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(57) ABSTRACT

To accurately measure wave intensity as an evaluation value
using an ultrasonic diagnostic apparatus, a measurement line
is set in a tomogram and anterior and posterior walls of a
blood vessel are tracked on the measurement line, so that a
change waveform concerning a blood vessel diameter is
prepared. A tracking gate S is set on the measurement line,
so that a blood velocity change waveform is prepared based
on echo data concerning a part within the tracking gate S, the
change waveform indicating averaged blood velocity. Wave
intensity is calculated based on the blood vessel diameter
change waveform and the blood velocity change waveform.
Prior to the calculation of wave intensity, the blood vessel
diameter change waveform is calibrated based on the maxi-
mum and minimum blood pressure values into a blood
pressure waveform. A beam for Doppler measurement may
be set intersecting with the displacement measurement
beam.
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1
ULTRASONIC DIAGNOSTIC APPARATUS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an ultrasonic diagnostic
apparatus, and in particular to an apparatus for measuring
blood vessel diameter, blood flow velocity, or the like.

2. Description of the Related Art

Ultrasonic diagnostic apparatuses are used for diagnosing
blood vessel condition, heart functionality, and the like.
When measuring displacement of a blood vessel wall using
an ultrasonic diagnostic apparatus, the blood vessel wall is
automatically tracked on the path of an ultrasonic beam
passing across the blood vessel based on the echo data.
Displacement as time passes of a blood vessel wall is in
synchronism with a heart beat. Observation of the heart beat
in this manner can provide fundamental data for use in
diagnosing diseases, such as heart failure, arterial sclerosis,
and so on.

For measurement of the speed of a bloodstream within a
blood vessel using an ultrasonic diagnostic apparatus, a
sample gate is securely provided on the path of an ultrasonic
beam within a blood vessel, and Doppler information can be
extracted from echo data concerning the inside of the sample
data. Based on the extracted Doppler information, a blood
velocity (an averaged-speed within the sample gate) is
calculated. The resultant data on a blood velocity is funda-
mental data useful in diagnosing the condition of the heart
and blood vessels.

Conventional ultrasonic diagnostic apparatuses measure
displacement of a blood vessel wall and a blood velocity in
different measurement modes.

Meanwhile, a new evaluation value, wave intensity, has
been established as a diagnostic index. Originally, wave
intensity was proposed as an index for determining which of
the functions of forward pulse waves and backward pulse
waves is dominant, the forward pulse wave being a pulse
wave traveling from the heart to periphery, the backward
pulse wave being a pulse wave returning from periphery to
the heart. Specifically, wave intensity is defined as follows.

I=AP-AU @
wherein P is blood pressure at a local part within an artery,
U is blood velocity at the local part, and AP and AU are
respective changes in P and U during a period At.

That is, wave intensity is defined as the product of
changes in pressure P and blood velocity U during a constant
short time period At. The magnitude of “I”” depends on as the
definition of At. Meanwhile, time-normalized wave
intensity, which has the same property as that of the above
“I” and is normalized with respect to time, can be expressed
as follows.

WI=(dP/dt) (dU/dr) 2

In the equation (2), wave intensity WI is defined as the
product of time differential of blood pressure P and that of
blood velocity U.

One method proposed for measuring wave intensity
includes a noninvasive measurement method using ultra-
sonic. In this method, an ultrasonic echo tracking method
and an ultrasonic Doppler method are combined.

Specifically, in order to measure, for example, wave
intensity in the carotid artery of a subject, conventionally, an
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ultrasonic probe which comprises one transducer (first
transmitter/receiver) for blood vessel wall measurement and
one transmission transducer and two beam receiver trans-
ducer for Doppler measurement (second transmitter/
receiver) is abutted on the cervical part of the subject. Then,
ultrasonic pulses are transmitted to receive echo using the
first transmitter/receiver, so that the wall position of the
carotid artery is automatically tracked based on the echo
data. Based on the tracking, a change of a blood vessel
diameter is measured. Meanwhile, ultrasonic pulses are
successively transmitted to receive echoes using the second
transmitter/receiver, and Doppler information is extracted
from the echo data to be analyzed. Based on the analysis, a
change as time passes of blood velocity is measured.

A close correlation between a change of a blood vessel
diameter and that of blood pressure has conventionally been
understood. Therefore, a change waveform concerning a
blood vessel diameter can be regarded as a change wave-
form concerning blood pressure by considering the largest
and smallest blood vessel diameters respectively as the
maximum and minimum blood pressure values, which are
measured using a cuff-type hemodynamoneter applied to the
upper arm of the subject.

Further, wave intensity can be obtained in an off-line
calculation using the above equation (2) based on a change
of blood velocity and that of blood pressure.

In the above conventional method, however, the tomo-
gram of a blood vessel cannot be displayed as the first
transmitter/receiver comprises a single transducer for an A
mode. This makes it impossible to visually confirm that an
ultrasonic beam is passing across the center of a blood
vessel, which in turn can lead to problems with the reliability
of measurement. Moreover, while a sample point for Dop-
pler information, which is a point where the transmission
beam and two reception beams formed by the second
transmitter/receiver intersect with one another, is fixedly
positioned, it is uncertain whether or not the sample point
falls on the center of a blood vessel. When a sample point be
set close to, or on, an interior wall of a blood vessel, or even
in the outside of a blood vessel, measurement accuracy is
significantly deteriorated. That is, measurement reliability
can not be guaranteed.

In a general view, no conventional ultrasonic diagnostic
apparatus can simultaneously display a tomogram, a wave-
form concerning displacement of a blood vessel wall (or a
blood vessel diameter), and a blood velocity waveform. In
addition, no conventional ultrasonic diagnostic apparatus
has a function for automatic real-time measurement of wave
intensity.

Here, in order to measure displacement of a blood vessel
wall and a blood velocity, the direction of an ultrasonic beam
relative to the blood vessel wall or a bloodstream must be
known. However, conventionally, there is a problem that it
is difficult to set an ultrasonic beam intersecting with a blood
vessel wall or a bloodstream at a predetermined angle.
Moreover, there is another problem in simultaneous mea-
surement of displacement of a blood vessel wall and a blood
velocity, that it is difficult to set separate beam directions
preferable to the respective measurements.

SUMMARY OF THE INVENTION

The present invention has been conceived in light of the
above situation, and with an object of improvement of
reliability in ultrasonic measurement of a tissue such as a
blood vessel.

Another object of the present invention is achievement of
highly accurate simultaneous measurement of blood veloc-
ity and change of a blood vessel diameter.



US 6,673,020 B2

3

Still another object of the present invention is
simultaneous, real-time display of a plurality of measured
information concerning a blood vessels and on the like, so
that comprehensive diagnosis of such can be achieved.

In order to achieve the above objects, an ultrasonic
diagnostic apparatus according to the present invention
transmits an ultrasonic pulse and obtains echo data in
respective measurements of displacement of a blood vessel
wall and of a blood velocity. Then, a tomogram of a blood
vessel is prepared based on the echo data, and a measure-
ment line relative to the blood vessel axis is automatically or
manually set in the tomogram. When the position of a blood
vessel wall on the measurement line is specified, the speci-
fied position is tracked so as to calculate displacement of the
blood vessel wall. In addition, using the measurement line as
a reference, a sample gate is set within the blood vessel, for
use in extraction of Doppler information. Using the Doppler
information extracted from echo data, the speed of a blood-
stream flowing in the sample gate is calculated. Then, an
evaluation value is calculated based on the displacement of
the blood vessel wall and the blood velocity.

With the above arrangement, an ultrasonic pulse is trans-
mitted in the respective measurements of displacement of a
blood vessel wall and of a blood velocity. That is, according
to a pulse Doppler method, a range resolution can be
obtained, and a sample gate can be freely set within a blood
vessel for extraction of Doppler information. Generally,
transmission of a broadband ultrasonic pulse for measuring
displacement of a blood vessel wall and that of a narrow
band ultrasonic pulse for measuring blood velocity are
separately executed in a time sharing manner in various
possibly set pulse transmission patterns.

Various evaluation values can be calculated, with the most
preferable of these being the wave intensity which is
described by the above equations (1) or (2). The evaluation
values may be used as parameters for other calculations.

According to another aspect of the present invention, the
ultrasonic diagnosis apparatus calculates a blood vessel
diameter based on the position of the blood vessel wall
specified on the measurement line. Using as a reference the
input maximum and minimum blood pressure values, a
change of the blood vessel diameter is converted into a
change of blood pressure. Then, using the thus calculated
blood pressure and the blood velocity at the sample gate,
calculated using the Doppler information contained in the
echo data, an evaluation value is calculated.

In this arrangement, the diameter of a blood vessel is
converted into blood pressure (pressure at a focused part in
a blood vessel) according to the maximum and minimum
blood pressure values (or a blood pressure signal) input.
That is, blood pressure is estimated from the diameter of a
blood vessel utilizing conventionally known knowledge
concerning strong relationship between a change of the
diameter of a blood vessel and a change of blood pressure.

Desirably, the evaluation value calculator for calculation
of an evaluation value may include means for calculating a
time differential of the blood pressure, means for calculating
a time differential of the blood velocity, and means for
calculating wave intensity based on the time differentials of
the blood pressure and of the blood velocity.

According to still another aspect of the present invention,
a time differential of the speed of a bloodstream flowing in
a measurement part within a blood vessel, which is obtained
based on the echo data, is obtained. Further, a time differ-
ential of the blood pressure at the measurement part, which
is obtained based on the echo data and/or a bio-signal, is also
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obtained. Then, the time differentials of the blood velocity
and of the blood pressure at the same moment are multiplied
by each other to thereby calculate wave intensity.

According to yet another aspect of the present invention,
the ultrasonic diagnostic apparatus sets a beam direction
passing across a blood vessel, and transmits an ultrasonic
pulse in the beam direction to obtain echo data in that beam
direction. Based on the echo data concerning that beam
direction, the positions of the anterior and posterior walls of
the blood vessel are specified, and a blood vessel diameter
is calculated based on the specified positions of the anterior
and posterior walls of the blood vessel.

Change of the blood vessel diameter over time is con-
verted into change of blood pressure value over time, and the
pressure is used in at least one of image formation and data
calculation.

This arrangement makes it possible to obtain blood pres-
sure information which can not be obtained using a conven-
tional ultrasonic diagnosis apparatus. Therefore, various
operations or imaging using a blood pressure value are
achievable. For example, the magnitude of blood pressure
may be indicated by means of color-coding the blood vessel
tomogram.

According to yet another aspect of the present invention,
the ultrasonic diagnosis apparatus prepares a blood velocity
graph showing change over time of the velocity of blood
flowing in a blood vessel based on echo data, and a blood
vessel diameter graph showing a change over time of a blood
vessel diameter based on the echo data. The apparatus then
calculates an evaluation value from the blood velocity and
the blood vessel diameter obtained at the same moment, and
prepares an evaluation value graph showing a change as
time passes of the evaluation value. The blood velocity
graph, the blood vessel diameter graph, and the evaluation
value graph are simultaneously displayed.

According to yet another aspect of the present invention,
the ultrasonic diagnostic apparatus prepares a tomogram of
a blood vessel based on echo data. The apparatus also
prepares a blood velocity graph showing change over time
of the velocity of blood flowing in the blood vessel based on
the echo data, and a blood vessel diameter graph showing
change over time of a blood vessel diameter based on the
echo data. The tomogram of the blood vessel, the blood
velocity graph, and the blood vessel diameter graph are
simultaneously displayed.

According to yet another aspect of the present invention,
the ultrasonic diagnostic apparatus transmits and receives an
ultrasonic pulse for ultrasonic beam scanning to obtain a
received signal. Based on the received signal, a first beam
direction is determined so as to be orthogonal to the blood
vessel wall, and set to the transmitter-receiver. Then, dis-
placement of a blood vessel wall is measured using the
received signal corresponding to the first beam direction,
and an evaluation value is calculated using the displacement
of the blood vessel wall. This arrangement allows the
transmitter-receiver to control the direction of an ultrasonic
beam (a position of a beam axial line) transmitted and
received by a probe. As a result, the first beam direction can
be automatically set so as to be orthogonal to the blood
vessel wall based on the received signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram showing a complete structure of
an ultrasonic diagnostic apparatus as a first preferred
embodiment of the present invention;

FIG. 2 is a diagram showing an example of a specific
structure of an evaluation value calculator shown in FIG. 1;
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FIG. 3 is a diagram showing an example of a displayed
image;

FIG. 4 is a diagram showing another example of a
displayed image;

FIG. 5A is a diagram showing an example of actual
measurement data concerning change of blood pressure;

FIG. SB is a diagram showing an example of actual
measurement data concerning change of blood velocity;

FIG. 5C is a diagram showing an example of actual
measurement data concerning change of wave intensity over
time;

FIG. 5D is a diagram showing an example of actual
measurement data concerning a negative area, or an area of
a negative region of wave intensity;

FIG. 5E is a diagram showing an example of actual
measurement data concerning electrocardiogram;

FIG. 6 is a diagram showing relationship between ultra-
sonic beams for displacement measurement and for Doppler
measurement,

FIG. 7 is a diagram showing another example of beam
setting;

FIG. 8 is a diagram showing timing relationship between
Doppler measurement and displacement measurement;

FIG. 9 is a diagram showing timing relationship between
Doppler measurement and displacement measurement;

FIG. 10 is a diagram showing timing relationship between
Doppler measurement and displacement measurement;

FIG. 11 is a diagram showing timing relationship between
Doppler measurement and displacement measurement;

FIG. 12 is a flowchart for a measurement method accord-
ing to the present invention;

FIG. 13 is a flowchart for a measurement method accord-
ing to the present invention;

FIG. 14 is a block diagram showing a complete structure
of a first ultrasonic diagnostic apparatus according to a
second preferred embodiment of the present invention;

FIG. 15 is a diagram showing an example of a screen
image shown on a display;

FIG. 16 is a flowchart explaining automatic beam direc-
tion setting operation;

FIG. 17 is a diagram showing a complete structure of a
second ultrasonic diagnostic apparatus according to a second
preferred embodiment of the present invention; and

FIG. 18 is a diagram showing a complete structure of a
third ultrasonic diagnostic apparatus according to the second
preferred embodiment of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

In the following, preferred embodiments of the present
invention will be described based on the accompanying
drawings.

Embodiment 1

An ultrasonic diagnostic apparatus according to a first
preferred embodiment of the present invention may com-
prise transmitter-receiver for transmitting an ultrasonic pulse
and obtaining echo data; a tomogram generator for forming
a tomogram of a blood vessel based on the echo data; a
measurement line setting device for setting a measurement
line in the tomogram; a displacement calculator for calcu-
lating displacement of a blood vessel wall on the measure-
ment line; a sample gate generator for setting a sample gate
using the measurement line as a reference; a blood velocity
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calculator for calculating blood velocity at the sample gate;
and an evaluation value calculator for calculating an evalu-
ation value based on the displacement of the blood vessel
wall and the blood velocity.

In this structure, an ultrasonic pulse is transmitted in the
respective measurements of blood vessel wall displacement
and of blood velocity. That is, according to a pulse Doppler
method, a range resolution can be obtained, and a sample
gate can be freely set within a blood vessel for extraction of
Doppler information. Generally, transmission of a broad-
band ultrasonic pulse for measuring displacement of a blood
vessel wall and that of a narrowband ultrasonic pulse for
measuring blood velocity are separately conducted in a time
sharing manner in various possibly set pulse transmission
patterns.

With the above structure, desirably, ultrasonic beam 2D
scanning is conducted by means of either a mechanical or
electronic manner so that a data acquisition area (a scanning
plane) is formed. Desirably, the position where and the
posture in which an ultrasonic probe abuts a subject body are
adjusted such that the scanning plane is formed so as to
include the center axis of a blood vessel. The adjustment can
be readily achieved through observation of a displayed
tomogram. The 3D scanning may be carried out using an
ultrasonic beam.

When a tomogram is set including the center axis of a
blood vessel, a measurement line is automatically or manu-
ally set relative to the blood vessel axis in the tomogram.
Then, the inner or outer surface of the blood vessel wall on
the measurement line is specified. Desirably, the inner
surface of the wall closer to the ultrasonic probe (ie., the
wall on this side when viewed from the ultrasonic probe
side, or an anterior wall) and that of a farther wall (i.e., the
wall on other side, or a posterior wall) are specified. Then,
the diameter of the blood vessel is calculated based on the
distance between the inner walls. In this case, a known echo
tracking method may be used.

For rational search for a blood vessel wall, desirably, an
automatic search area may be set prior to the search. For a
measurement line not orthogonal to the blood vessel axis,
angle correction may be given to the resultant data according
to the intersecting angle between the line and the axis.
Generally, a measurement line is set in one of the directions
of an ultrasonic beam, though it may be set in any direction
in the tomogram. In either case, desirably, a measurement
line is set so as to be orthogonal to a blood vessel axis.

Desirably, a sample gate is adaptively set at the center of
a blood vessel on a measurement line. The sample gate may
have a width adapted to variable setting, or may be set as a
substantial point. A sample gate may be set either automati-
cally or manually. It is preferable, when the position of a
blood vessel wall has already been specified, that a sample
gate be dynamically set so as to follow the specified position
of the blood vessel wall. For example, desirably, a sample
gate is automatically set such that its center coincides with
the middle between the anterior and posterior wall positions.

The above described automatic sample gate setting and
blood vessel wall tracking enable highly accurate measure-
ment while following displacement, if any, of an entire blood
vessel or a change in the posture of an ultrasonic probe due
to the subject’s breathing. It is desirable in the above
structure that the depth and width of a sample gate be
variably set so that a sample gate can be set in an appropriate
position relative to a blood vessel according to the subject’s
body construction and so on. This arrangement enables
highly accurate measurement.

Using Doppler information contained in echo data con-
cerning the inside of a sample gate, blood velocity
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(generally, an averaged speed of a bloodstream flowing
within a sample gate) is calculated. For the calculation, for
example, a known auto-correlation method may be
applicable, as well as an FFT processing. When a measure-
ment line is set orthogonal to a blood vessel axis, it is
difficult, in view of the Doppler measurement principle, to
measure blood velocity through ultrasonic transmission and
reception in that direction. In such cases, therefore, it is
desirable that a Doppler measurement direction be sepa-
rately set so as to intersect with the measurement line at the
center of the blood vessel so that an ultrasonic beam for
Doppler measurement is additionally transmitted in that
direction.

It should be noted that, when a plurality of reception
beams are set for one transmission beam in directions
different from that of the transmission beam, a blood veloc-
ity vector can be obtained and various corrections (e.g.,
blood velocity correction) can be made using such a blood
velocity vector.

From the accurate measurements of displacement of a
blood vessel wall (or a change of a blood vessel diameter)
and blood velocity obtained as described above, a predeter-
mined evaluation value is obtained. Various evaluation val-
ues are possible, with the most preferable of these being the
above-described wave intensity. The evaluation values may
be used as a parameter for other calculations.

In an ultrasonic diagnosis apparatus of the present
invention, desirably, a displacement waveform indicative of
displacement a blood vessel wall over time and a velocity
waveform indicative of a change over time of blood velocity
may be displayed together with a tomogram.

This arrangement enables confirmation of the relationship
between the blood vessel and the applied ultrasonic beam
through observation of the tomogram. Therefore, the posi-
tion where and the posture in which the ultrasonic probe
abuts on the subject can be desirably adjusted, enabling
accurate manual setting of a measurement line. Moreover,
simultaneous displaying of a displacement waveform and a
velocity waveform enables comprehensive diagnosis of the
cardiovascular system, such as a blood vessel, with refer-
ence to the mutual correlation between the waveforms.

Desirably, an evaluation value waveform indicative of a
change over time of an evaluation value may additionally be
shown. This arrangement enables analysis of the tendency of
a time-dependent change of an evaluation value based on the
evaluation value waveform. In addition, the simultaneous
displaying of a displacement waveform and a velocity
waveform enables consideration of the background under-
lying the resultant evaluation value.

Desirably, a bio-signal waveform may additionally be
shown. A bio-signal waveform is a waveform indicative of
electrocardiogram, phonocardiogram, and so on. Additional
consideration of such auxiliary information enables further
accurate diagnosis of a blood vessel and so on.

Desirably, the displacement waveform, the velocity
waveform, the evaluation value waveform, and the bio-
signal waveform are shown on a real time basis with their
time axes aligned in parallel. That is, advantageously, data
measurement and data calculation can be performed simul-
taneously.

Desirably, the measurement line setting device is a means
for designating a measurement line by a user, and may
include a pointing device such as a keyboard, a track ball,
and so on.

Desirably, an apparatus of the present invention may
further comprise means for tracking a position of a blood
vessel wall on the measurement line while following any
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motion of the blood vessel wall, so that the apparatus
calculates any such displacement of the blood vessel wall
based on the result of position tracking of the blood vessel
wall. Desirably, discrimination using a threshold and spe-
cific phase following detection is conducted for blood vessel
wall tracking. For this purpose, known methods are appli-
cable. The positions of the anterior and posterior walls are
specified so that the diameter of the blood vessel can be
promptly calculated based on the distance between the
walls.

Desirably, the sample gate generator dynamically sets a
sample gate within the blood vessel so as to follow the
position of the blood vessel wall tracked. Specifically, a
sample gate can be set using, as a reference, a predetermined
distance from the anterior wall toward the inside of the blood
vessel or the middle between the anterior and posterior walls
of the blood vessel. Alternatively, blood velocities may be
measured at a plurality of points in a direction orthogonal to
the blood vessel axis within the blood vessel and the point
showing the highest velocity may be used as a reference in
sample gate setting.

Desirably, the direction of the measurement line may be
determined as a first beam direction for displacement
measurement, and a direction passing through the sample
gate and intersecting with the measurement line is deter-
mined as a second beam direction for Doppler measurement.
This arrangement enables acquisition of data for use in
evaluation value calculation, under angular condition appro-
priate for both displacement measurement and Doppler
measurement (blood velocity measurement). It is obvious
that one ultrasonic beam may be used for both displacement
and Doppler measurements.

Desirably, the transmitter-receiver includes an array trans-
ducer comprising a plurality of ultrasonic transducer
elements, and the array transducer carries out transmission
and reception of an ultrasonic beam in the first direction and
that in the second direction in a time sharing manner. In such
a case, first and second beams are desirably transmitted and
received via parts on the array transducer. Desirably, the
direction of a second beam is dynamically corrected follow-
ing a change, if occurs, of the position of a sample gate. Note
that transmission and reception beams can be formed, as
known, through delay control of signals to be supplied to the
various transducer elements and phasing integration to sig-
nals received therefrom.

An ultrasonic diagnostic apparatus according to the
present invention may comprise a blood vessel diameter
calculator for calculating a blood vessel diameter along the
measurement line; a Doppler calculator for calculating blood
velocity at a sample gate, which was set using the measure-
ment line as a reference; a blood pressure calculator for
converting a change of the blood vessel diameter to a change
of blood pressure using a maximum blood pressure value
input and a minimum blood pressure value input, as a
reference; and an evaluation value calculator for calculating
an evaluation value based on the blood pressure and the
blood velocity.

With this arrangement, a blood vessel diameter is con-
verted into a blood pressure value (pressure at a focused part
in a blood vessel) according to the maximum and minimum
blood pressure values (or a blood pressure signal) input.
That is, blood pressure is estimated from a blood vessel
diameter utilizing the conventionally known knowledge
concerning strong relationship between a change of a blood
vessel diameter and a change of blood pressure.

Desirably, for the conversion into blood pressure, the
blood pressure calculator considers the largest blood vessel
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diameter as the maximum blood pressure value and the
smallest blood vessel diameter as the minimum blood pres-
sure value. Also desirably, the maximum blood pressure
value and the minimum blood pressure value are measured
using a hemodynamometer applied to a specific part of a
subject. The maximum and minimum blood pressure values
may be manually input or may be read from stored data.
Further, a catheter type blood pressure sensor may be
inserted into a concerned blood vessel or a concerned part so
that a conversion coefficient may be obtained based on an
output of the sensor and an actually measured value of blood
pressure on the arm.

An apparatus of the present invention may further com-
prise means for calculating a time differential of the blood
pressure, means for calculating a time differential of the
blood velocity, and means for calculating wave intensity
based on the time differentials of the blood pressure and the
time differential of the blood velocity. Time differential
calculation may be conducted by simply obtaining a data
difference caused in a predetermined very short period.

A blood pressure value may be obtained using echo data
and/or a bio-signal. A coefficient may be multiplied to the
echo data when only the echo data is used. Alternatively, a
change of a blood vessel diameter, obtained based on echo
data, may be calibrated using a blood pressure value either
externally supplied or accurately measured using a catheter
type blood pressure sensor.

Desirably, an apparatus of the present invention may
further comprise means for forming and displaying on a
display screen a tomogram of a blood vessel based on the
echo data; and means for displaying a mark standing for a
measurement part in the tomogram of a blood vessel dis-
played on the display screen. The displayed mark enables
confirmation of a measurement part in the tomogram, which
can resultantly improve measurement reliability.

Desirably, an apparatus of the present invention may
further comprise means for displaying a waveform indica-
tive of a change as time passes of the wave intensity,
together with the tomogram of the blood vessel.

Also, an apparatus of the present invention may further
comprise means for setting a beam direction passing across
a blood vessel, transmitting an ultrasonic pulse in the beam
direction, and obtaining echo data in the beam direction;
means for specifying the positions of an anterior wall and a
posterior wall of the blood vessel based on the echo data
obtained in the beam direction; means for calculating a
blood vessel diameter based on the positions of the anterior
wall and the posterior wall of the blood vessel; and means
for converting a change as time passes of the blood vessel
diameter to a change as time passes of a blood pressure
value. In the apparatus, the blood pressure value is used in
at least one of image formation and data calculation.

Such an arrangement makes it possible to obtain blood
pressure information which could not have been obtained
using a conventional ultrasonic diagnosis apparatus.
Therefore, various operations or imaging using a blood
pressure value are achievable. For example, the magnitude
of blood pressure may be indicated by means of coloring on
the tomogram of a blood vessel.

Desirably, change over time of a blood vessel diameter is
converted into a change over time of a blood pressure value
according to reference data. Desirably, the reference data is
obtained using a hemodynamometer externally applied to a
specific part of a subject.

An ultrasonic diagnostic apparatus of the present inven-
tion may comprise means for preparing a blood velocity
graph showing change over time of velocity of blood
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flowing in a blood vessel based on echo data; means for
preparing a blood vessel diameter graph showing change
over time of a blood vessel diameter based on the echo data;
means for calculating an evaluation value from the blood
velocity and the blood vessel diameter at a same moment
and preparing an evaluation value graph showing a change
as time passes of the evaluation value; and means for
simultaneously displaying the blood velocity graph, the
blood vessel diameter graph, and the evaluation value graph.

An ultrasonic diagnostic apparatus of the present inven-
tion may comprise means for forming a tomogram of a blood
vessel based on echo data; means for preparing a blood
velocity graph showing change over time of the velocity of
blood flowing in the blood vessel based on the echo data;
means for preparing a blood vessel diameter graph showing
a change as time passes of a blood vessel diameter based on
the echo data; and means for simultaneously displaying the
tomogram of the blood vessel, the blood velocity graph, and
the blood vessel diameter graph.

In the following, a specific example of an apparatus of the
present invention will be described.

FIG. 1 is a block diagram showing a complete structure of
an example apparatus according to the first preferred
embodiment of the present invention. The ultrasonic diag-
nosis apparatus has a function for calculating the above
described wave intensity as an evaluation value for use in
evaluation of heart functions and blood vessel condition.

Referring to FIG. 1, a probe 10 is an ultrasonic probe for
transmission of an ultrasonic pulse and reception of an echo.
The probe 10 has an array transducer (described later) so that
ultrasonic electronic scanning is carried out through control
of driving timing of the array transducer. An electronic
scanning method may include, for example, electronic linear
scanning, electronic sector scanning, and so on. The ultra-
sonic diagnostic apparatus in this example has a function for
measuring wave intensity as described above. In wave
intensity measurement, a position where or a posture in
which the probe 10 abuts on a subject surface 12 is manually
adjusted such that a data acquisition area (a scanning plane)
is formed through ultrasonic scanning, so as to include the
center axis of a blood vessel 14.

A transmission circuit 16 is a circuit for supplying a
transmission signal to the probe 10, of which operation is
controlled by a transmission and reception control section
18. A reception circuit 20 is a circuit for conducting ampli-
fication and phase integration with respect to a signal
received from the probe 10, of which operation is also
controlled by the transmission and reception control section
18.

The transmission and reception control section 18 is
responsible for transmission and reception control for for-
mation of a transmission beam and a reception beam. The
transmission and reception control section 18 has a function,
as will be described below, for setting a Doppler beam
direction according to the position of a sample gate set on
the scanning plane. When the sample gate is displaced, the
transmission and reception control section 18 dynamically
changes a Doppler direction and a sample depth according
to the displacement, which will be described below.

A received signal processor 21 comprises a tomogram
formation section 22, a displacement calculator 26, a veloc-
ity calculator 28, and an evaluation value calculator 34.

The tomogram formation section 22 forms a tomogram,
or a B mode image. Image information concerning the
formed tomogram is output to the display processor 24. The
displacement calculator 26 calculates displacement of the
position of a blood vessel wall, specifically, the positions of
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an anterior wall of a blood vessel, or a wall located on this
side when viewed from the probe 10 side, and a posterior
wall, or a wall located other side. The displacement calcu-
lator 26 has a function for calculating a blood vessel
diameter based on the positions of the anterior and posterior
walls.

Specifically, the displacement calculator 26 has a function
for tracking the position of a blood vessel wall on a
measurement line (described later) using a tracking gate set
by a user. The position of a blood vessel wall is specified
through comparison between an echo data level and a
predetermined threshold, and the displacement of the blood
vessel wall is tracked by detecting a change in the phase of
an echo data signal. This is a known method.

Referring to echo data concerning the inside of a sample
gate set on a measurement line (including a sample gate set
in a Doppler beam direction (described later)), the velocity
calculator 28 extracts Doppler information from the echo
data to obtain information of speeds, and calculates a blood
velocity as an averaged value of the speeds. A displacement
signal 102 indicative of a blood vessel diameter, calculated
in the displacement calculator 26, and a blood velocity
signal 104 indicative of blood velocity, calculated in the
velocity calculator 28, are supplied to the display processor
24 and the evaluation value calculator 34.

A measurement line setting section 30 is a means for use
in setting a measurement line (described later), and a track-
ing gate setting section 32 is means for use in manually
setting a tracking gate, both means comprising, for example,
a pointing device such as a keyboard, a track ball, and so on.

The evaluation value calculator 34 calculates wave inten-
sity as an evaluation value based on a blood vessel diameter
and a blood velocity, as will be described later with reference
to FIG. 2. The evaluation value calculator 34 may be made
by means of either hardware or software. FIG. 2 (shown
later) shows a specific structure of the evaluation value
calculator 34. A value of wave intensity, calculated in the
evaluation value calculator 34, is output to the display
processor 24.

In this embodiment, data 106, specifically, data on the
maximum and minimum blood pressure values, which is
output from the hemodynamometer 38 for use in calculation
of wave intensity in the evaluation value calculator 34, is
referred to as a reference. Here, the hemodynamometer 38
may be of a cuff type to be worn around a subject’s upper
arm for blood pressure measurement, or a catheter type to be
inserted into a subject’s blood vessel, though the cuff-type
hemodynamometer is preferable in consideration of the
burden imposed on the subject.

A memory 40 is a storage device for storing data on the
minimum and maximum blood pressure values registered or
measured in the past for use in a case where a hemodyna-
mometer 38 is not used. That is, when very accurate mea-
surement is unnecessary, a waveform indicative of a change
of a blood vessel diameter can be converted into a waveform
indicative of a change in blood pressure based on the data
stored in the memory 40.

The display processor 24 creates an image to be shown on
a display 36. The display processor 24 has an image com-
position function, and so on. An exemplary display image
for the display 36 will be described later with reference to
FIGS. 3 and 4.

Note that, preferably, the velocity calculator 28 comprises
a quadrature detector and an auto-correlator, which are
installed in a conventional ultrasonic Doppler diagnostic
apparatus. The display processor 24 is supplied with an
electrocardiographic signal 107 from an electrocardiograph,
so that the display 36 can present electrocardiogram.
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FIG. 2 shows an example of a specific structure of a
evaluation value calculator 34 of FIG. 1. A blood velocity
signal 104 from the velocity calculator 28 is input to a
differential section 42, which then calculates time differen-
tial of blood velocity to be output to the multiplier 48.

Meanwhile, a displacement signal 102 from the displace-
ment calculator 26 and a blood pressure signal 106 from the
hemodynamometer 38 are input to a scaling section 44,
which then calibrates the waveform of a displacement signal
102 into a blood pressure waveform, using the maximum
value of the displacement signal 102 as the maximum blood
pressure value and the minimum value as the minimum
blood pressure value. That is, the scaling section 44 carries
out unit conversion to output a blood pressure waveform
signal. Receiving the blood pressure waveform signal, the
differential section 46 calculates a time differential of the
received signal, and outputs a differential to a multiplier 48.

The multiplier 48 multiplies differentials of blood velocity
and of blood pressure, respectively from the differential
section 42 and the differential section 46, to obtain wave
intensity as an evaluation value. That is, the structure of FIG.
2 constitutes a circuit for executing the equation (2). It
should be noted that, when a sign inversion section is
provided upstream of the differential section 42 so that a
blood velocity signal 104 with an inverted sign is input to the
structure of FIG. 2, the sign of the output signal from the
differential section 42 may be inverted in order to adjust
polarity (i.e., positive or negative), which is important for
wave intensity, so as to agree with a calculation condition.

FIG. 3 shows an example of an image shown on the
display 36 of FIG. 1. On the left half of the image is shown
a tomogram 200. The tomogram 200 contains a longitudinal
section image of a blood vessel 14. This means that the
shown tomogram 200 is obtained with a probe properly
positioned with respect to a blood vessel.

A measurement line 202 is set on the tomogram 200 by
the user. In the example of FIG. 3, the measurement line 202
is set in one ultrasonic beam direction, which, however, is
not a limited example. Alternatively, for example, when the
direction of the measurement line 202 can be desirably set,
measurement line 202 can be consistently set in a direction
orthogonal to the center axis of the blood vessel 14.

Tracking gates A and B are set on the measurement line
202 by the user in this embodiment. Here, the tracking gate
A'is set including the intima 204 A of the anterior wall 204,
while the tracking gate B is set including the intima 206A of
the posterior wall 206. Echo data in the tracking gates A and
B is referred to in automatic specification of the intimae
204 A, 206A using the level of the echo data as a reference.
The positions of the intimae 204A and 206 A are determined
following displacement, if any, of the blood vessel 14. In this
determination, specifically, a change of the phase of a
received signal is referred to. This is a known method as
described above.

In this example, when the positions of the blood vessel
walls on both sides are specified, a sample gate S is
automatically and dynamically set within the blood vessel
210, using the middle between the wall positions as a
reference. The width of the sample gate S can be desirably
set by the user.

Should the positions of the anterior wall 204 and posterior
wall 206 be displaced due to pulsation, i.e., when the
diameter of the blood vessel varies, the sample gate S is
accordingly displaced. That is, this embodiment can offer an
advantage such that a sample gate S can be accurately and
dynamically set at the center in the blood vessel 14.

On the right half of the display screen are shown a
plurality of graphs with their time axes aligned in parallel.
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Specifically, there are shown a displacement waveform 212
concerning the anterior wall 204, specified by the tracking
gate A, a displacement waveform 214 concerning the pos-
terior wall 206, specified by the tracking gate B, and a
change waveform 216 concerning the diameter of a blood
vessel, calculated as a distance between the above men-
tioned two displacement waveforms. Below these wave-
forms are shown, from top to bottom in this order, a change
waveform 218 concerning blood velocity, and another wave-
form 220 concerning wave intensity, calculated based on the
change waveforms concerning the blood vessel diameter and
the blood velocity. Electrocardiogram 222 is additionally
shown as bio-information further below the above wave-
forms.

Therefore, according to exemplary display as shown in
FIG. 3, the position of a sample gate S relative to a blood
vessel can be clearly indicated by displaying the blood
vessel 14 itself and a mark. This advantageously allows
constant visual confirmation of the measurement point,
which in turn results in improved measurement reliability. In
addition, displaying of two or more graphs with their time
axes aligned in parallel enables analysis on correlation
between wave intensity and its underlying waveforms in
evaluation of the wave intensity. Moreover, the simulta-
neous displaying of two or more graphs enables detection of
a cause of any measurement error, which results in still
further improvement of measurement reliability.

FIG. 4 shows another example of a displayed image, in
which members identical to those in FIG. 3 are given
identical reference numerals and description thereof is not
repeated.

In the displayed example of FIG. 4, a tomogram 200 is
shown on the upper left part in the display screen, and an
enlarged image 224 of a focused part and its neighboring
part in the tomogram 200 are shown in the upper right part.
That is, display of an enlarged image 224 of, for example, a
thin blood vessel enables more accurate setting of a tracking
gate, as well as more accurate recognition of the position of
a sample gate S.

In the lower part of the display screen, two ore more
graphs are displayed with their time axes aligned in parallel,
similar to the example in FIG. 3. Advantageously, displaying
of a plurality of graphs enables comprehensive diagnosis of
a blood vessel, the heart, and so on.

FIGS. SA, 5B, 5C, 5D and 5E present actual measurement
data in a cardiac cycle; FIG. 5A shows a blood pressure
change waveform; FIG. 5B shows a blood velocity change
waveform; FIG. SC shows a change waveform of wave
intensity as time passes; FIG. 5D shows a negative area of
wave intensity which indicates the effects of backward-
traveling waves; and FIG. 5E shows an electrocardiogram.
Needless to say that other values can be displayed as a
bio-signal.

FIG. 6 is a diagram illustrating a beam setting method
employable with the present embodiment. When a measure-
ment line 54 is set just orthogonal to the center axis of the
blood vessel 14, as shown, although this is convenient to
calculate the diameter of a blood vessel, it is difficult, in
view of its principle, to extract Doppler information from
echo data obtained along that measurement line. Therefore,
a beam direction for Doppler measurement is additionally
set. Specifically, the transmission and reception control
section 18 of FIG. 1 applies beam steering so that a Doppler
beam direction, indicated by the reference numeral 56 in
FIG. 6, is set. The Doppler beam direction 56 is set passing
through the sample gate S and intersecting with the mea-
surement line 54, or a beam direction for blood vessel
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diameter measurement, at an angle 0. In the above setting,
the tracking gates A and B are set on the measurement line
54, while the sample gate S is set in the Doppler beam
direction 56. The angle 6 may be set at, for example, 15°.

A probe 10 has an array transducer 50, which comprises
a plurality of transducer elements 52. In general, electronic
scanning with ultrasonic beam 60 is achieved along the array
direction of the array transducer 50 to form a scanning plane
62, so that a tomogram is formed.

After the tracking gates A,B is set, transmission and
reception of ultrasonic beams are carried out on the mea-
surement line and in the Doppler beam direction 56 in a
predetermined time-sharing pattern. In this case, a transmis-
sion and reception port 54¢ is set so as to achieve ultrasonic
transmission and reception in a direction corresponding to
the measurement line 54, and a transmission and reception
port 56a is set so as to achieve ultrasonic transmission and
reception in a direction corresponding to the Doppler beam
direction 56. For such control, the transmission and recep-
tion control section 18 receives position information con-
cerning a measurement line set using the measurement line
setting section 30 and information concerning the center of
a blood vessel diameter. As described above, the transmis-
sion and reception control section 18 wvariably sets the
position and direction of the Doppler beam direction 56
according to displacement, if occurs, of the blood vessel 14
and its center. This ensures constant setting of an appropriate
sample gate S.

FIG. 7 illustrates a modified example of a beam setting
method. In this example, a beam for measuring displacement
of a blood vessel wall is formed along the measurement line
54. In addition, a transmission beam $6-1 for Doppler
measurement is set passing through the sample gate S, and
two additional reception beams 56-2, 56-3 for Doppler
measurement are also set intersecting with the transmission
beam 56-1. With this arrangement, Doppler measurement is
achievable even when the measurement line 354 is set
orthogonal to a blood vessel axis. Moreover, a blood veloc-
ity vector can be obtained because so-called one transmis-
sion and two receptions are applied.

FIGS. 8 to 11 show timing charts for Doppler measure-
ment and measurement of displacement of a blood vessel
wall. In FIG. 8, the reference numeral 120 represents a pulse
indicative of a repetitive cycle; the reference sign D repre-
sents a period for Doppler measurement, i.c., a velocity
calculation; and the reference sign M represents a period for
calculation of displacement of a blood vessel wall, i.c.,
blood vessel displacement measurement. In the example of
FIG. 8, in which a pulse repetition frequency (PRF) is set,
for example, at 4 kHz, Doppler measurement is continually
and repetitively applied, whereas displacement measure-
ment is conducted once for four Doppler measurements.
That is, the chart of FIG. 8 concerns a case in which one
beam direction is used for Doppler measurement and dis-
placement measurement.

The charts of FIGS. 9 to 11, on the other hand, illustrate
a case where two beam directions, i.e., a displacement
measurement beam direction and a Doppler measurement
beam direction, are set. In the example of FIG. 9, directions
1 and 2 are repetitively and alternately set, wherein dis-
placement measurement is conducted in the direction 1 and
Doppler measurement is conducted in the direction 2. In this
case, an ultrasonic beam is transmitted alternatively in the
directions 1 and 2. Therefore, supposing that the PRF is, for
example, 2 kHz, substantial PRFs of Doppler measurement
and displacement measurement are each 1 kHz.

In the example of FIG. 10, in which PRF is 8 kHz, a
substantial PRF for Doppler measurement is 4 kHz, while
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that for displacement measurement is 1 kHz. In the example
of FIG. 11, in which PRF is 8 kHz, a PRF for Doppler
measurement is 8 kHz, while that for displacement mea-
surement of 1 kHz. Note that these measurement patterns are
only exemplary, and various other patterns are usable.

FIGS. 12 and 13 show a flowchart of operation of the
apparatus of FIG. 1.

At S101, a B mode measurement is set. That is, at S102,
the position and posture of the probe 10 of FIG. 1 are
desirably adjusted with respect to the B mode image, or a
tomogram, such that a scanning plane is formed including
the center axis of the blood vessel 14.

At S103, a measurement line 202, shown, for example, in
FIG. 3, is manually set. At S104, a tracking gate A is
manually set on the measurement line and the anterior wall.
At S105, a tracking gate B is manually set on the posterior
wall.

At 5106, the width of a sample gate is set by a user. When
this setting is not applied, a default value is set. At S107, the
middle (a middle depth) between the positions (depth) of the
tracked anterior and posterior walls is calculated.

At S108, a sample gate is automatically set so as to be of
vertical symmetry using the middle as a reference.
Specifically, the position of the sample gate is set following
any displacement of a blood vessel wall.

At S109, a Doppler beam direction is calculated using the
sample gate or the center of a blood vessel diameter as a
reference. At S110, the B mode is switched to the M/D
mode, in which the B mode image is generally frozen. In the
M/D mode, a displacement measurement beam and a Dop-
pler measurement beam, as shown in FIG. 6 are formed in
a predetermined cycle.

Referring to FIG. 13, at S111, tracking of the anterior and
posterior walls begins, while, at S112, Doppler measurement
begins. At S113, a blood vessel diameter is calculated, and,
at S114, a blood velocity is calculated as an averaged value
of Doppler information.

In order to calculate wave intensity on a real time basis
using the blood vessel diameter and the blood velocity
respectively obtained at S113 and S114, S117 is conducted
immediately after S113 and S114. At S117, a differential of
a blood velocity and that of a converted value of a displace-
ment signal are multiplied to thereby calculate wave inten-
sity.

Meanwhile, for more accurate measurement less influ-
enced by respiration, the blood vessel diameter and the
blood velocity, respectively measured at S113 and S114, are
first held in a buffer during a period corresponding to a
predetermined number of heart pulses (S115). Then, data
concerning stable and reproducible five pulses among the
pulses held in the buffer are selected for averaging (S116).

At S117, wave intensity is calculated based on the aver-
aged blood vessel diameter and blood velocity. At S118, a
wave intensity waveform is analyzed upon necessity.
Specifically, for example, first and second peaks may be
specified, and a change of these waveforms may be ana-
lyzed.

As described above, the present invention as configured in
this embodiment enables reliable setting of a measurement
area with respect to a blood vessel, and simultaneous mea-
surement of displacement of a blood vessel wall and a blood
velocity, which resultantly improves measurement accuracy
and reliability. In addition, simultaneously display of a
plurality of items of related information on a display screen
enables comprehensive evaluation of blood vessel condition
and a heart function with reference to the displayed infor-
mation.
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Embodiment 2

In an ultrasonic diagnostic apparatus according to a
second preferred embodiment of the present invention, a
beam direction can be automatically set for measurement of
displacement of a blood vessel wall or a blood velocity. Such
an apparatus comprises a transmitter-receiver for transmit-
ting and receiving an ultrasonic pulse for ultrasonic beam
scanning to obtain a received signal; first beam direction
setting means for determining a first beam direction orthogo-
nal to a blood vessel wall, based on the received signal, to
set the first beam direction to the transmitter-receiver; dis-
placement measurement means for measuring displacement
of a blood vessel wall using the received signal correspond-
ing to the first beam direction; and evaluation value calcu-
lator for calculating an evaluation value using the displace-
ment of the blood vessel wall.

Desirably, the first beam direction setting means includes
beam steering means for steering a beam direction, charac-
teristic signal detector for detecting a characteristic signal
originated from the blood vessel wall with respect to the
received signal in each of the respective beam directions
resulting from the steering, and characteristic signal com-
parison means for mutually comparing characteristic signals
concerning the respective beam directions to determine the
first beam direction based on a result of comparison.

With such an arrangement, the beam steering means
forms an ultrasonic beam in a plurality of beam directions.
Generally, a distance between the transmitter-receiver and a
blood vessel wall varies with the beam direction. Therefore,
characteristic signals originated from respective parts of a
blood vessel wall are each subjected to attenuation or delay
by an extent commensurate with the distance over which the
associated ultrasonic beam has traveled from transmission to
reception which results in different characteristic signals.
Therefore, a distance between the center of a transmission
and reception port on a probe and a part of a blood vessel
wall intersecting with each beam direction can be known
through comparison of characteristic signals concerning the
respective beam directions, and information concerning the
arrangement and shape of a blood vessel can be obtained
based on the distance information. The characteristic signal
comparison means determines a first beam direction based
on the information concerning the arrangement and shape of
a blood vessel, obtained through comparison between char-
acteristic signals concerning the respective beam directions.

An apparatus of the present invention may further com-
prise second beam direction setting means for setting a
second beam direction for Doppler measurement, which
inclines with respect to the first beam direction, to the
transmitter-receiver, and blood velocity measurement means
for measuring a blood velocity using the received signal
corresponding to the second beam direction.

The blood velocity measurement means can measure a
blood velocity using a Doppler measurement method. The
blood velocity measurement means requires an ultrasonic
beam intersecting with a blood vessel part where a blood
velocity is to be measured, at an angle inclining with respect
to the bloodstream. Using a first direction orthogonal to a
blood vessel, i.e., a bloodstream, as a reference, the present
apparatus determines a second beam direction inclining with
respect to the first beam direction. Therefore, a resultant
second beam direction inclines with respect to a blood-
stream.

The present apparatus may further comprise an evaluation
value calculator for calculating an evaluation value based on
the displacement of a blood vessel wall and the blood
velocity. The apparatus is employable with various evalua-
tion values, with one example thereof being wave intensity.
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The second beam direction setting means may set a
sample gate in the first beam direction within the blood
vessel based on, for example, a characteristic signal, and
may further set a second beam direction passing through the
sample gate.

The characteristic signal comparison means compares
amplitudes of the characteristic signals concerning the
respective received signals to determine the first beam
direction. The amplitude of a characteristic signal depends
on the angle formed by the associated ultrasonic beam
direction and the blood vessel wall resulting in the charac-
teristic signal. That is, basically, for an ultrasonic beam
intersecting with a blood vessel wall at an angle closer to a
right angle, the resultant characteristic signal has a larger
amplitude. Therefore, the present apparatus can obtain infor-
mation on the shape of a blood vessel wall with reference to
the amplitude of an associated characteristic signal, and
determine a first beam direction based on the shape infor-
mation. Desirably, the characteristic signal comparison
means determines the first beam direction using a charac-
teristic signal as the maximum amplitude. At a point on a
blood vessel wall resulting in a characteristic signal having
the maximum amplitude, an ultrasonic beam intersects with
the blood vessel wall at a right angle. In other words, a first
beam direction orthogonal or nearly orthogonal to a blood
vessel wall can be determined using a characteristic signal as
the maximum amplitude.

In the following, the present embodiment will be
described using a more specific example. FIG. 14 is a block
diagram showing a complete structure of a first type of an
ultrasonic diagnostic apparatus capable of automatic setting
of a beam direction in this example of the second preferred
embodiment.

Referring to FIG. 14, a probe 310 is an ultrasonic probe
for transmission of an ultrasonic pulse and reception of an
echo. The probe 310 has an array transducer (described
later) so that ultrasonic electronic scanning is carried out
through control of driving timing of the array transducer. An
electronic scanning method may include, for example, elec-
tronic linear scanning, electronic sector scanning, and the
like.

A transmitter-receiver 312 comprises a transmission cir-
cuit for supplying a transmission signal to the probe 310 and
a reception circuit for conducting amplification and phasing
integration with respect to a signal received from the probe
310.

The transmission and reception control section 314 is
responsible for transmission and reception control for for-
mation of a transmission beam and a reception beam.

A received signal processor 316 comprises a tomogram
formation section 318, a displacement calculator 320, a
velocity calculator 322, and an evaluation value calculator
324. The tomogram formation section 318 forms a
tomogram, or a B mode image, from a received signal.
Image information concerning the formed tomogram is
output to the display processor 330.

The displacement calculator 320 calculates displacement
of the position of a blood vessel wall, and has a function for
calculating a blood vessel diameter based on the positions of
the anterior and posterior walls of the blood vessel.
Specifically, the displacement calculator 320 has a function
for tracking the position of a blood vessel wall on a
measurement line (described later), using a tracking gate set
by a user. As a blood vessel wall causes a relatively strong
echo, comparison between an echo data level and a prede-
termined threshold enables detection of a strong character-
istic signal originated from a blood vessel wall. Displace-
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ment of the blood vessel wall is tracked based on a
characteristic signal. The displacement calculator 320 sets a
sample gate on the displacement measurement line, so as to
include the center of the blood vessel. The sample gate is
used in setting a Doppler beam direction (described later).

In the Doppler beam direction, a blood velocity sample
gate is set at a part close to an intersection with the
displacement measurement line. Referring to the echo data
concerning the inside of the blood velocity sample gate, the
velocity calculator 322 extracts Doppler information from
the echo data to obtain speed information, and calculates a
blood velocity as an averaged value of the speeds.

A displacement signal indicative of a blood vessel
diameter, calculated in the displacement calculator 320, and
a blood wvelocity signal indicative of a blood velocity,
calculated in the velocity calculator 322, are supplied to the
display processor 330 and the evaluation value calculator
324.

The evaluation value calculator 324 calculates wave
intensity as an evaluation value based on a blood vessel
diameter and a blood velocity. Specifically, the evaluation
value calculator 324 calculates a time differential of blood
velocity based on a blood velocity signal and a time differ-
ential of blood pressure based on a displacement signal, and
multiplies the resultant time differentials to each other. The
result of multiplication is wave intensity.

The display processor 330 creates an image to be shown
on a display 332. The display processor 330 has an image
composition function, and so on.

The apparatus of the present example has an automatic
beam direction setting function for automatically setting a
displacement measurement line and a Doppler beam direc-
tion based on a received signal. This function is realized by
the transmission and reception control section 314 and the
beam direction determination section 340. With this
function, a first beam direction and a second beam direction
are set, the first beam direction being orthogonal to a blood
vessel wall and serving as a displacement measurement line
suitable for use in measurement of displacement of a blood
vessel wall, the second beam direction serving as a Doppler
beam direction inclining with respect to a bloodstream.
Preferably, the automatic beam direction setting function is
activated when the longitudinal section image of a blood
vessel is shown in the tomogram, as the directions of the two
beams are on the same scanning plane.

Upon user activation of the automatic beam direction
setting function, the transmission and reception control
section 314 controls the transmitter-receiver 312 so as to
conduct ultrasonic transmission and reception in different
beam directions. Namely, ultrasonic beams are transmitted
from and received by the probe 310 at different angles.

The beam direction determination section 340 is supplied
with received signals concerning the respective beam direc-
tions obtained through electronic scanning. The character-
istic signal detector 342 checks the received signals con-
cerning the respective beam directions, and detects strong
echo originated from a blood vessel wall for use as a
characteristic signal. It should be noted that, generally, a
characteristic signal is obtained from each of the anterior
and posterior walls of a blood vessel. The amplitude com-
parator 344 obtains the amplitude of one or both of the
characteristic signals originated from the anterior and pos-
terior signals for every beam direction. A larger amplitude is
obtained for an ultrasonic intersecting with a blood vessel
wall at an angle closer to a right angle. Therefore, the beam
direction resulting in a signal having the maximum ampli-
tude is expected to be orthogonal to a blood vessel wall. The



US 6,673,020 B2

19

amplitude comparator 344 of the present apparatus com-
pares the amplitudes of the characteristic signals concerning
the respective beam directions, and selects a beam direction
resulting in a signal having the maximum amplitude as a first
beam direction. When the amplitude is not maximized, the
angle formed by a blood vessel wall and a beam direction
resulting in a signal having the largest amplitude is assumed
to be closest to a right angle within a scanning range, and
that beam direction providing the largest amplitude is
selected as the first beam direction.

The thus selected first beam direction is provided to the
beam direction setting section 346, which, in turn, informs
the transmission and reception control section 314 of the
first beam direction.

The first beam direction is also supplied to the blood
velocity beam direction setting section 348. The blood
velocity beam direction setting section 348 then sets a
direction inclining at a predetermined angle with respect to
the first beam direction on the scanning plane, as a second
beam direction (a Doppler beam direction), and informs the
transmission and reception control section 314 of the second
beam direction. Because the second beam direction is set so
as to pass through the sample gate set by the displacement
calculator 320 on the displacement measurement line, trans-
mission and reception ports for ultrasonic beams in the first
and second beam directions are basically displaced from
each other. The above described blood velocity sample gate
is set at a part near the center of a blood vessel in the Doppler
beam direction, and the velocity calculator 322 measures the
speed of a bloodstream flowing within the blood velocity
sample gate.

For measurement of, for example, wave intensity, the
transmission and reception control section 314 alternately
sets a first beam direction and a second beam direction for
use by the transmission and reception section 312, so that the
received signal processor 316 alternately measures displace-
ment of a blood vessel wall and blood velocity.

It should be noted that, in such a case, a blood vessel wall
is straight and beam steering is applied.

FIG. 15 shows an example of an image displayed on the
display 332 of FIG. 14. On the left half of the image is
shown a tomogram 360. The tomogram 360 contains a
longitudinal section image of a blood vessel 362. This means
that the shown tomogram 360 is obtained with a probe
properly positioned with respect to a blood vessel.

In the tomogram 360, a first beam direction determined by
means of the above described automatic beam direction
setting function is set to serve as a displacement measure-
ment line 364. Tracking gates A and B are set on the
displacement measurement line 364 by the user such that the
tracking gate A includes the intima 366A of the anterior wall
366 and the tracking gate B includes the intima 368A of the
posterior wall 368. Echo data in the tracking gates A and B
is referred to in automatic specification of the intimae 366 A,
368A using the level of the echo data as a reference.
Moreover, the positions of the intimae 366A and 368A are
detected following the displacement, if occurs, of the blood
vessel 62. This detection may be made, for example, based
on a change of the phase of a received signal.

When the positions of the anterior and posterior walls are
specified as above, the present apparatus automatically and
dynamically sets a sample gate on the displacement mea-
surement line within the blood vessel 370, using the middle
between the wall positions as a reference. Further, a second
beam direction is set as a Doppler beam direction by the
blood velocity beam direction setting section 348, such that
it passes through the set sample gate and incline at a
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predetermined angle 0 with respect to the displacement
measurement line 364. The resultant Doppler beam direction
372 is shown in the tomogram. A blood velocity sample gate
S is set on the Doppler beam direction and also shown in the
tomogram. The width of the sample gate S is freely settable
by a user.

On the right half of the display screen are shown a
plurality of graphs with time axes aligned in parallel.
Specifically, there are shown an M mode image 380, a
displacement waveform 382 concerning the anterior wall
366, tracked by the tracking gate A, a displacement wave-
form 384 concerning the posterior wall 368, tracked by the
tracking gate B, and a change waveform 386 concerning the
diameter of a blood vessel, calculated as a distance between
the above mentioned displacement waveforms 382, 384. In
the M mode image 380, echo on the displacement measure-
ment line is shown in a time series manner. Below these
waveforms are shown as bio-information, from top to the
bottom in this order, a blood velocity waveform 388 con-
cerning a bloodstream at the sample gate S, and an electro-
cardiogram 390, input from an electrocardiograph (not
shown in FIG. 14). In addition, an evaluation value such as
wave intensity, obtained from the evaluation value calcula-
tor 324, may be displayed.

FIG. 16 is a flowchart explaining operation of automatic
beam direction setting applied by the present apparatus. A
user operates the probe 310 so as to display a longitudinal
section image of a part for diagnosis, for example, the
carotid artery, on the display 332 (S400). The user then
manually designates the displacement measurement line 364
shown in the tomogram as a target measurement position
using a track ball and soon (S405). Although such a manu-
ally set displacement measurement line is sufficient for
measurement of displacement of a blood vessel wall or the
like, a more preferable displacement measurement line and
Doppler line are set in the present embodiment, using the
displacement measurement line as a reference. The auto-
matic beam direction setting operation is activated by a user
operating a button and so on provided to the present appa-
ratus (S410).

The transmission and reception control section 314 con-
ducts steering control with respect to an ultrasonic beam so
that the beam sweeps back and forth centered around the
displacement measurement line set by the user (S415). The
amplitudes of the character signals concerning the respective
beam directions resulting from the swinging ultrasonic beam
are compared to one another in the amplitude comparator
344 (S420), so that a beam direction resulting in a charac-
teristic signal having the maximum amplitude is determined
as a first beam direction orthogonal to a blood vessel wall
(S425). The first beam direction orthogonal to the blood
vessel wall is set as a displacement measurement line
obtained through automatic setting. This first beam direction
is set by the beam direction setting section 346 and sent to
the transmission and reception control section 314 at the
time of measuring the displacement of a blood vessel wall
(S430). Information on the set displacement measurement
line is input to the blood velocity beam direction setting
section 348. The blood velocity beam direction setting
section 348 then sets a second beam direction as a Doppler
beam direction for use in a blood velocity measurement, the
second beam inclining at a predetermined angle 0 with
respect to the displacement measurement line and passing
through the sample gate, which is set in a part close to the
blood vessel center on the displacement measurement line
(S435).

In the present example, a displacement measurement line
and a Doppler beam direction are automatically set as
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described above, and the displacement of a blood vessel and
blood velocity are measured using the set line and direction
(5440).

It should be noted that, whereas a user designates a
displacement measurement line before application of auto-
matic beam direction setting, in order to designate the user’s
target measurement position in the above, user designation
of a displacement measurement line is not necessary for
automatic setting of the respective beam directions.

FIG. 17 is a block diagram showing a complete structure
of a second example of an ultrasonic diagnostic apparatus
according to the second preferred embodiment, in which
structural elements identical to those in FIG. 14 are given
identical reference numbers and only briefly described.

The second example apparatus differs from the first
example shown in FIG. 14 in that the former comprises a
delay time comparator 450 in place of the amplitude com-
parator 344. That is, the second example apparatus deter-
mines a first beam direction using the delay time comparator
450. In the following, only the difference between the first
and second examples are described and they are basically
identical in all other points.

The characteristic signal detector 342 detects a charac-
teristic signal originating from a blood vessel wall from
among received signals concerning the respective beam
directions resulting from beam steering by the transmission
and reception control section 314. The delay time compara-
tor 450 obtains a delay time from transmission of an
ultrasonic beam to reception of a characteristic signal for
every beam direction. A delay time becomes longer for a
longer distance between a beam transmission port and a
blood vessel wall reflecting the beam. Therefore, a beam
direction resulting in the shortest delay time is expected to
be orthogonal to the blood vessel wall. The delay time
comparator 450 of the present apparatus compares the
respective delay times, and selects a beam direction resulting
in the minimum delay time as a first beam direction. In a
case wherein delay time is minimized, the angle formed by
a blood vessel wall and a beam direction resulting in the
shortest delay time is assumed to be closest to a right angle
within a scanning range, and that beam direction is selected
as a first beam direction.

The thus selected first beam direction is supplied to the
beam direction setting section 346, which, in turn, informs
the transmission and reception control section 314 of this
first beam direction.

FIG. 18 is a block diagram showing a complete structure
of a third example ultrasonic diagnostic apparatus according
to the second preferred embodiment, in which structural
elements identical to those in FIG. 14 or 17 are given
identical reference numbers and only briefly described.

The third example apparatus differs from the apparatuses
of the first and second examples primarily in that the first
beam direction is determined based on comparison results
obtained in the amplitude comparator 344 and the delay time
comparator 450. In the following, only the difference
between the first and second types of apparatus and the third
type of apparatus is described and they are basically iden-
tical as for other points.

A detection result concerning a characteristic signal,
obtained in the characteristic signal detector 342, is supplied
to the amplitude comparator 344 and the delay time com-
parator 450. The comparators 344 and 450 in turn supply
their comparison results to a judgement section 460, which
then determines a first beam direction based on the supplied
comparison results.

In an example wherein the amplitude comparator 344 is
configured so as to select a beam direction resulting in a
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signal having the maximum amplitude and the delay time
comparator 450 is configured so as to select a beam direction
resulting in a signal having the minimum delay time, the
judgement section 460 can determine a direction at the
middle of these directions as a first beam direction.

A delay time is proportional to a distance between the
center of a transmission and reception port and a blood
vessel wall reflecting the ultrasonic beam, while a signal
amplitude exponentially attenuates as an increase of the
distance. Therefore, a delay time and a logarithm of a signal
amplitude are appropriately weighed and averaged, and a
direction resulting in an averaged value being an extreme
may be determined as a first beam direction.

As described above, according to the present invention, a
blood vessel diameter, blood velocity, and so on can be
measured with high accuracy, and an evaluation value can be
calculated based thereon. This enables highly reliable ultra-
sonic diagnosis.

‘What is claimed is:

1. An ultrasonic diagnostic apparatus, comprising:

a single transmitter-receiver for transmitting an ultrasonic

pulse and obtaining echo data;

a tomogram generator for forming a tomogram of a blood

vessel based on the echo data;

a measurement line setting device for setting a measure-

ment line in the tomogram,;

a displacement calculator for calculating displacement of

a blood vessel wall on the measurement line;

a sample gate generator for automatically setting a sample

gate using the measurement line as a reference;

a blood velocity calculator for calculating blood velocity

at the sample gate; and

a wave intensity calculator for calculating a wave inten-

sity based on the displacement of the blood vessel wall
and the blood velocity.

2. An apparatus according to claim 1, wherein

a displacement waveform corresponding to displacement

of the blood vessel wall over time, and a velocity
waveform indicative of change over time of the blood
velocity are displayed together with the tomogram.

3. An apparatus according to claim 2, wherein

a wave intensity waveform indicative of change over time

of the wave intensity is additionally displayed.

4. An apparatus according to claim 3, wherein

a bio-signal waveform is additionally displayed.

5. An apparatus according to claim 4, wherein

the displacement waveform, the velocity waveform, the

wave intensity waveform, and the bio-signal waveform
are displayed on a real time basis with their time axes
aligned in parallel.

6. An apparatus according to claim 1, wherein

the measurement line setting device is an input device

through which the user can designate the measurement
line.

7. An apparatus according to claim 1, further comprising

a tracking circuit for tracking a position of the blood

vessel wall on the measurement line, following any
motion of the blood vessel wall,

wherein

the displacement of the blood vessel wall is calculated
from a result of tracking of the position of the blood
vessel wall.

8. An apparatus according to claim 7, wherein

the sample gate generator dynamically sets the sample

gate within the blood vessel so as to follow the position
of the blood vessel wall tracked.
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9. An apparatus according to claim 1, wherein

a direction of the measurement line is determined as a first
beam direction for displacement measurement, and

a direction passing through the sample gate and intersect-
ing with the measurement line is determined as a
second beam direction for Doppler measurement.

10. An apparatus according to claim 9, wherein

the transmitter-receiver includes an array transducer com-
prising a plurality of ultrasonic transducer elements,
and

the array transducer carries out transmission and reception
of an ultrasonic beam in the first direction and trans-
mission and reception of an ultrasonic beam in the
second direction in a time sharing manner.

11. An ultrasonic diagnostic apparatus, comprising:

a single transmitter-receiver for transmitting an ultrasonic
pulse and obtaining echo data;

a tomogram generator for forming a tomogram of a blood
vessel based on the echo data;

a measurement line setting device for setting a measure-
ment line in the tomogram;

a blood vessel diameter calculator for calculating a blood
vessel diameter along the measurement line;

asample gate generator for automatically setting a sample
gate using the measurement line as a reference;

a blood velocity calculator for calculating blood velocity
at the sample gate;

a blood pressure calculator for converting a change of the
blood vessel diameter into a change of blood pressure
using a maximum blood pressure value input and a
minimum blood pressure value input, as a reference;
and

a wave intensity calculator for calculating a wave inten-
sity based on the blood pressure and the blood velocity.

12. An apparatus according to claim 11, wherein

the blood pressure calculator considers the largest blood
vessel diameter to be the maximum blood pressure
value and the smallest blood vessel diameter to be the
minimum blood pressure value during conversion into
blood pressure.

13. An apparatus according to claim 11, wherein

the maximum blood pressure value and the minimum
blood pressure value are measured using a hemodyna-
mometer applied to a specific part of a subject.

14. An apparatus according to claim 11, wherein

the wave intensity calculator calculates a time differential
of the blood pressure and a time differential of the
blood velocity; and the wave intensity calculator fur-
ther calculates wave intensity based on a product
obtained by multiplying the time differential of the
blood pressure and the time differential of the blood
velocity.

15. An ultrasonic diagnostic apparatus, comprising:

a single transmitter-receiver for transmitting an ultrasonic
pulse and obtaining echo data;

a calculator for calculating blood velocity at a measure-
ment part within a blood vessel based on the echo data;

a calculator for calculating a time differential of the blood
velocity;

a calculator for calculating blood pressure at the measure-
ment part based on one or both of the echo data and a
bio-measurement signal,

a calculator for calculating a time differential of the blood
pressure; and
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a calculator for multiplying the time differential of the
blood velocity and the time differential of the blood
pressure at a same moment to thereby calculate wave
intensity.

16. An apparatus according to claim 15, further compris-

ing:

a display device for forming a tomogram of the blood
vessel based on the echo data, and displaying on a
display screen the tomogram together with a waveform
indicative of change over time of the blood velocity and
another waveform indicative of change over time of the
blood pressure; and

a mark indicator for displaying a mark indicative of the
measurement part in the tomogram of the blood vessel
displayed on the display screen.

17. An apparatus according to claim 16, wherein

the display device displays on a real time basis a wave-
form indicative of change of the wave intensity over
time, together with the tomogram of the blood vessel.
18. An ultrasonic diagnostic apparatus, comprising:

a single transmitter-receiver for setting a beam direction
passing across a blood vessel, transmitting an ultra-
sonic pulse in the beam direction, and obtaining echo
data in the beam direction;

a blood velocity calculator for calculating blood velocity
based on the echo data;

a blood vessel wall specifying circuit for specifying
positions of an anterior wall and a posterior wall of the
blood vessel based on the echo data obtained in the
beam direction;

a blood vessel diameter calculator for calculating a blood
vessel diameter based on the positions of the anterior
wall and the posterior wall of the blood vessel,

a blood pressure calculator for converting a change over
time of the blood vessel diameter to a change over time
of a blood pressure value; and

a wave intensity calculator for calculating a wave inten-
sity from a change over time of the blood velocity and
the change over time of the blood pressure value.

19. An apparatus according to claim 18, wherein

the change over time of the blood vessel diameter is
converted into a change over time of the blood pressure
according to reference data.

20. An apparatus according to claim 19, wherein

the reference data is obtained using a hemodynamometer
externally applied to a specific part of a subject.
21. An ultrasonic diagnostic apparatus, comprising:

a blood velocity calculator for preparing a blood velocity
graph showing change over time of velocity of blood
flowing in a blood vessel based on echo data;

a blood vessel diameter calculator for preparing a blood
vessel diameter graph showing a change as time passes
of a blood vessel diameter based on the echo data;

a wave intensity calculator for calculating a wave inten-
sity from the blood velocity and the blood vessel
diameter at a same moment and preparing a wave
intensity graph showing a change as time passes of the
wave intensity; and

a display device for simultaneously displaying the blood
velocity graph, the blood vessel diameter graph, and the
wave intensity graph.

22. An ultrasonic diagnostic apparatus, comprising:

a tomogram generator for forming a tomogram of a blood
vessel based on echo data;
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a blood velocity calculator for preparing a blood velocity
graph showing change over time of the velocity of
blood flowing in the blood vessel based on the echo
data;

a blood vessel diameter calculator for preparing a blood
vessel diameter graph showing change over time of a
blood vessel diameter based on the echo data;

a wave intensity calculator for preparing a wave intensity
graph showing change over time of the wave intensity
based on the velocity of blood flowing in the blood
vessel and the blood vessel diameter; and

a display device for simultaneously displaying the tomo-
gram of the blood vessel, the blood velocity graph, the
blood vessel diameter graph.

23. An ultrasonic diagnostic apparatus, comprising:

a single transmitter-receiver for transmitting and receiv-
ing a ultrasonic pulse for ultrasonic beam scanning to
obtain a received signal;

a first beam direction setting circuit for determining a first
beam direction orthogonal to a blood vessel wall, based
on the received signal, to set the first beam direction to
the transmitter-receiver;

a displacement measurement circuit for measuring dis-
placement of a blood vessel wall using the received
signal corresponding to the first beam direction; and

a wave intensity calculator for calculating a wave inten-
sity using the displacement of the blood vessel wall.
24. An apparatus according to claim 23, wherein

the predetermined angle is a right angle.

25. An apparatus according to claim 23, wherein

the first beam direction setting circuit, including a beam
steering circuit for steering a beam direction, a char-
acteristic signal detector for detecting a characteristic
signal originated from the blood vessel wall from
among received signals relative to each of the respec-
tive beam directions resulting from the steering; and

a characteristic signal comparison circuit for mutually
comparing characteristic signals concerning the respec-
tive beam directions to determine the first beam direc-
tion based on a result of comparison.
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26. An apparatus according to claim 2§, wherein

the characteristic signal comparison circuit mutually com-
pares amplitudes of the characteristic signals among the
respective received signals to determine the first beam
direction.

27. An apparatus according to claim 26, wherein

the characteristic signal comparison circuit determines the
first beam direction utilizing a fact that a characteristic
signal has the maximum amplitude.

28. An apparatus according to claim 2§, wherein

the characteristic signal comparison circuit determines the
first beam direction through comparison of generation
timing of the characteristic signals among the respec-
tive received signals.

29. An apparatus according to claim 28, wherein

the characteristic signal comparison circuit determines the
first beam direction using a time period from transmis-
sion of the ultrasonic beam to reception of the character
signal as the minimum.

30. An apparatus according to claim 25, wherein

the characteristic signal comparison circuit determines the
first beam direction through comparison of generation
timing and an amplitude of the characteristic signals
among the respective received signals.

31. An apparatus according to claim 23, further compris-

ing:

a second beam direction setting circuit for setting a
second beam direction for Doppler measurement to the
transmitter-receiver, the second beam direction inclin-
ing with respect to the first beam direction; and

a blood velocity measurement circuit for measuring blood
velocity using the received signal corresponding to the
second beam direction.

32. An apparatus according to claim 31, wherein

the wave intensity calculator calculates the wave intensity
from the displacement of the blood vessel wall and the
blood velocity.

33. An apparatus according to claim 31, wherein

the second beam direction setting circuit sets a sample
gate in the first beam direction within the blood vessel
based on the characteristic signal, and further sets the
second beam direction passing through the sample gate.
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