11, S12, and S13). These processes are the
same as those described in the first embodiment.

The trace waveform generating unit 61 generates a trace
waveform Cp representing a temporal change in the maxi-
mum blood flow velocity Vp corresponding to a maximum
frequency fp, and stores it in a data storage unit 5 (step S14).
The feature amount selecting unit 64 executes the above CAB
processing for the generated trace waveform Cp to generate
CAB data (step S15). The feature amount selecting unit 64
performs statistical processing by using the CAB data
obtained by the CAB processing to generate a diagnostic
waveform (step S16).

The local maximum/minimum detecting unit 62 then
detects local maximum/minimum pairs [p01, q01], [p02,
q02], [p03, q03], . . . by performing gradient operation and
Laplacian operation for the generated diagnostic waveform
(see FIG. 6A). The diagnostic waveform data to which these
local maximum/minimum pairs are added is stored in the
trace waveform storage area in the data storage unit 5 and
supplied to the feature amount selecting unit 64 (step S17).

The feature amount selecting unit 64 sets one cardiac
period T0 with respect to the diagnostic waveform on the
basis of the cardiac cycle information set by the cardiac cycle
setting unit 63. The feature amount selecting unit 64 selects E
and A waves by applying a preset waveform selection crite-
rion to a plurality of local maximum/minimum pairs added to
the trace waveform in the cardiac period T0. The feature
amount selecting unit 64 then supplies the position informa-
tion of the selected E wave and the position information of the
selected A wave to the diagnostic parameter measuring unit
65, together with the diagnostic waveform data (step S18).

The diagnostic parameter measuring unit 65 measures an
amplitude VE of the E wave and an amplitude VA of the A
wave of the diagnostic waveform on the basis of the position
information of the E and A waves supplied from the feature
amount selecting unit 64, and calculates the diagnostic
parameter “E/A” in accordance with a ratio VE/VA. The
diagnostic parameter measuring unit 65 further sets a tangent
Ct with respect to a descending curve from the local maxi-
mum of the E wave, and calculates the interval between the
position (time) of intersection between the tangent Ct and a
baseline B1 and the position (time) of the E wave as a diag-
nostic parameter “DCT” (step S19). The diagnostic param-
eters “E/A” and “DCT” calculated in this manner are stored in
a data storage unit 5.

The analyzing unit 67 executes analysis conforming to,
e.g., the quality engineering technique by using a diagnostic
waveform, reference waveform, and the like, and determines,
onthe basis of the analysis result, whether the diagnosis target
region is normal (step S20).

The display unit 7 displays, on the monitor in a predeter-
mined form, the B mode image data, the color Doppler image
data, the Doppler spectrum data, the diagnostic waveform to
which the information of the E and A waves is added, the
measurement results on the diagnostic parameters “E/A” and
“DCT”, and the determination result indicating whether the
diagnosis target region is normal or abnormal which are
stored in the data storage unit 5 by the above sequence (step
S21).

According to the above arrangement, the following effects
can be obtained.

First of all, according to this ultrasonic diagnostic appara-
tus, a trace waveform can be extracted for each cardiac cycle
in accordance with a time phase by CAB processing. The
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extracted trace waveforms for the respective cardiac cycles
are arrayed along the time direction associated with a heart
rate and the time direction in one heartbeat. The operator can
therefore store a plurality of trace waveforms extracted for the
respective heartbeats in a database, and can use it for quanti-
tative analysis and the like. In addition, displaying the trace
waveform extracted for each heartbeat in correspondence
with a time phase makes it possible to visually check the trace
waveform correspondence between heartbeats.

According to this ultrasonic diagnostic apparatus, a diag-
nostic waveform can be generated by performing statistical
processing using CAB data obtained by CAB processing.
Therefore, performing diagnostic parameter measurement by
using this diagnostic waveform can reduce the influence of
variations in Doppler waveform due to arrhythniia or the like.

According to this ultrasonic diagnostic apparatus, whether
a diagnosis region is normal or abnormal can be determined
on the basis of the diagnostic waveform obtained by statistical
processing using CAB data, the diagnostic parameter mea-
surement results obtained by using the diagnostic waveform,
and presorted data associated with normal cases. In Doppler
diagnosis, therefore, diagnosis support information with high
objectivity based on CAB data can be provided, thereby con-
tributing to an improvement in medical quality.

(Third Embodiment)

The third embodiment of the present invention will be
described next. The ultrasonic Doppler diagnostic apparatus
according to this embodiment has a function of rejecting or
picking up an inappropriate event (e.g., an event which
greatly differs from other events and is low in reliability) in
statistical processing in the second embodiment.

FIG. 29 is a block diagram showing the arrangement of an
ultrasonic Doppler diagnostic apparatus according to this
embodiment. The ultrasonic Doppler diagnostic apparatus of
this embodiment differs from that according to the second
embodiment in that it further comprises a reject processing
unit 69. The reject processing unit 69 executes processing
(reject processing) conforming to the reject function to be
described later.

(Reject Function)

The reject function of the ultrasonic Doppler diagnostic
apparatus according to this embodiment will be described
next. This function serves to remove a trace waveform with
low reliability from a target for diagnostic parameter mea-
surement processing using CAB data to stabilize the accuracy
of diagnostic parameter measurement. This operation is
equivalent to removing an event which falls outside a given
threshold when an extracted trace waveform is set as a popu-
lation, as shown in FIG. 30. This reject function includes a
manual reject function and automatic reject function. A case
wherein trace waveforms in the interval from the time imme-
diately after freeze operation to the 10th heartbeat are set as
diagnostic parameter measurement processing targets using
CAB data will be described.

In the manual reject function, as shown in FIG. 31, first of
all, trace waveforms corresponding to the 10 heartbeats are
displayed as thumbnails by predetermined operation. The
operator observes each trace waveform displayed as a thumb-
nail, and selects trace waveforms suitable for diagnostic
parameter measurement processing using CAB data through
an input unit 8. The selected trace waveforms are highlighted
(the trace waveforms associated with the first, second, fourth,
and sixth heartbeats in the case shown in FIG. 31), and the
remaining trace waveforms are not used for diagnostic
parameter measurement processing using CAB data (i.e., are
rejected).
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In the automatic reject function, for example, a PRD (Per-
cent Root Mean Squire Difference) is calculated, and when
the calculated value exceeds 10%, the corresponding trace
waveform is determined as abnormal and automatically
rejected from data inputs for statistical processing.

Another example of the automatic reject function serves to
select a combination of a plurality of trace waveforms which
CAB data contains and generate a diagnostic waveform for
each combination. Therefore, trace waveforms which are
excluded from the combination are automatically rejected.
More specifically, a plurality of diagnostic waveforms are
generated by shifting statistical processing one by one for
every fourth heartbeat of continuous heartbeats starting from,
for example, the seventh heartbeat after the stabilization of
synchronous detection, as shown in FIG. 32. A diagnostic
parameter measuring unit 65 uses the respective diagnostic
waveforms to measure corresponding diagnostic parameters.
In addition, for example, a plurality of diagnostic waveforms
obtained by statistical processing are displayed as thumb-
nails, as shown in FIG. 33. At this stage, the operator can
manually exclude a diagnostic waveform having a displace-
ment from the displayed diagnostic waveforms. Referring to
FIGS. 32 and 33, the thin lines represent trace waveforms
having undergone no statistical processing, and the thick lines
represent diagnostic waveforms obtained by statistical pro-
cessing.

In addition, the manual reject function can be combined
with the automatic reject function. For example, a threshold
processing level is changed with respect to measurement
parameters (e.g., a PS value, HR value, and the like) at each
heartbeat in accordance with a reject threshold. Of changed
waveforms, a waveform exceeding the threshold processing
level is picked up as a reject target candidate and highlighted.
The operator observes the highlighted reject target candidate,
and executes statistical processing upon rejecting the candi-
date from the modulus of the population by the manual reject
function.

FIG. 34A is a graph showing a diagnostic waveform (thick
line) obtained by statistical processing using waveforms cor-
responding to 10 heartbeats without this reject processing.
FIG. 34B is a graph showing a diagnostic waveform (thick
line) obtained by statistical processing upon rejecting wave-
forms corresponding to four heartbeats from those corre-
sponding to 10 heartbeats by the reject processing. It is obvi-
ous from the comparison between them that the diagnostic
waveform obtained by reject processing is more approximate
to each trace waveform used for this computation.
(Operation)

The operation of the ultrasonic Doppler diagnostic appa-
ratus according to this embodiment will be described next.

FIG. 35 is a flowchart showing the flow of processing
executed by this ultrasonic Doppler diagnostic apparatus
using the reject function. Each process shown in FIG. 35 is
executed in step S4 in FIG. 11.

First of all, initialization is performed for this ultrasonic
Doppler diagnostic apparatus, a Doppler signal is detected in
accordance with the initialization, and a Doppler spectrum is
calculated (steps S31, S32, and S33). These processes are the
same as those described in the first and second embodiments.

A trace waveform generating unit 61 generates a trace
waveform Cp representing a temporal change in a maximum
blood flow velocity Vp corresponding to a maximum fre-
quency fp, and stores it in a data storage unit 5 (step S34). A
feature amount selecting unit 64 executes the above CAB
processing for the generated trace waveform Cp to generate
CAB data (step S35). The reject processing unit 69 executes
the above reject processing by using the trace waveforms for
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the respective heartbeats which constitute the generated CAB
data (step S36). The feature amount selecting unit 64 gener-
ates a diagnostic waveform by performing statistical process-
ing using the CAB data from which trace waveforms with low
reliability are excepted by the reject processing (step S37).

Subsequently, as in the second embodiment, the processing
from step S38 to step S42 is executed, and measurement
results on diagnostic parameters “E/A” and “DCT” and a
determination result indicating whether a diagnosis target
region is normal or abnormal are displayed on the monitor in
a predetermined form.

According to the above arrangement, the following effects
can be obtained.

First of all, according to this ultrasonic diagnostic appara-
tus, trace waveforms with low reliability can be manually or
automatically excepted from statistical processing targets
using CAB data by the reject function. Therefore, a diagnostic
waveform with high reliability can be generated. This makes
it possible to realize high-quality diagnostic parameter mea-
surement and diagnosis region abnormality/normality deter-
mination.

According to this ultrasonic diagnostic apparatus, trace
waveforms with low reliability can be automatically picked
up by the reject function. The operator can therefore improve
the accuracy of statistical processing using CAB data by only
individually discriminating each picked-up trace waveform
with low reliability. This can reduce the workload on the
operator in Doppler diagnosis.

The present invention is not limited to the above embodi-
ments, and constituent elements can be modified and embod-
ied in the execution stage within the spirit and scope of the
invention.

(1) For example, in the first embodiment, the diagnostic
parameters “E/A” and “DCT” effective for the measurement
of a left ventricular blood inflow in the heart have been
described. However, the present invention is not limited to
this, and other diagnostic parameters may be used.

(2) It suffices to measure a pulmonary artery blood flow,
left ventricular blood outflow, right ventricular blood inflow,
a right ventricular blood outflow, or the like. As diagnostic
parameters in pulmonary artery blood flow measurement, an
S wave amplitude “VS”, D wave amplitude “VD”, and AD
wave amplitude “VAD” are preferably measured.

FIG. 12B shows a trace waveform Cq of the maximum
blood flow velocity Vp obtained by pulmonary artery blood
flow measurement, and shows the positions (times) of the S,
D, and AD waves selected on the basis of a selection criterion
set when the ECG waveform Ec shown in FIG. 12A is used as
atrigger waveform, and their amplitudes (flow velocities) VS,
VD, and VAD.

FIG. 13 shows selection criteria in pulmonary artery blood
flow measurement. These selection criteria are stored in
advance as database data in the DB 2 in FIG. 7. That is,
selection criteria for automatic selection of various kinds of
waveforms on the basis of the cardiac cycles based on an ECG
waveform, PCG waveform, and trace waveform and a selec-
tion criterion for automatic selection on the basis of a manu-
ally set cardiac cycle or heartbeat trigger are stored in the DB
2 stored in the storage circuit (not shown) of the feature
amount selecting unit 64, like the selection criteria (see FIG.
8) in left ventricular blood inflow measurement.

(3) Each embodiment described above has exemplified the
case wherein an ECG waveform is used as a trigger wave-
form. As has been described above with reference to FIGS. 8
and 13, waveform selection in a trace waveform may be
performed on the basis of the heartbeat information of a PCG
waveform or trace waveform. FIG. 14 shows a PCG wave-
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form (“(b)” in FIG. 14) which can be used as a trigger wave-
form and a trigger signal (“(¢)” in FIG. 14) based on a trace
waveform, together with an ECG waveform (“(a)” in FIG. 14)
and trace waveform (“(d)” in FI1G. 14). The selection criteria
set on the basis of trigger signals based on the PCG waveform
and trace waveform are shown in FIGS. 8 and 13.

(4) Each embodiment described above has exemplified the
case wherein diagnostic parameters are measured in real time
with respect to a trace waveform displayed in real time
together with B mode image data and color Doppler image
data. However, such parameters may be automatically mea-
sured with respect to a frozen (still) trace waveform. In this
case, diagnostic parameters can be automatically measured
by selecting a trace waveform in a desired cardiac cycle upon
scrolling a series of trace waveforms stored in a cine memory
or the like in an arbitrary direction and applying the same
procedure as that described above to the selected trace wave-
form.

(5) Each embodiment described above has exemplified the
case wherein a trace waveform is generated on the basis of the
maximum blood flow velocity Vp in a Doppler spectrum.
However, the present invention is not limited to this, and a
trace waveform may be generated on the basis of, for
example, the average flow velocity Vc. In addition, although
E and A waveforms and the like may be selected on the basis
of local maximum/minimum pairs of a trace waveform as
described above, the same effect can be obtained by selecting
such waveforms on the basis of the magnitudes of local maxi-
mums.

(6) The transmission/reception unit 2 and ultrasonic probe
3 of the ultrasonic diagnostic apparatus 100 in each embodi-
ment described above are not limited to those in the above
embodiments. For example, a material other than a piezoelec-
tric element may be used for a plurality of electroacoustic
conversion elements provided for the ultrasonic probe 3.
Alternatively, an ultrasonic probe having a two-dimensional
array of such electroacoustic conversion elements may be
used.

(7) Each embodiment described has exemplified the case
wherein B mode image data and color Doppler image data are
combined/displayed in the image data display area on the
display unit 7. However, only one of the image data may be
displayed.

(8) Each embodiment described above has exemplified the
case wherein diagnostic parameter measurement is per-
formed in real time by the ultrasonic Doppler diagnostic
apparatus having the ultrasonic wave transmission/reception
function. However, the present invention is not limited to this,
and the above diagnostic parameter measurement may be
performed by a medical workstation, personal computer, or
the like using Doppler signal data acquired in the past.

Each function described in each embodiment can also be
realized by installing programs corresponding to the respec-
tive processes in a computer and unarchiving them in a
memory. In this case, the programs which can cause the
computer to execute the corresponding techniques can be
distributed by being stored in recording media such as mag-
netic disks (floppy (registered trademark) disks, hard disks,
and the like), optical disks (CD-ROMs, DVDs, and the like),
and semiconductor memories.

In addition, various inventions can be formed by proper
combinations of a plurality of constituent elements disclosed
in the above embodiments. For example, several constituent
elements may be omitted from all the constituent elements
disclosed in the above embodiments. Furthermore, constitu-
ent elements in the different embodiments may be properly
combined.
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What is claimed is:

1. An ultrasonic Doppler diagnostic apparatus comprising:

a Doppler signal detecting unit which detects a Doppler
signal at a predetermined region from a reception signal
obtained by performing ultrasonic wave transmission/
reception with respect to an object to be examined;

a spectrum calculating unit which calculates a frequency
spectrum of the Doppler signal,;

a trace waveform generating unit which generates a trace
waveform representing a temporal change in a predeter-
mined spectrum component in the frequency spectrum;

aprocessing unit which generates data by extracting a trace
waveform for each cardiac cycle from the generated
trace waveform, and arraying said plurality of extracted
trace waveforms along a first time axis representing a
time direction associated with a heart rate and a second
time axis representing a time direction within one car-
diac cycle;

a statistical processing unit which generates a diagnostic
waveform by performing statistical processing using the
data;

a storage unit which stores a selection criterion;

a feature amount selecting unit which automatically selects
a feature amount for the diagnostic waveform on the
basis of the stored selection criterion;

a diagnostic parameter measuring unit which measures a
diagnostic parameter on the basis of the feature amount;
and

a display unit which displays a measurement result on the
diagnostic parameter;

wherein the feature amount comprises an E wave and A
wave of the trace waveform which are obtained in left
ventricular blood inflow measurement; and

wherein the diagnostic parameter measuring unit measures
at least one of an amplitude ratio E/A between E and A
waves of a trace waveform of a maximum flow velocity
and a lower limit period DCT of an E wave as the
diagnostic parameter on the basis of the feature amount
selected by the feature amount selecting unit.

2. Anultrasonic Doppler diagnostic apparatus according to
claim 1, wherein the processing unit performs the extraction
by using at least one of an electrocardiographic waveform and
phonocardiographic waveform of the object.

3. Anultrasonic Doppler diagnostic apparatus according to
claim 1, which further comprises a cardiac cycle setting unit
which sets a cardiac cycle number, and in which

the processing unit performs the extraction by using the
trace waveform containing the set cardiac cycle number.

4. An ultrasonic Doppler diagnostic apparatus according to
claim 1, wherein the statistical processing is one of averaging
processing associated with a plurality of heartbeats, Auto-
Regressive time axis model calculation processing, and Auto-
Regressive and exogenous time axis model calculation pro-
cessing.

5. Anultrasonic Doppler diagnostic apparatus according to
claim 1, which further comprises a reject processing unit
which executes reject processing of excepting a trace wave-
form which does not meet a predetermined reference from
trace waveforms in one cardiac cycle which constitute the
data, and in which

the statistical processing unit executes the statistical pro-
cessing by using the data for which the reject processing
is executed.

6. An ultrasonic Doppler diagnostic apparatus according to

claim 5, wherein

the display unit simultaneously displays said plurality of
trace waveforms contained in the data, and
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the reject processing unit performs the reject processing so
as to execute the statistical processing by using a trace
waveform directly or indirectly selected by an operator
from the displayed trace waveforms.

7. An ultrasonic Doppler diagnostic apparatus according to

claim 5, wherein

the reject processing unit selects a plurality of combina-
tions of the trace waveforms contained in the data, and

the statistical processing means generates a plurality of the
diagnostic waveforms by executing the statistical pro-
cessing for each of the combinations.

8. An ultrasonic Doppler diagnostic apparatus according to
claim 1, wherein the trace waveform generating unit gener-
ates the trace waveform representing a temporal change in the
predetermined spectrum component corresponding to a
maximum blood flow velocity or average blood flow velocity
at the predetermined region.

9. An ultrasonic Doppler diagnostic apparatus according to
claim 1, which further comprises a local maximum/minimum
detecting unit which detects a local maximum and minimum
or a local maximum with respect to the trace waveform, and
in which

the feature amount selecting unit selects the feature amount
on the basis of a local maximum and minimum or a local
maximum of a trace waveform in a predetermined car-
diac cycle of the object.

10. An ultrasonic Doppler diagnostic apparatus according
to claim 9, which further comprises a cardiac cycle setting
unit which sets a cardiac cycle with respect to heartbeat
information of the object, and in which

the feature amount selecting unit selects the feature amount
on the basis of a local maximum and minimum or a local
maximum of a trace waveform in the set predetermined
cardiac cycle.

11. An ultrasonic Doppler diagnostic apparatus according
to claim 10, wherein the cardiac cycle setting unit sets the
predetermined cardiac cycle with respect to the trace wave-
form on the basis of at least one of an electrocardiographic
waveform and phonocardiographic waveform of the object.

12. An ultrasonic Doppler diagnostic apparatus according
to claim 10, wherein the display unit displays, in real time, a
measurement result on the diagnostic parameter measured in
a latest cardiac cycle of the trace waveform which is set by the
cardiac cycle setting unit.

13. An ultrasonic Doppler diagnostic apparatus according
to claim 1, which further comprises a storage unit which
stores the trace waveform, and in which

the feature amount selecting unit selects the feature amount
in a desired cardiac cycle of the trace waveform which is
temporarily stored in the storage unit.

14. An ultrasonic Doppler diagnostic apparatus according
to claim 1, wherein the selection criterion is stored as data-
base data for each measurement target or each age group of
objects.

15. An ultrasonic Doppler diagnostic apparatus according
to claim 1, wherein the display unit displays the trace wave-
form and the measurement result on the diagnostic parameter
in real time, and highlights a latest cardiac cycle of the trace
waveform corresponding to the measurement result on the
diagnostic parameter.

16. An ultrasonic Doppler diagnostic apparatus, compris-
ing:

a Doppler signal detecting unit which detects a Doppler
signal at a predetermined region from a reception signal
obtained by performing ultrasonic wave transmission/
reception with respect to an object to be examined;
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a spectrum calculating unit which calculates a frequency
spectrum of the Doppler signal;

a trace waveform generating unit which generates a trace
waveform representing a temporal change in a predeter-
mined spectrum component in the frequency spectrum;

aprocessing unit which generates data by extracting a trace

waveform for each cardiac cycle from the generated
trace waveform, and arraying said plurality of extracted

trace waveforms along a first time axis representing a

time direction associated with a heart rate and a second

time axis representing a time direction within one car-
diac cycle;

statistical processing unit which generates a diagnostic

waveform by performing statistical processing using the

data;

a storage unit which stores a selection criterion;

a feature amount selecting unit which automatically selects
a feature amount for the diagnostic waveform on the
basis of the stored selection criterion;

a diagnostic parameter measuring unit which measures a
diagnostic parameter on the basis of the feature amount;
and

a display unit which displays a measurement result on the
diagnostic parameter;

wherein the feature amount comprises at least one of S, D,
and AD waves of the trace waveform which are obtained
in pulmonary artery blood flow measurement.

17. An ultrasonic Doppler diagnostic apparatus according
to claim 16, wherein the diagnostic parameter measuring unit
measures, as a diagnostic parameter, at least one of a velocity
VS of an S wave in pulmonary artery blood flow measure-
ment, a velocity VD of a D wave in pulmonary artery blood
flow measurement, and a velocity VAD of an AR wave in
pulmonary artery blood flow measurement on the basis of the
feature amount selected by the feature amount selecting unit.

18. An ultrasonic Doppler diagnostic apparatus compris-
ing:

a Doppler signal detecting unit which detects a Doppler
signal at a predetermined region from a reception signal
obtained by performing ultrasonic wave transmission/
reception with respect to an object to be examined;

a spectrum calculating unit which calculates a frequency
spectrum of the Doppler signal;

a trace waveform generating unit which generates a trace
waveform representing a temporal change in a predeter-
mined spectrum component in the frequency spectrum;

a storage unit which stores a selection criterion;

a feature amount selecting unit which automatically selects
a feature amount with respect to the trace waveform in a
predetermined cardiac cycle of the object on the basis of
the stored selection criterion;

a diagnostic parameter measuring unit which measures a
diagnostic parameter on the basis of the feature amount;
and

a display unit which displays a measurement result on the
diagnostic parameter;

wherein the feature amount comprises an E wave and A
wave of the trace waveform which are obtained in left
ventricular blood inflow measurement; and

wherein the diagnostic parameter measuring unit measures
at least one of an amplitude ratio E/A between E and A
waves of a trace waveform of a maximum flow velocity
and a lower limit period DCT of an E wave as the
diagnostic parameter on the basis of the feature amount
selected by the feature amount selecting unit.

19. An ultrasonic Doppler diagnostic apparatus according

to claim 18, wherein the trace waveform generating unit
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generates the trace waveform representing a temporal change
in the predetermined spectrum component corresponding to a
maximum blood flow velocity or average blood flow velocity
at the predetermined region.

20. An ultrasonic Doppler diagnostic apparatus according
to claim 18, which further comprises a local maximum/mini-
mum detecting unit which detects a local maximum and mini-
mum or a local maximum with respect to the trace waveform,
and in which

the feature amount selecting unit selects the feature amount
on the basis of a local maximum and minimum or a local
maximum of a trace waveform in a predetermined car-
diac cycle of the object.

21. An ultrasonic Doppler diagnostic apparatus according
to claim 20, which further comprises a cardiac cycle setting
unit which sets a cardiac cycle with respect to heartbeat
information of the object, and in which

the feature amount selecting unit selects the feature amount
on the basis of a local maximum and minimum or a local
maximum of a trace waveform in the set predetermined
cardiac cycle.

22. An ultrasonic Doppler diagnostic apparatus according
to claim 21, wherein the cardiac cycle setting unit sets the
predetermined cardiac cycle with respect to the trace wave-
form on the basis of at least one of an electrocardiographic
waveform and phonocardiographic waveform of the object.

23. An ultrasonic Doppler diagnostic apparatus according
to claim 21, wherein the display unit displays, in real time, a
measurement result on the diagnostic parameter measured in
alatest cardiac cycle of the trace waveform which is set by the
cardiac cycle setting unit.

24. An ultrasonic Doppler diagnostic apparatus according
to claim 18, which further comprises a storage unit which
stores the trace waveform, and in which

the feature amount selecting unit selects the feature amount
in a desired cardiac cycle of the trace waveform which is
temporarily stored in the storage unit.

25. An ultrasonic Doppler diagnostic apparatus according
to claim 18, wherein the selection criterion is stored as data-
base data for each measurement target or each age group of
objects.

26. An ultrasonic Doppler diagnostic apparatus according
to claim 18, wherein the display unit displays the trace wave-
form and the measurement result on the diagnostic parameter
in real time, and highlights a latest cardiac cycle of the trace
waveform corresponding to the measurement result on the
diagnostic parameter.

27. An ultrasonic Doppler diagnostic apparatus compris-
ing:

a Doppler signal detecting unit which detects a Doppler
signal at a predetermined region from a reception signal
obtained by performing ultrasonic wave transmission/
reception with respect to an object to be examined;

a spectrum calculating unit which calculates a frequency
spectrum of the Doppler signal,

a trace waveform generating unit which generates a trace
waveform representing a temporal change in a predeter-
mined spectrum component in the frequency spectrum;

a storage unit which stores a selection criterion;

a feature amount selecting unit which automatically selects
a feature amount with respect to the trace waveformin a
predetermined cardiac cycle of the object on the basis of
the stored selection criterion;

a diagnostic parameter measuring unit which measures a
diagnostic parameter on the basis of the feature amount;
and

a display unit which displays a measurement result on the
diagnostic parameter;

wherein the feature amount comprises at least one of S, D,
and AD waves of the trace waveform which are obtained
in pulmonary artery blood flow measurement.
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28. An ultrasonic Doppler diagnostic apparatus according
to claim 27, wherein the diagnostic parameter measuring unit
measures, as a diagnostic parameter, at least one of a velocity
VS of an S wave in pulmonary artery blood flow measure-
ment, a velocity VD of a D wave in pulmonary artery blood
flow measurement, and a velocity VAD of an AR wave in
pulmonary artery blood flow measurement on the basis of the
feature amount selected by the feature amount selecting unit.

29. A measuring method of diagnostic parameter compris-
ing:

detecting a Doppler signal at a predetermined region from

a reception signal obtained by performing ultrasonic
wave transmission/reception with respect to an object to
be examined;

calculating a frequency spectrum of the Doppler signal;

generating a trace waveform representing a temporal

change in a predetermined spectrum component in the
frequency spectrum;
generating data by extracting a trace waveform for each
cardiac cycle from the generated trace waveform, and
arraying said plurality of extracted trace waveforms
along a first time axis representing a time direction asso-
ciated with a heart rate and a second time axis represent-
ing a time direction within one cardiac cycle;

generating a diagnostic waveform by performing statistical
processing using the data;

automatically selecting a feature amount with respect to

the diagnostic waveform on the basis of a stored selec-
tion criterion;

measuring a diagnostic parameter on the basis of the fea-

ture amount; and

displaying a measurement result on the diagnostic param-

eter;

wherein the feature amount comprises an E wave and A

wave of the trace waveform which are obtained in left
ventricular blood inflow measurement; and

wherein the measuring a diagnostic parameter measures at

least one of an amplitude ratio E/A between E and A
waves of a trace waveform of a maximum flow velocity
and a lower limit period DCT of an E wave as the
diagnostic parameter on the basis of the automatically
selecting a feature amount.

30. A measuring method of diagnostic parameter compris-
ing:

detecting a Doppler signal at a predetermined region from

a reception signal obtained by performing ultrasonic
wave transmission/reception with respect to an object to
be examined;

calculating a frequency spectrum of the Doppler signal;

generating a trace waveform representing a temporal

change in a predetermined spectrum component in the
frequency spectrum;
automatically selecting a feature amount with respect to
the trace waveform in a predetermined cardiac cycle of
the object on the basis of a stored selection criterion;

measuring a diagnostic parameter on the basis of the fea-
ture amount; and

displaying a measurement result on the diagnostic param-

eter;

wherein the feature amount comprises an E wave and A

wave of the trace waveform which are obtained in left
ventricular blood inflow measurement; and

wherein the measuring a diagnostic parameter measures at

least one of an amplitude ratio E/A between E and A
waves of a trace waveform of a maximum flow velocity
and a lower limit period DCT of an E wave as the
diagnostic parameter on the basis of the automatically
selecting a feature amount.
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