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(57) Abstract: The present invention enables ultrasonic
propagation time values after correction of refraction to
be calculated in parallel for each receive channel, by us-
ing a recurrence relation in the depth direction. Moreover,
accumulation of errors can be avoided by using an accu-
rate propagation time value obtained in advance at a ref-
erence depth to correct the propagation time value each
time the reference depth is reached. For this error correc-
tion, the recurrence relation to calculate the propagation
time value can be an approximate expression. For exam-
ple, the propagation time value can be calculated using
the inclination of reference propagation time values be-
tween reference depths. In an actual circuit, received sig-
nals are sequentially stored in a memory, and a receive
beam is formed by calculating an address position corre-
sponding to the propagation time value of the ultrasonic
wave, and adding the received signals stored in the calcu-
lated addresses.
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DESCRIPTION

Title of Invention

ULTRASONIC IMAGING APPARATUS AND METHOD OF CONTROLLING DELAY

Technical Field
[0001]

The present invention relates to an ultrasonic imaging
apparatus for receiving ultrasonic waves which are reflected
or generated in a subject and for imaging the received
ultrasonic waves, and more particularly to a digital
ultrasonic imaging apparatus which performs delay correction,
according to the ultrasonic propagation time, on signals
obtained from a plurality of receiving elements for forming a

receive beam.

Background Art
[0002]

Since ultrasonic waves do not cause exposure and are
basically non-invasive, ultrasonic image diagnosis 1is widely
used. Particularly in recent years, the delay time generated
for fgrming an ultrasonic beam can be easily controlled at
high precision because of thé advancement of digitization of
ultrasonic imaging apparatuses. By this, a high quality
biological tomographic image can be obtained using a compact

apparatus, which is used for the diagnosis of each area. In
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addition to an ultrasonic echo diagnostic apparatus which
irradiates ultrasonic waves onto a subject, receives the echo
and generates an image thereof, a photoacoustic imaging
apparatus which irradiates pulsed lights and receives
photoacoustic waves (ultrasonic waves) generated inside the
subject, and generates an image thereof, has also been
proposed.

[0003]

In conventional ultrasonic imaging apparatuses, delay time
control, for forming an ultrasonic beam, is often performed
based on the assumption that an ultrasonig wave propagates
through a medium of which sound velocity is constant. On the
other hand, if a material of which sound velocity is different
from a biological tissue, that is a subject, such as a
stationary plate for securing an acoustic lens layer on the
surface of an ultrasonic probe and the‘biological tissue,
exists between the biological tissue and a transducer which
transmits/receives ultrasonic waves, the ultrasonic waves are
refracted at the boundary of the areas having different sound
velocities. As a result, in the case of a conventional delay
time contrpl, a focal point of an ultrasonic beam is not
formed well, and image quality deteriorates. When a thick fat
layer exists on the subject surface as well, ultrasonic waves
are refracted in the same manner, since the sound velocities

of the fat layer and the biclogical tissue under the fat layer
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are different, and as a result, the tissue under the fat layer
is not clearly imaged.
[0004]

A guantity of delay when a layer having a different sound.
velocity exists between a subject and a transducer can be
analytically determined by considering a path of refraction
using Snell’s Law. Some methods of correcting the delay time
using Snell’s Law have been proposed.

[0005]

US Patent No. 6,607,489 (PTL 1) discloses an ultrasonic
apparatus having a stationary plate for securing a biological
tissue, where delay time, due to the difference of the sound
velocities between the stationary plate and a target tissue
based on an accurate calculation, is stored in the apparatus
in advance for each transducer ‘and each focal point, and delay
of the transmit/receive beam is controlled using this delay
time. Calculating the delay time in real-time is also
disclosed, but a concrete numerical computing algorithm is not
disclosed.

WO 01-026555 (PTL 2) discloses an ultrasonic imaging
apparatus which corrects the influgnce on refraction by an
acoustic lens and a fat layer on the surface of a tissue, so
as to suppress deterioration on the quality of an image of the.
tissue area under the fat layer of the subject. Since the
influence on the refraction by a fat layer, which is

relatively thick and which thickness is different depending on
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the target subject, the delay time in each transducer is
determined by computation using a delay time correction
approximate expression based on Snell’s Law. In the.method of
WO 01-026555, the delay time in the next transducer is
calculated using recurrence relation based on the delay time
in the adjacent transducer. Thereby the computing time is
reduced.

(PTL 1) US Patent No. 6,607,489

(PTL 2) International Publication No. WO01-026555

Summary of Invention
f0006]

However in the case of US Patent No. 6,607,489, delay time
must be stored for all the transducers on all the focal poihts
in advance. Therefore a huge memory for storing delay time
values is required in order to have a high number of focal
points of dynamic focus during reception to implement high
image quality. Generally the resolution improves as alnumber
of transducer elements increases and as a number of focal
points of the dynamic receiving focus increases. It is also
desired to capture images deep in a subject. In any case, a
number of delay time values to store increases, and the
circuit scale become huge.

[0007]
Furthermore if the thickness of the stationary plate that

intervenes changes, new sets of delay time values are required
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accordingly. US Patent No. 6,607,489 also discloses an
apparatus including an computing unit which performs accurate
calculation on the ultrasonic wave propagation paths including
refraction to determine delay time, and a set of delay time

" values can be computed according to the thickness of the
stationary plate that intervenes, but a concrete numerical
algorithm of the ultrasonic wave propagation path calculation
is not disclosed. Therefore the delay time is computed using
a processor dedicated to numerical operation, such as an MPU;
or a CPU of a general purpose PC, for efficiently performing
general numeric operation. However in the dynamic focus
during reception, the delay time in each transducer must be
changed at high-speed according to the propagation timing of
the transmit ultrasonicvpulse. Hence a huge memory for
storing delay time values is required in the digital circuits,
also in the case of calculating delay time values using a
general purpose PC for performing control and reading these
values into digital circuits for forming ultrasonic beams.
Otherwise a means of transferring data from a PC to digital
circuits at high-speed is required. In both configurations,
the circuit scale increases and the apparatus becomes
expensive. The MPU dedicated to numerical operation also
causes an increaée in scale and cost of the digital circuits
for forming ultrasonic beams. In this way according to US
Patent No. 6,607,489, the scale of conventional digital

circuits is increased, which makes the size and cost of the
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apparatus, and the processing speed and limits on resolution
that can be set become infefior to prior art. As a result,
the advantages of a conventional ultrasonic diagnostic
apparatus, which are real-time characteristics of image
observation, and flexible diagnosis in a wide range
implemented by a compact apparatus configuration, are
diminished.

[0008]

Advantages of the conventional art disclosed in WO 01-
026555 are: an error of an approximated delay time can be
decreased even if the medium having a different sound velocity
becomes thicker; and procéssing can be executed at a
relatively high-speed. However if the dynamic receiving focus
for changing the focal point in real-time is performed
according to this method, the following problems remain. That
is, the computing processing, which is sequentially performed
withba recurrence relation, uses a recurrence relation with
respect to the position of the transducer, so the quantity of
delay must be calculated for all the transducers on each focal
point. Therefore real-time processing is executed well if the
apparatus has many transducers on a small number of foca;
points. But in the case of performing dynamic receiving focus,
calculation using the recurrence relation must be performed
for each focal point, and processing amount increases,

therefore this method is not appropriate for real-time



WO 2011/105593 7 PCT/JP2011/054422

processing. This problem becomes particularly conspicuous if
many receive focal points are set to make resolution higher.
[0009]

On the othér hand, in the case of receive processing of a
conventional ultrasonic imaging apparatus, high-speed image
generation in real-time is implemented by parallel-processing,
such as signal processing for each transducer, particularly
amplifying and digitizing of received signal and delay time
control, almost independently for each channel. However in
the case of processing according to WO 01-026555, the
recurrence relation processiﬁg for resetting the delay time
for all the transducers must be executed every time the
receive focal point changes, as mentioned above, so this
parallel processing operation cannot be used effectively. 1In
order to execute the entire processing in which many receive
focal points are set, in real-time, a computing processing
circuit to perform delay calculation separately and a large
memory capacity to store the calculation result, are required
after all.

[0010]

Therefore to perform dynamic receiving focus using the
processing according to WO 01-026555, conventional digital
circuits must be dramatically changed, particularly the memory
and computing circuits to be used must be increased or a
number of receive focal poinﬁs must be decreased, so that time

for resetting delay time when the focal point is changed is
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decreased. As a result, it is difficult to improve resolution
at reception by increasing the number of receive focal points
for receive focus.

[0011]

Ultrasonic imaging apparatuses based on a photoacoustic
imaging method as well have problems stemming from the above
mentioned problems. Particularly in the case of the
photoacoustié imaging method for generating three-dimensional
images, the propagation time of the receive ultrasonic wave
must be estimated for each depth, just like the dynamic
receiving focus of the ultrasonic pulse echo method. It is
preferable that a two-dimensional array is used for the
transducer array, where many transducers are disposed, 1in
order to improve resolution. Therefore in the case of the
ultrasonic image diagnostic apparatus based on the
conventional photoacoustic imaging method, the processing
amount for reconstructing the three-dimensional image becomes
enormous, and it is difficult to generate and display an image
in real-time. Processing after data is obtained is
subsequently performed using a general purpose PC, so
diagnosis in real-time is difficult_compared with an
ultrasonic image diagnostic apparatus using the conventional
ultrasonic pulse echo method.

[0012]
With the foregoing in view, it is an object of the present.

invention to provide an ultrasonic imaging apparatus to
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perform the delay amount calculation processing at high-speed
considering the propagation path of ultrasonic waves.
[0013]

The present invention in one aspect presents an ultrasonic
imaging apparatus comprising: an ultrasonic receiver having a
plurality of receiving elements for receiving ultrasonic waves
reflected or generated inside a subject; a receive beam former
which forms a receive beam signal by performing delay control
on received signals of receive channels corresponding to at
least a part of the receiving elements of the ultrasonic
receiver, according to a propagation time from a focal point
position of the receive beam to the receiving element; and

an image processor which generates an image using the
receive beam signal, wherein the receive beam former
sequentially calculates propagation time values for a
plurality of focal points by repeating processing for adding a
change of propagation time value corrésponding to a change of
depth of focal point to an already calculated propagation time
value to determine a propagation time value for a next focal
point, and the repeat processing can be independently executed
for each of the receive channels, and the receive beam former
calculates the propagation time values in parallel for at
least a part of the receive channels.

[0014]
According to the present invention, propagation time

values corresponding to a plurality of focal points are
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calculated by recurrence relation for the depth direction of
each receive channel, therefore the propagation time values
can be calculated in parallel for a plurality of channels, and
the delay time values can be calculated at high-speed.

Further featﬁres of the present invention will become
apparent from the following description of exemplary

embodiments with reference to the attached drawings.

Brief Description of Drawings
[0015]

Fig. 1A is a diagram depicting an ultrasonic imaging
apparatus according to Example 1.

Fig. 1B shows an ultrasonic beam used in the ultrasonic
imaging apparatus according to Example 1.

Fig. 1C shows iﬁage data generated by the ultrasonic
imaging apparatus corresponding to the ultrasonic beam shown
in Fig. 1B.

Fig. 2 is a diagram depicting a receive beam former
according to Example 1.

Fig. 3 is a diagram depicting a read address calculation
unit according to Example 1.

Fig. 4A is a diagram depicting a refraction correction
address increment computing block according to Example 1.

Fig. 4B is a diagram depicting a pipeline configuration
for refraction correction address increment computation

according to Example 1.
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Fig. 5 is a diagram depicting a memory read controller
according to Example 1.

Fig. 6 is a flow chart of the memory address calculation
processing.

Fig. 7 is a diagram depicting ultrasonic wave propagation
time. |

Fig. 8A is a diagram debicting the dynamic receiving focus.

Fig. 8B is a diagram depicting the state of storing
received signals in a memory.

Fig. 9A is a diagram depicting a voxel data structure for
three-dimensional image reconstruction aécording to the
photoacoustic imaging method of Example 2.

Fig. 9B is a diagram depicting a concept for creating data
in the specific voxels in the photoacoustic imaging method of
Example 2.

Fig. 9C is a diagram depicting a processing method
according to Example 2.

Fig. 10A is a diagram depicting a configuration of the
ultrasonic image diagnostic apparatus based on the
photoacoustic imaging method according to Example 2.

Fig; 10B is a diagram depicting a processing of the image

reconstruction in Example 2.

Description of Embodiments

[0016]
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The present invention is a technique which can be
effectively applied to a diagnostic apparatus, which receives
ultrasconic waves reflected or generated in a subjeCt by a
plurality of receiving elements, converts the received
ultrasonic waves into received signals, and performs delay
control for each receiving element according to the ﬁltrasonic
wave propagation time to generates receive beam signals. An
example of such a diagnostic apparatus is an ultrasonic echo
diagﬁostic apparatus, which allows ultrasonic pulses to enter
a subject from transducers (ultrasonic transmitter/receiver
units), recéives ultrasonic echoes reflected from an area
inside the subject, and generates an image thereof. Another
example is a photoacoustic imaging apparatus which irradiates
pulsed light onto a subject, receives an ultrasonic wave
generated inside by the photoacoustic effect, converts this
into a received signal, and generates an image using this
received signal. In this description, apparatuses which
receive ultrasonic waves coming from inside the subject and
generate images are generically called "ultrasonic imaging
apparatuses".

[0017]

<Ultrasonic wave propagation time calculation processing>
(Deriving approximate recurrence relation for calculating
ultrasonic wave propagation time)

An example of a calculation metﬁod of approximating the

propagation time considering refraction of an ultrasonic wave
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according to the present invention will now be described. Fig.
7 shows a state of refraction of an ultrasonic wave
propagating from a focal point 21 to a transducer 203. When x
is a position of the transducer 203, D is a thickness of a
portion of a medium 26 out of the focal length, that is a

thickness of the medium 26, z is a portion of a medium 27 out
of the focal length (depth of focal point), 0 is a refractive

angle in the medium 26, and 6’ is a refractive angle in the
medium 27, the following relational expressions are
established. If z is a negative value, the focal point 21 is
in the medium 26, and in this case, the ultrasonic wave
propagation time can be calculated based on the assumption
that the sound velocity is uniform, just like the case of
prior art, so the case of z, which is not a negative value,
will be described. Depending‘on.whether z 1s a negative or a

non-negative value, this method may be driven by switching

with a conventional art. Z is called "depth" herein below.
[0018]
[Math. 1]
. — T e Fag. 1
sing'  V,,’ . 1)
Dtanf+ztan'=1x, Eq. 1(b)
D 1  z 1

s

== + . Eq. 1
V. cos@ V, _cos@ e (C)_v
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where Viis 1s a sound velocity in medium 27, V, is a sound
velocity in medium 26, and T is a propagation time for the
uitrasonic wave reflected or generated at a focal point 21 to
reach a transducer 203. Eqg. l(a) expresses Snell’s Law of
refraction, Eg. 1(b) expresses a geometric relationship of the
focal point 21 and the transducer 203, and Eg. 1(c) expresses
the relationship of the length of the ultrasonic wave
pfopagation path and the sound velocity.

[0019]

A focal point 211, which is in a deeper position than thé
focal point 21 is considered. TIf the thickness of the medium
26 does not change, the change of the focal point is only dz,
which is a change component of z. Therefore the following
approximate recurrence relation is established with respect to
the ultrasonic wave propagation time Ti by considering an
increment of dz when the depth of focal point sequentially
changes for each dz.

[Math. 2]
]:4-1 T: d i* Eq. 2

The change of the ultrasonic wave propagation time dT; when the
depth of focal point changes dz, where &; and n; are cos®’ and
cosB (& = cos®’,m; = cosB) in Eqg. 1 corresponding to the

respective z;, 1s expressed as follows.

[Math. 3]
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ir =%,

tis

Eg. 3(a)

éi+l=:éi 4-‘iéi> , .: " Eq. 3(b)
| Nia =1, +d77i, | Eq. 3(c)

z,, =z, +dz. . B 3@

Here, d&; and dn; are expressed as following using rj.

[Math. 4]
i ? Egq. 4(a)

dfi_ .fi(l_giz) dZ,

- 3
D-y-r +z

Eq. 4(b)
2 | Eq. 4(c)
dn, =y rdg,.

Y is a quantity shown below, and is a constant in the
recurrence relation calculation if the medium 26 and the
medium 27 are determined. In this way, the increment dT; of
the ultrasonic wave propagation £ime is determined by
parameters &; and mi, which are determined by a recurrence

relation. A parameter which is for determining dT;, and which
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is determined by a recurrence relation, is referred to as a
"recurrence parameter”" in this description.

[Math. 5]
Y= | .~ Eq. 5

By using the above mentioned relational expression
(approximate recurrence relation), &;+1 and mniy1 can be computed
at a focal point of which depth is changed by dz can be
computed if &, mi and dT; at a depth z; are known. Using this,
the increment dT; of the ultrasonic wave propagation time can
be computed, and the ultrasonic wave propagation time T;4+; can
be approximately computed by adding this increment dT; to the
calculated ultrasonic wave propagation time T;.

[0020]

By sequentially progressing the calculation in a»direction
of deeper depth of focal point (dz > 0), or in a direction of
shallower depth of focal point (dz < 0) using this recurrence
relation, a string of ultrasonic wave propagation time values
Ti+; with respect to a plurality of focal points having
different depths can be approximately calculated sequentially.
It does not matter which calculation direction is ﬁsed, but
the direction in which depth of focal point sequentially
increases according to the propagation of the transmitted
pulse is preferable if this method is applied to the dynamic

receiving focus, for example.
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[0021]

The accuracy of approximation increases as the absolute
value of the interval dz of focal points is smaller. In
particular, the cycle of the clock frequency for sampling the
received signals (signal generated (converted) by the
receiving element receiving the ultrasonic wave) to generate
digital signals is the limit of the time resolution of the
digital received signals, so it is preferable to select dz
corresponding to this cycle. 1In this case, the smallest
interval of the focal points is a distance for the transmitted
ultrasonic pulse to propagate the medium 26 during a cycle of
the clock fregquency, andlis|dz|= ViisXTcix, where Teax i1s a cycle
of the clock freguency.

[0022]
(Initial values)

The parameter y and the interval dz of the focal points
are the same for all the transducers, and if a position x of
each transducer and initial values &, mno, To and zy are given,
the ultrasonic propagation time Tis; at each interval dz of the
focal points is sequentially computed by the above recurrence

relation.

[0023]
For the initial values &y, Mo and Ty, values which are

calculated in advance for each transducer can be used.

Particularly in the case of sequentially calculating in a
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direction of deeper depth of focal point, the initial depth zg
can be set to zero, tha£ is, the initial focal point can be

set on the boundary of the medium 26 and medium 27. At this
time, the ultrasonic wave propagates from the focai point to
each transducer only in the medium 26, so the initial values Ty,
& and mg can be calculated in the same manner as the
conventional ultrasonic propagation time based on a same sound
velocity for each transducer, as shown below.

[Math. 6]

'é‘:vov: 1; Kni (1—7702) Eq. 6(c)

If the thickness D of the medium 26 does not change, the
separately calculated values may be fixed, and if D changes,
the calculated values can be provided as a table. This
processing may be included in the calculation at
initialization.

[0024]

(Error correction)
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Generally, if calculation is recurrently performed using
the approximate recurrence relations, errors due to
approximation accumulate, and errors increase as the depth

increases. In order to avoid this, the accumulation of errors
may be corrected using reference recurrence parameters &, and
Nm and reference propagation time T,, which are highly
accurately calculated in advance at a predetermined reference
depth zn. By setting a plurality of reference depth values
with an appropriate interval, errors are corrected
periodically.
[0025]

'In order to détermine Ens Mm and Tp at reference depth zp,
the following quaternary equation ié solved to obtain h first.
[Math. 7]

L e

. — .

vt Wtz V) Dl+(e-ny? P T

1}

Using the smallest real-number root satisfying 0 < h < D,
out of the roots obtained here, the reference values &, TNMm and

Tn can be expressed as follows.

[Math. 8]
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_ A : ,
é? = m__ , o
" 2 2 | , Eq. 8(a)
{ ';\/h .+_va  : | | o

(D-h)

Ny =, o Eq. 8 (b)
Jx=h?*+D S
2 . .
r =1/zm + 1 +\/.(x—h)2+D2' B 8(c)
" I/tis V

m

In this way, high precision values at the reference depth
Zn are determined in advance by numerical calculation, and once
the depth of focal point reaches the reference depth z,, the
recurrence relation calculation is continued thereafter, using
E€ms Mm and Tp as the new initial values. The above mentioned
calculations of the reference values, particularly the
calculation of the quaternary equation, are complicated, but
do not take much time since calculations are performed only
for a relatively small number of reference depth values.

[0026]

The reference propagation time may be determined by actual
measurement. In concrete terms, ultrasonic pulses from a
point sound source, such as a hydrophone, which is actually
set at reference depth z,, are received by each transducer
using an ultrasonic apparatus. Then the reference propagation

time T, may actually be measured based on the arrival time of
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the received pulses, so that the actually measured reference
propagation time T, is used for correcting approximation errors.
In this case, the reference recurrence parameters &, and MNm are
determined by solving Eg. 8(c) in reverse to détermined h, and
this h is substituted in Eg. 8(a) and Eqg. 8(b).

[0027]

The reference propagation time T, is a quantity used for
correction, so the number of the reference propagation time
values T, can be much smaller than the number of ultrasonic
wave propagation time values T; at each interval dz of focal
points, which are determined by the above mentioned
approximate recurrence relations. Particularly when the value
of the ultrasonic wave propagation time T; at each receive
focal point is sequentially determined in the dynamic focus at
reception, a smaller capacity is required for sﬁoring the
reference propagation time T, and reference recurrence
parameter values &, and m,, compared with storing the
ultrasonic wave propagation time values for all the receive
focal points.

[0028]
(Variations)

In the case of setting the initial depth z; to a value
that is not zero, the initial values can be determined by the
same ﬁethod as determining the reference values. In other

words, the root is determined for h in Eq. 7 regarding z, as zog,
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and this h is used for calculating Eg. 8 or an actual
measurement is used instead.
[0029]

If the initial depth zg is set to a value that is not zero,
the calculation can be progressed using the recurrence
relation in a direction éf the deeper depth of focal point, or
in a direction of the shallower depth of focal poiﬁt. If the
calculation is progressed using the recurrence relation in a
direction of the shallower depth of focal point, the
calculation using the recurrence relation is stopped when the
depth z; becomes a negative value. If the depth z; becomes a
negative value, this means that the focal point 21 is in the
medium 26, and in this case, calculation should be switched to
the calculation of the propagation time used when the sound
velocity is uniform, that is the same as conventional art.
[0030]

In the above description, the interval dz of the focal
points is fixed in each step of the recurrence relation, but
may be changed in each step of the recurrence relation if the
interval of the focal points is common for all the transducers.
Particularly as the depth becomes deeper, the change amount dT;
of the ultrasonic wave propagation time decreases and
approximation accuracy increases, so more calculation
processing can be omitted by increasing the absolute value of
dz as the depth becomes deeper.

[0031]
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(Advantage of this calculation)

The above mentioned recurrence relation is described as a
rational polynomial of recurrence parameters, and the
calculation thereof includes only four arithmetic operations,
and does not include such operations as a transcendental
function and square root extraction, therefore the computing
processing can be easily installed as a digital circuit.
Particularly this digital circuit can be easily packaged
without installing a general purpose CPU or without using a
general purpose PC. This digital circuit may be packaged
using an MPU or GPU.

[0032]
The above mentioned recurrence relation can be

sequentially calculated using only parameter x and the initial
values &g, Mo and Ty which depend on each transducer, and a

parameter y and interval dz focal points, which are common for
all transducers. In other words, it is not necessary to use
the computing results of the other transducers during
recurrence calculation, thus each transducer can execute this
calculation in parallel. Therefore image generation execution
processing can be executed at high-speed by applying this
calculation to parallel beam forming processing for each
channel, which is performed by a conventional ﬁltrasonic image
diagnostic apparatus.

[0033]
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In the case of determining the ultrasonic propagation time
in sequence in the direction of the deeper depth of focal
point, in particular, this configuration are suitable when the
focal points of a receive beam is adjusted while sequentiélly
moving the receive focal point to the deeper direction
corresponding to thevpropagation timing of the transmitted
ultrasonic pulse.

[0034]
<Dynamic receiving focus>

Now a case of performing the dynamic receiving focus using
the ultrasonic pulse echo method will be described. 1In the
ultrasonic pulse echo method, an ultrasonic pulse is
transmitted first. The transmitted ultrasonic pulse travels
through the medium. ~ At the same time, an ultrasoﬁic echo,
which is reflected at each location as the ultrasonic pulse
travels, propagates through the medium and reaches each
transducer as mentioned above. The ultrasonic echo is
received by each transducer appears after elapse of the
traveling time of the transmitted ultrasonic pulse from the
transmission of this ultrasonic pulse to each reflection point,
and the ultrasonic wave propagation time for the reflected
ultrasonic echo to propagate from each reflection point to
each transducer. Therefore each reflection point provides
this delay time, that is a total of the traveling time of the
transmitted ultrasonic pulse and the ultrasonic wave

propagation time of the ultrasonic echo, for each received
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signal of each transducer, and a delay-and-sum signal'focused
on each point is.obtained by adding these received signal
values. A one-dimensional medium reflection intensity
distribution in the depth direction is obtained by arraying
the delay-and-sum signal at each point along the traveling
direction of the transmit pulse. Then a two-dimensional
reflection intensity image on the reflection intensity of the
mediumiis obtained by changing (scanning) the transmission
position of tﬁe transmit pulse and the position of the receive
transducer. 1In this way, when the dynamic receiving focus is
performed, each signal value is delayed according to the
ultrasonic wave propagation time of each transducer, which is
determined as above while changing the depth of the receive
focal point 21 according to the traveling of the ultrasonic
pulse, and the signal values are added. It is preferable that
the added signal value becomes a time series addition signal
by being arrayed in a time series according to the position of
the transmitted ultrasonic pulse. This processing will be
described next.

[0035]

An outline of the dynamic receiving focus will be
described first with reference to Fig. 8. Fig. 8A shows a
diagram depicting an outline of the receive focus, and Fig. 8B
shows the state of storing received signals in a memory which
stores a received signal of each transducer. To simplify

explanation, only three transducers 200, 201 and 202, and two
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receive focal points 212 and 213, are considered. A layer
having a different sound velocity is omitted here. It is
assumed that the transducers 201 and 202 are located
symmetrically with respect to the transducer 200. The
received signals obtained (output) from the transducers 200,
201 and 202 are denoted with 400, 401 and 402 respectively.
[0036]

The received signals 400, 401 and 402 obtained from each
transducer 200, 201 and 202 are processed as corresponding
receive channels. Hereafter processing on each transducer is
also referred to as "processing on each receive channel".
[0037]

The received signals 400, 401 and 402, which were
sequentially converted from the ultrasonic waves received by
each transducer, are stored in a memory in time series, at
addresses according to the time the ultrasonic wave was
received. The ultrasonic echo depth increases in the sequence
of the addresses. The ultrasonic echo signals from the
receive focal point 212 are stored in the address position 40
in the case of the received signal 400, and in the address
position 41 in the case of the received signals 401 and 402.
In the same manner, the ultrasonic echo signals from the
receive focal point 213 are stored, in the address position 42
in the case of the received signal 400, and in the address
position 43 in the case of the received signals 401 and 402.

[0038]
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The address position 40 corresponds to the total of the
time when the transmitted ultrasonic pulse propagates to the
focal point 212 along the central axis 20, and the time when
the reflécted ultrasonic wave propagates from the focal point
212>to the transducer 200. The address position 41
corresponds to the total of the transmitted ultrasonic pulse
propagates to the focal point 212 along the central axis 20,
and the time when the reflected ultrasonic wave propagates
from the focal point 212 to the transducers 201 and 202.
These address positions are determined by adding the
propagation time of the received ultrasonic wave, obtained by
computing the above mentioned recurrence relétion, to the
propagation time of the transmitted ultrasonic pulse. For the
transducers in symmetrical positions, such as the transducers
201 and 202, an address position can be calculated only for
one of these transducers, since the propagation time of the
received ultrasonic wave is the same.

[0039]

In concrete terms, the address position Pagar 0f each

receive channel can be expressed as follows.

[Math. 9]

P @)= 7 + ' +oL . Eq. 9

m Ci
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Here i1 is an index to indicate the focal point of the
dynamic receiving focus. T; is a Value determined by the above
mentioned approximate recurrence relation. Pagar Corresponds to
an increment of the address position of the received signal
stored in the memory immediately after transmission. The
first term and second term in Eg. 9 correspond to the
propagation time until the transmitted ultrasonic pulse
reaches the focal point, and the third term corresponds to the
propagation time when the recei&e ultrasonic wave reaches from
the focal point to the transducer. The total of the signal
values of the address positions for each receive channel
concerning a specific i corresponds to a focal point of the
corresponding dynamic receiving focus, that is, the reflection
intensity at the transmitted ultrasonic pulse position at this
point. By sequentially increasing the depth of the position
of the receive focal point 1 according to the traveling of the
transmitted ultrasonic pulse, the time series signals
corresponding to the reflection intensity can be obtained
according to the traveling of the transmitted ultrasonic pulse
along the index i. Particularly in the‘present invention, T;
is determined recurrently according to the depth, therefore
célculation can be performed sequentially along the index 1i.
[0040]

If the interval dz of focal points is set to a small value

(dz = Viis'Tcix) to match the cycle of the clock frequency, and
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the initial value of the depth is set to a boundary of the
medium 26 and the medium 27, Pa4r becomes as follows.

[Math. 10]

P )=—+i+—. :
addr() Vm‘Tczk | VTLI'k o 10.

By reading the received signal values stored in the memory
sequentially according to i for each receive channel using i
as a read number, and adding the received signal values for
all the receive channels, a delay-and-sum signal in the medium
27 at the boundary‘is obtained. In more concréte terms, the
ultrasonic wave propagation time T; from a focal point z; is
determined for each transducer corresponding to the timing for
the transmitted ultrasonic pulse propagates to the focal point
zi,. and the address Payqr 15 calculated. By reading and adding
the values of the received signal from the calculated address
positions for the received signals of each transducer, the
delay—-and-sum signal correspoﬁding to the focal point z; is
obtained. Since the interval‘dz of focal points matches the
clock frequency, time series signals having high resolution in
the depth direction according to the traveling of the
transmitted ultrasonic pulse can be obtained with an interval
roughly matching the clock frequency.

The address position P,ur may be determined by the

following recurrence relation, instead of Eq. 10.
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[Math. 11]

Py i +1) = Py () + APy, 0)
_ , : Eq. 11
dP.. () =1+, !
clk
[0041]

Since the delay-and-sum signal in the medium 26 is
obtained by a conventiqnal delay control method, processing
can be switched at the boundary of the medium 26 and the
medium 27. In this case, i can be used as a read number in an
area lower than the boundary.

[0042]

It is preferable that the delay-and-sum time series
signals of the dynamic receiving focus are arrayed in a time
series according to the propagation timing of the transmission
pulse. 1In order to decrease the time of beam forming
processing, it is preferable to calculate address positions in
the sequence of deeper receive focus.

[0043]

Particularly the delay-and-sum processing is executed
according to the propagation timing of the transmitted
ultrasonic pulse, so thé read operation for the delay-and-sum
processing can be started after securing a predetermined time
lag according to the processing, while storing the time series

received signals in memory. Thereby partial parallel
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processing becomes possible,Aand processing time of the beam
forming in general can be decreased.
[0044]

If the calculation of address positioﬁ has beén completed
by a timing of receiving the ultrasonic signal from a target
focal point, the delay-and-sum processing is executed
simultaneously with reading the memory, which further
increases speed. A possible method to implement this is
calculating address positions in advance, but a memory to
store the address positions is required. In particular, if a
short interval of receive focal points is sét in order to
obtain high image resolution, a memory capacity to store many
memory addresses is required. Whereas in the case éf the
present invention, the propagation time of the received
ﬁltrasonic wave 1s calculated recurrently by computing
processing according to the depth of the receive focgl point,
so an address position can be calculated in parallel,
synchronizing with the progress of the delay-and-sum
processing. Therefore high-speed beam forming can be
implemented without providing a memory for storing many
memory-address values, except that a relatively small number
of reference addresses for error correction are stored.
Furthermore, major restrictions on the number of receive focal
points due to the memory capacity to store the memory-address
values is eliminated, so the dynamic receiving focus for

higher density of receive focal points can be performed, and
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this advantage coupled with refraction correction implements
high resolution.
[0045]

Thus according to the present invention, addresses are
sequentially calculated while increasing the depth of the
receive focal point using a series of recurrence operations,
whereby good quality images can be generated with a digital
circuit configuration, which has no major additions to a
conventional configuration, at high-speed, and with performing
refraction correction, just like the prior art.

[0046]
(Error correction)

In order to prevent the accumulation of errors in the
approximate recurrence relation calculation as mentioned above,
it is also preferable to include correction processing by
reference propagation time at the reference focal point
(reference depth). Fig. 6 shows an example of the memory
address calculation processing which includes error correction
in the dynamic receiving focus.

[0047]

First in step S1, the initial values &y, Mo and Ty of the
recurrence relation are computed using Eq. 6, for example, and
set. At the same time, a table comprised of the reference

depth z,, reference propagation time T,, and reference

recurrence parameters &, and N, for approximate error
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correction is read and set. Here the reference propagation
time T, is written as an address value. The read counter
cofresponding to the depth is initialized.

[0048]

Then it is determined whether the depth is a reference
depth (step 32). If not the reference depth (S2: NO), &, ni
and ultrasonic wave propagation time T; at this depth are
computed by calculating the above mentioned recurrence
relation, and the read address value is determined based on
the ultrasonic wave propagation time T; (step S3). If it is
the reference depth (S2: YES), the reference address value is
determined based on the corresponding reference propagation
time, and this value is set as the address value (step S4).

At the same time, parameters of the recurrence relation are

updated to the correction reference values &, and M.
[0049]

An address of the actual memory is determined from the
address value determined like this, and is used for the delay-
and-sum processing of the receive beam forming (step S5).

Then the read counter is incremented, and the depth is
increased for the amount of the interval dz of the focal
points (step S6). ‘The address calculation processing 1is
repeated until reaching the depth at which the read counter
ends. Processing ends when the depth at which the read

counter ends 1s reached.
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[0050]

In this way, an address position of the memory storing the
received signal is‘determined in each receive channel each
time the read counter increments. The received signal value
at the address position determined like this is read, and
fhese received signal values are added for all the receive
channels, whereby the delay-and-sum processing of the dynamic
receiving focus is performed.

[0051]
<Other calculation scheme>

In the above description, the recurrence relation is
calculated using Egq. 2, Eg. 3, Eqg. 4 and Eg. 5. However a
characteristic of the present invention is that the recurrence
" relation is calcﬁlated independently for each receive channel,
which is not necessarily limited to the above mentioned
equations. The effect of the above invention can be
implemented if the address can be seqdentially calculated by a
series of recurrence operations for each receive channel as
the receive focal point changes.

[0052]

In other words, if the increment dT; of the ultrasonic wave
propagation time T; with respect to the depth interval dz is
determined without using the computing result of the other
receive channels, like Eq. 3 to Eg. 5, and the result is
recurrently added using Eg. 2, other expressions may be used.

Therefore an equation other than Eq. 3, Eq. 4 and Eg. 5 may be
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used if it is an approximate expression with which each
receive channel can independently calculate the increment dT;
of the ultrasonic wave propagation time.

[0053]

(Variation 1) Fixed incremeﬁt dT;

In the case of performing the above mentioned approximate
correction, a predetermined increment, between the reference
depth values, can be used for each receive channel. In other
words, if the depth z; satisfies zy < z; < zZmi, dT; may be dT; =
Am. This processing will be described with reference to Fig.
6 again.

[0054]

First at initialization (step S1), the initial wvalues &g,

No and Ty are read, and a table comprised of the reference depth
Zm, reference propagation time T, and reference propagation
time increment Am is read. This reference data is set for
each receive channel.

[0055]

To calculate an address value at a location other than the
reference depth (step S3), the propagation time T; is computed
according to Eq. 2 (Ti+s1 = Ti; + dT;), and the address value is
determined from this value. 1In this case, the reference
propagation time increment Am at this time is used for the
increment dT;. To calculate an address value at the réference

depth (step S4), on the other hand, the address value is
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determined from the reference propagation time Tmat the
reference depth.
[0056]

Processing after this is the same as the above; In other
words, the actual read address 1is calculated from the address
value{(étep S5), the read cqunter value is incremented (step

36), and the processing is repeated until reading ends.
[0057]

The reference propagation time increment Am can be any
value which is set for each interval of each reference depth zp,
and for example, an inclination which fits a curve of the
highly accurate ultrasonic propagation time calculated using
Eg. 7 and Eg. 8 for each interval between each reference depth
Zm- The change of the reference propagation time values Tp and
Tn+1 between two adjacent reference depthsvzm and zpsa may be
utilized. In this case, the reference propagation time

increment Am can be simply calculated from the adjacent
reference propagation time value Tp (Am = dz- (Tpe1=Tn) / (Zme1=2Zm) ),

so the reference propagation.time increment Am need not be
stored in the table.
[0058]

In this example, the computing processing to determine the
in;rement dT; can be omitted or simplified, so the computing
processing size is small, and the digital circuits to be

implemented can be dramatically omitted. On the other hand,
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the approximation accuracy drops compared with the case of
using Eq. 3, Eg. 4 and Eqg. 5, so the reference propagation
time values T, at more reference depths z, are required, which
increases the memory capacity to store data.

[0059]

In the above example, the reference propagation time
increment Am is used since the depth interval dz is constant,
but the increase rate of the propagation time between
reference depths should be used if the depth interval dz
changes. 1In other words, the propagation time is determined
by dT; = dz; (Tpe1—Ta) / (Zme1—2Zm) - In both cases, the ultrasonic
wave propagation time increment between the reference depths
is determined based on the change amount from the reference
propagation time value in theiadjacent reference depth.
[0060]

(Variation 2) Approximation of increment dT; based on
polynomial of depth

As a method between calculation using the approximate
recurrence relation of Eg. 3 to Eg. 5 and calculation using
linear interpolation, the propagation time increment dT; may be
approximated using a polyﬁomial of depth for each reference
depth zp-

[(0061]

[{Math. 12]
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L™= ;) e 12

Here dT;™ 1is an ultrasonic wave propagation time
increment, which is used between the reference depth z, and the
reference depth zp::- F™ (zi-zn) 1is a polynomial of the
difference (zi—zm) between the depth z; and the reference depth
Zm, and the coefficients thereof are determined for each
receive channel and reference depth. The coefficients are
calculated, for example, by fitting to the values determined
using Eg. 7 and Eg. 8. Fitting may be performed based on the
actually measured values of signals when an ultrasonic pulse
is received from such a point sound source as a hydrophone.
[0062]

In the processing flow shown in Fig. 6, each coefficient
of the polynomial F“”(zi—zm), in addition to the reference
depth z, and the reference propagation time T, must be
initialized or updated during initialization (S1) and during
an update at the reference depth (S4). 1In this method, the
coefficients of the polynomial must be stored for each
reference depth, but compared with the case of setting the
ultrasonic wave propagation time increment to be constant,
approximation accuracy increases, soO an advantage is that a
number of reference depths can be low. Even though the
approximation accuracy drops compared with the case of using

Eg. 3, Eg. 4 and Eg. 5, an advantage here is that the
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calculation of fhe ultrasonic wave propagation time increment
dT; can be simplified.

[0063]

(Other wvariations)

The method for approximating the ultrasonic wave
propagation time increment dT; can be any method if the
ultrasonic wave propagatioh time increment can be expressed
with a small number of parameters, and can be simply
represented by numerical values, and if a spline function,
wavelet function, various orthogonal function expansions or
the like can be used instead of a polynomial. In any case,
parameter fitting is pe?formed for the calculated values using
Eg. 7 and Eg. 8 or actually measured values between adjacent
reference depths, and the parameters are updated during update
at a reference depth, in the same manner as mentioned above,
and approximate functions specified by parameteﬁs can be used
for the recurrence relation expression 2 between the reference
depths.

[0064]

In the above description, an example of applying tﬁe
present invention to the memory address calculation for beam
forming during reception was mainly shown, but the presentv
invention may be applied to beam forming during transmission
to control delay.

[0065]
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The above description, an example of the ultrasonic echo
diagnostic apparatus which generates an image by irrédiating
ah ultrasonic wave onto a subject and receiving a reflected
ultrasonic wave {(echo) thereof, was mainly shown. However the
present invention can also be applied to a photoacoustic
imaging apparatus which generates an image by irradiating a
pulsed light onto a subject and receiving a photoacoustic wave
(ultrasonic wave) generated by the phqtoacoustic effect, since
similar receive beam forming is required.

[0066]

Also in the above description, a case when there is one
intervening plate or one layer of which sound velocity is
different was shown, but a number of such layers may be two or
more. The-present invention can also be applied to the case
when such a layer of which sound velocity is different does
not exist.

[Example 1]
[0067]

A case of applying the present invention to an ultrasonic
image diagnostic apparatus will now be described in detail
using an example.

[0068]
<General configuration>

An ultrasonic image diagnostic apparatus (ultrasonic echo

diagnostic apparatus) according to this example will now be

described with reference to Fig. 1.
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[0069]

Fig. 1A shows a configuration of an ultrasonic imaging
apparatus according to this example. Fig. 1B shows an
ultrasonic beam used in the ultrasonic imaging apparatus
accordinglto this example. Fig. 1C shows an image or image
data generated by the ultrasonic imaging apparatus
corresponding to the ultrasonic beam shown in Fig. 1B.

[0070]

In Fig. 1A; reference numeral 301 indicates an input unit,
302 indicates a controller, 303 indicates a transmitter, 304
indicates an aperture selection switch, 305 indicates a
transducer array, 306 indicates an intervening plate, 307
indicates a subject, and 308 indicates a receive beam former.
309 indicates a signal processor, 310 indicates an image
processor and 311 indicates a display.

[0071]

The input unit 301 is for inputting various parameters,
baséd on the conditions to capture an image of the subject,
into the controller 302, and is constituted by standard
switches and volumes, or keyboard or the like. The parameters
to be input are the same as a standard ultrasonic image
diagnostic apparatus, but the characteristic parameters of
this example to be input are a thickness and sound velocity of
the intervening plate 306, and the sound velocity of the
subject 307. In the case of constructing this ultrasonic

imaging apparatus as an ultrasonic mammography, where a
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compression.plate for securing a breast, which is the subject
307, is used as the intervening plate 306, the thickness and
sound velocity of the intervening piate 306 are already known
and fixed in the apparatus. In this casé, these parameters
may be stored in advance in a non-volatile memory in the
controller 302, -for example. For the sound velocity of the
subject 307, a value may be selected out of several types of
values stored in advande, or a representative vaiue stored in
advance may be used, depending on the area of the subject 307
to be imaged.

[0072]

The controller 302 initializes the ultrasonic imaging
apparatus and performs various settings based on the
parameters‘being input, and then controls each of the other
units. The controller 302 first sends a transmission control
signal to the transmitter 303, generates a transmitted
ultrasonic drive pulse in which a transmission delay is added,
and uses the aperture selection switch 304 at the same time to
select a transmit/receive aperture and to switch it to the
transmission side. Then immediately after the transmission of
the ultrasconic pulse from the transducer array 305 ends, the
controller 302 switches the aperture selection switch 304 to
the reception side. Then the controller 302 controls
processing of the recéive beam former 368 and signal processor
309, newly éelects a transmit/réceive.aperture using the

aperture selection switch 304, and scans the ultrasonic
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transmit/receive beam by repeating the above control operation.
When one frame of scanning ends, the controller 302 controis'
the image processor to create a frame image.

[0073]

The transmitter 303 generates a transmission drive pulse
for driving each transducer on the transducer array 305 and
generating‘ultrasonic waves, based on the transmission control
signal from the controller 302. At the same time, the
transmitter 303 adds delay corresponding to a transmission
focal point and a position of each transducer on the
transducer array 305 to the transmission drive pulse of each
transducer in order to generate a transmission converged beam.
Also as mentioned later, the transmitter 303 generates a
transmission drive pulse and delays this pulse only for the
transducers selected by the aperture selection switch 304, in
order to create an aperture for transmission.

[0074]

The delay added here is for convergence of the
transmission beam. In transmission, a pulsed ultrasonic wave
is instantaneously transmitted, so normally only one focal
point can be set. Therefore a number of groups of delay time
Valueé to be set is kept low, and the memory volume does not
increase much even if each delay tiﬁe value is stored in the
controller 302. Hence a pre-calculated refraction correction
delay amount can be stored in the controller 302, and be used

- for a focal point.
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[0075]

Convergence of the transmission beam does not influence
the image quality compared to convergence of the receive beam,
so conventional delay control processing, which does not
correct refraction, may be performed. 1In this case, delay can
be controlled by simple computing processing, so apparatus
configuration is simplified, but the delay amount calculation
using the following average sound velocity épproximation is
particulafly effective.

(Math. 13]

JA-DIx)* (P + %) D*+xDIf} ) (f-D D)
+ — 115t Eg. 13

v, ‘ v v, v,

tis . m ts m

AT(faD’x)Vlis’Vm)=[

‘Here Viis 18 a sound velocity in the subject 307, V, is a
sound velocity in the intervening plate 306, D is a thickness
of the intervening plate 306, and f is a transmission focal
distance which is a depth from the transducer arrayv305 to the
transmission focal point. These are either input from the
input unit 301 as input parameters, or partially stored in the
controller 302 as predetermined values if these values are
unique to the device, such as the case of using the stationary
plate as the intervening plate 306, which is a fixed plate.
Symbol x is a position of a transducer on the transducer array
305 measured from the center of the transmission beam, and is
determined by the interval of transducer elements on the

transducer array 305 and the position of the element with
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respect to the center of the transmission beam. Using this
expression, the delay amount in a desired transmission focal
point position can be computed for each transmission channel
corresponding to each transducer forming the aperture.

[0076]

The above expression is for determining the delay time
considering the difference of sound velocity values assuming
that the ultrasonic waves propagate on the line connecting the
transducer and the focal point. The influence of refractionb
is not considered, but the respective propagation time value
in each medium having a different sound velocity has been
approximately corrected. 1In particular, this expression,
which is similar to the conventional way of determining delay
time under uniform sound velocity conditions and does not
generate much of an increase in computing amount, can be
implemented by adding minor changes to a conventional delay
calculation digital signal processing circuit. Performing
this computing processing makes it unnecessary to store each
delay time amount in advance.

[0077]

The transmission drive pulse generated and delayed by the
transmitter 303 is input to each transducer forming the
transmission aperture on the transducer array 305 via the
aperture selection switch 304, and the ultrasonic pulse is
transmitted from each transducer.

.[0078]
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The transducer array 305 has a plurality of transducers
(transmitting/receiving elements). The transducers are one-
dimensionally arrayed and can switch the focal point position
of the transmit/receive beam by beam forming processing based
on the delay control of the transmit/receive ultrasonic waves.
The transducer array is for transmitting and receiving
ultrasonic waves, and serves as both an ultrasonic wave
transmitter and ultrasonic wave receiver. The aperture
selection switch 304 switches and connects each transducer on
the transducer array 305, each transmit channel of the
transmitter 303, and each receive channel of the receive beam
former 308. Simultaneously with switching the
transmission/reception of each transducer, the aperture
portion is selected on the transducer array 305, and the
aperture is shifted by switching-the transducers to be
selected, whereby the ultrasonic transmit/receive beam is
scanned. A number of transducers forming the
transmitting/receiving aperture 1is several'téns of units, for
example.

[0079]

The scanning of the ultrasonic transmit/receive beam will
be described with reference to Fig. 1B. To simplify
explanation, the ihtervening plate 306 is not illustrated. An
aperture 312 is formed using a part of the transducers (only
three transducers are shown in Fig. 1B) on the transducer

array 305. Ultrasonic waves transmitted from each transducer
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of the aperture 312 are combined, and the ultrasonic transmit
beam 313 is formed. For reception, received signals obtained
from each transducer of the aperture 312 are processed,
whereby the ultrasonic receive beam 313 is formed in the same
manner. The center of the ultrasonic beam 313 becomes an
ultrasonic beam scanning line 314. By this ultrasonic
transmit/receive beam 313, ultrasonic echo signals of the
subject tissue 315 in an area along the ultrasonic beam
scanning line 314 are obtained. The ultrasonic echo signal
reflects an acoustic structure of the subject in an area along
the ultrasonic beam scanning line 314, and a reflection signal
appears in a time/position according to the depth as the
ultrasonic pulse propagates.

[0080]

By switching the aperture selection switch 304 and
sequentially selecting transducers to constitute the aperture
312, ﬁhe aperture 312 is shifted in the array direction of the
transducer array. Thereby each ultrasonic beam scanning line
314 is moved in parallel, and cross-sectional data of the
reflection signals of the ultrasonic waves, which reflects the
acoustic structure of the subject, can be obtained.

[0081]

In this example, the aperture 312 is shifted by switching
the aperture selecfion switch 304 so as to perform ultrasonic
beam scanning. A number of transmit channels which apply the

drive pluses in the transmitter 303 and a number of receive
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channels which process received signals in the receive beam
former 308 can be the same as the number of fransducers
constituting the apertﬁre 312. In this way, this example has
an advantage that a number of transmit channels and receive
channels can be smaller than the total number of transducers
of the transducer array 305, and the circuit configuration can
be simplified. However a number of transmit channels of the
transmitter 303 and a number of receive channels of the
receive beam former 308 may be higher than the number of
transducers of the aperture 312, or may be the same as the
total number of transducers of the transducer array 305.
[0082]

In the above description, the numbér of transducers of the
aperture 312 is the same for transmission and reception, but
the size of the aperture 312 may be changed between
transmission and reception. In Fig. 1B, the ultrasonic beams
for transmission and reception are commonly shown as the
ultrasonic beam 313, but the form of the beam may be different
between transmission and reception.

V[OO83]

The ultrasonic pulses transmitted from the transducer
array 305 are transmitted to the subject 307 via the
intervening plate 306. Thé intervening plate 306 is
approximately a plane parallel plate, and any medium can be
used if the thickness and sound velocity thereof are known,

and correction is required in delay control upon beam forming
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since the sound velocity is different from the subject 307.
For example, the intervening plate may be an acoustic lens
which converges ultrasonic waves in the array direction of the
transducer array 305 and a direction perpendicular to the
ultrasonic wave transmitting direction, or a matchiﬂg layer
for suppressing reflectioﬁ of ultrasonic waves due to the
difference of acoustic impedance between the transducer and
subject 307. In this way, the intervening plate 306 may be a
thin layer of which sound velocity is different from the
subject 307. Alternatively, the intervening plate 306 may be
a thick layer Qf which sound velocity is different from the
subject 307, such as a stationary plate for securing the
subject 307 or a standoff which is used when the subject 307
cannot directly contact the transducer array 305 because of
the shape of the subject 307. The intervening plate 306 may
also be a fat layer in the subject. 1In the case of a fat
layer, the thickness of the fat layer is measured first by an
image obtained by transmitting/receiving ultrasonié waves
using a normal delay control without :efraction correction, or
using an average sound velocity of a normal fat layer. By
inputting this data via the input unit 301 as the thickness of
the intervening plate 306, a clear image with refraction
correction can be obtained.
[(0084]

The ultrasonic pulses transmitted to the subject 307 after

passing through the intervening plate 306 are reflected in
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each area in the subject 307, and the reflected ultrasonic
wave 1s received by the aperture of the transducer array 305
again via the intervening plate 306. Each transducer on the
aperture converts the received ultrasonic wave into electrical
received signals, and each received signal is input to the
receive beam former 308 by the aperture selection switch 304
which is switched for reception. The receive beam former 308
generates a delay-and-sum signal corresponding to the receive
beam scanning line by addition, so as to form a receive beam
from each received signal which is input, and outputs it to
the signal processor 309. The signal processor 309 performs
band filtering processing, phase detection processing, dynamic
range conversion processing or the like, on a delay-and-sum
signal, to generate a signal having brightness (intensity)
corresponding to the reflection intensity of the ultrasonic’
wave, and inputs the signal to the image processor 310.

[0085]

The above mentioned correspondence relationship will be
described with reference to Fig. 1B and Fig. 1C. The
reference numeral 317 in Fig. 1C designates a brightness
signal sequence obtained from one receive channel. The
brightness signal sequence 317 is generated by the ultrasonic
receive beam 313 on.the ultrasonic beam scanning linev3l4 in
_Fig. 1B via the receive beam former 308 and signal processor
309. The value of the brightness (intensity) on the

~ brightness signal string corresponds to the reflection
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intensity of the ultrasonic receive beam 313, and a position
on the brightness signal string corresponds to the depth of
the reflected portion of the ultrasonic receive beam 313. One
‘frame of the image data 316, which is a two-dimensional
distribution of the ultrasonic wave reflection intensity on
the cross—segtion of the subject 307, is constituted by a set
of a plurality of brightness signal strings created by
scanning of the transmit/receive beam. Particularly an image
distribution 318 corresponding to the ultrasonic wave
reflectance of each portion of the subject tissue 315 is
generated.

[0086]

To perform the above operation, the image processor 310
temporarily stores the brightness signal string, which is
arrayed in a time series in a sequence according to the depth
values which are input‘from the signal processor 309. The
signal processor 310 stores a plurality of brightness signal
strings according to the ultrasonic beam scanning, and
performs scan conversion processing when one frame of scanning
ends. The display 311 displays the image by raster scan,
where the direction of the display scanning line is set in a
lateral direction of the image, but the brightness signal
string in a time series arrays in the depth direction, that is,
longitudinal direction of the subject 207. Hence the image
processor 310 performs the scan conversion processing so as to

match the data array with the display scanning of the display



WO 2011/105593 52 PCT/JP2011/054422

311. At the same time, the image processor 310 also performs
various interpolation‘processing, coordinate transformation
processing, and image filtering processing, among other
processings, to match the data of the brightness signal string
with pixels of the display unit. Here only the basic
operation of the image processor 310 was shown to.simplify
description, but various operations for improving image
quality may be added, and differences in detail of the
operations should not interfere in applying the present
invention.

[0087]

In addition to the image display data generated by
transmitﬁing/receiving ultrasonic waves, as mentioned above;
the image processor 310 may combine varicus data and output it
to the display 311 as image display data. Examples of such
data are: each parameter stored in the‘controller 302; wvarious
information effective for observing an image of a subject 307,
such as a scale; and display data to assist input.

The display 311 may be a CRT, a liquid crystal display or
the like, which displays images which are output from the
image processor 310.

By repeating the above operation, a tomographiclimage of
the subject 307 is displayed on the display 311 in near real-
time.

[(0088]

<Receive beam former>
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Now the receive beam former 308, which performs dynamic
receiving focus, will be described with reference to Fig. 2.
[0089]

An A/D convertor with amplifier 11 amplifies the received
signal output from the aperture selection switch 304, and
digitizes the signals using the clock frequency. A memory 12
stores the output digital signal from the A/D convertor with
amplifier 11. The received signals which were sequentially
digitized according to the clock frequency are stored in the
memory 12 as discrete time series signals corresponding to the
receive time. A read address calculation unit 13 calculates a
read address corresponding to the propagation time at each
receive focal point of each received signal to perform the
dynamic receiving focus. A memory read controller 14 reads a
digital signal value in the memory 12 using a read address
value from the read address calculation unit 13. This read
operation is executed corresbonding to the transmit pulse
propagation timing, and received signal amplitude values,
focused for each receive depth are éutput to each receive
channel. An adder 15 adds these signal values, whereby the
dynamic receiving focused delay-and-sum signal is obtained,
which is output to the signal processor 309. The A/D
converter with amplifier 11, memory 12, read address
calculation unit 13 and memory read controller 14 are provided
for a number of receive channels, so that processings are

executed in parallel and images are generated in real-time.
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[0090]

In Fig. 2, the address calculation unit 13 is provided for
all the receive channels. However if the configuration of the
transducer array 305 is such that the transducers are disposed
with equal intervals, and the transducers constituting the
receive.aperture are disposed symmetrically with respect to
the center thereof, the propagation time is the same for the
transducers disposed in symmetric positions. Therefore the
address calculation unit 13 may be disposed only for one of
the receive channels disposed in a symmetric positions in the
receive aperture, so that the other shares this output wvalue,
then the circuit configuration can be simplified.

[0091]

Fig. 2 shows an overview of each block when the receive
beam former 308 is constituted by digital circuits. The read
address calculation unit 13 and memory read controller 14 can
be implemented using fixed digital circuits or programmable
digital circuits such as FPGA. A computer having a standard
processor (CPU) may be used instead. 1In the receive beam
former 308, each receive channel performs delay processing in
parallel, and forms a receive beam. The present invention can
be regarded as such a delay control method. If the receive
beam former 308 is constituted by an FPGA or a CPU, this
program can be regarded as theldelay control program of the
present invention.

[0092]
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" <Read address calculation unit>

Now the read address calculation unit (memory address
calculation unit) 13 will be described in detail with
reference to Fig. 3. Fig. 3 shows an overview of each block
when the read address calculation unit 13 is constituted by
digital circuits. The configuration in Fig. 3 is an example
of. process with calibration at a plurality of reference depths
(reference focal points) based on the reference propagation
time, aé mentioned above, when the read address is recurrently
calculated. In this example, the receive focal point interval
in the dynamic receive beam forming is set corresponding to
the cycle of the system clock frequency, which is used for
synchronizing processings in the ultrasonic image diagnostic
apparatus. The éycle of the system clock frequency
corresponds to the time resolution of the digital received
signals stored in the memory 12, and delay-and-sum processing
in which focal points are matched in all the depths of the
received signal can be performed by corresponding the interval
of the receive focal points of the receive dynamic beam
forming to the cycle of the system clock frequency. Thereby
resolution of images generated in the ultrasonic imaging
apparatus improves. Let dz be the interval of the receive

focal points, and let T.x be the cycle of the clock frequency,
then dz is given by dz = Vi;gxTeix- The clock signal is also

used for the reference of reading signals for the delay-and-

sum processing.
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[0093]

The controller 302 outputs a clock signal 6000, reference
depth clock value 6001, address calibration value 6002,
parameter value for calibration 6003, start/end control signal
6006, and address increﬁent operation parameter 6007 to the
read address calculation unit 13. Receiving these inputs from
the controller 302, the read address calculation unit 13
outputs a read address value 6005 corresponding to the

ultrasonic wave propagation time to a memory read controller

14.
[0094]

The reference depth clock value 6001 is a reference depth
measured at each cycle of the clock frequency. The clock
counter 61 creates a clock cumulative value by accumulating
the clock signal 6000, and counts the elapsed time at each
cycle of the clock frequency.

[0095]

The address calibration value 6002 is an address value at
the reference propagation time corresponding to each reference
depth clock value 6001. The parameter value for calibration
6003 is a parameter value for calibration corresponding to

each reference depth clock value. The parameter values for
calibration 6003 are reference recurrence parameters &, and Tp

if a series of recurrence operations are performed using the

above mentioned Eq. 3, Eq. 4 and Eg. 5. If the reference
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propagation time increment Am is used, the parameter value for
calibration 6003 is the reference propagation time increment
Am converted into a clock count. If an approximate polynomial
is used, the parameter value for calibration 6003 is a
coefficient of the polynomial. These parameter values for
calibration 6003 are stored as a lookup table, using the
reference depth clock value as an index, in the controller 302.
Vélues read from the lookup table of the controller 302 are
stored in temporary memories 601, 602 and 603 respectively.
The values read from the lookup table are updated by the
controller 302 when the later mentioned reference depth
control signal 6011 is transmitted to the controller 302. 1In
the beginning of the lookup table, a scanning start clock
value, a refraction correction start clock value, scanning
initial address value and refraction correction initial
address value are stored. Here the scanning start clock value
is a clock value corresponding to a time to start the dynamic
receiving focus. The refraction correction start clock value
is a clock value corresponding to the time when the ultrasonic
wave reciprocatively propagates the thickness of the
intervening plate 306. The scanning initial address value is
an address value corresponding to a time to start the dynamic
focus, and the refraction correction initial address value is
an address value'corresponding to a time to start refraction

correction. These address values are determined as a read
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clock timing and address value of the receive beam forming
when normal delay control is performed with a uniform sound
velocity, regarding that a receive focal point exists in the
dynamic receiving focus start point in the intervening plate
306 and the edge of the intervening plate 306. 1In this way,
clock count values to start the dynamic receiving focus and
the refraction correction, and initial address values thereof
can be specified.

[0096]

The start/end control signal 6006 is a signal to control
the start/end of the oéeration of the read éddress calculation
unit 13;

[0097]

For an address increment computing parameter 6007, the
computing parameters used for computing in the later mentioned
uniform sound velocity address increment computing block 65
and refraction address increment computing block 64 are set in
each block in advance by the controller 302. In concrete
terms, sound velocities Viis and Vn, thickness D of the
intervening plate 306( and intervals of the focal points of
the dynamic focus or the like are set.

[{0098]

Now the address values used for this example will be
described. An address for reading a signal stored in the
memory 12 is an integer. However if an interval of the focal

points of the dynamic receiving focus is set corresponding to
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the system clock, as in the case of this example, time
corresponding to the ultrasonic wave propagation time is a
real value. In this example, addresses are calculated
recurrently, so if an address is written as an integer, a
rounding error is generated in the address value. If a
rounding error is generated, accuracy of the delay-and-sum
ftime deteriorates, and the image resolution drops. To prevent
this, according to this example, an address value is
calculated in a real number form, which includes an integer
portion and decimal portion. In other words, significant bits
of an address value are used as an integer portion, and
insignificant bits thereof are used as a decimal portion. The
significant bit integer portion of the address value is called
an "address value integer portion", and the insignificant bit
decimal portion of the address value is called an "address
value decimal portion”. A number of bits of the address value
decimal portion can be any value as long as the required
accuracy 1s guaranteed, and is preferably 2 to 8 bits,
although this depends on the clock frequency, the depth of the
image to be captured, and the frequency of the ultrasonic wave
to be used.
[0099]

The later mentioned memory read controller 14 performs
interpolation using the address value decimal portion for the
received signal values at two addresses generated by rounding

real number addresses. Thereby time resolution corresponding
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to the cycle of the system clock frequency of the received
signals stored in the memory 12 is interpolated, and highly
accurate delay-and-sum processing can be performed, and
resolution is further improved coupling with the effect of the
dynamic receiving focus matching the cycle of the system clock
frequency. In this way, an address value used inside the read
address calculation unit 13 is a real number address value
including the address calibration value 6002 obtained from the
lookup table of the controller 302. This is also true for the
address values used in the following description.

[0100]

Now each block of the address calculation unit 13 will be
described along with the operation of the entire (apparatus).
[0101]

After the reference depth clock value 6001 and the address
calibration value 6002 are transmitted from the controllef 302
and set in the temporary memories 601 and 602, the start/end
control signal 6006 is transmitted from the controller 302 at
the timing of the start. When the start/end control signal
6006 is received, a comparator 62 outputs the increment
computing control signal 6010 which instructs the uniform
sound velocity address increment computing block 65 to start
operation. The comparator 62 sets a switch 66 so as to output
the uniform sound velocity address increment computing block
65 to the temporary memory 604.

[0102]
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If the clock cumulative value of the clock counter 61
matches the reference depth clock value 6001 (scanning start
clock value in this case) in the temporary memory 601, the
comparator 62 outputs the reference depth control signal 6011
to the switches 67 and 68 and the controller 302. The switch
67 stores the address calibration value 6002 (scanning initial
address value at this point) in the temporary memory 605 by
the input of the reference depth control signal 6011, and sets
the address calibration value 6002 as the initial address
value. Receiving input of the reference depth control signal
6011, the controller 302 updétes the reference depth clock
value 6001, address calibration wvalue 6002, -and parameter
value for calibration 6003 in the temporary memories 601, 602
and 603. At this time, the refraction correction start clock
value is stored as the reference depth clock value 6001 ih the
temporary memory 601, and the refraction correction initial
address value is stored as the address calibration value 6002
in the temporary memory 602. The initial parameﬁer of the
refraction address increment computing is stored as the

parameter value for calibration 6003 in the temporary memory

603.
[0103]

The uniform sound velocity address increment computing
block 65 computes the address inciement value 6004 in the
intervening plate 306 synchronizihg with‘the élock signal 6000.

As mentioned above, when the dynamic focus. processing starts,
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the adddress increment value to be output from the uniform
“sound velocity address increment.computing block 65 is output
from the switch 66, and is stored in the temporary memory 604.
An adder 69 adds the address increment value in the temporary
memory 604, and the output address value, which was calculated
at the previous clock and stored in the temporary memory 605,
so as to calculate the output address value 6005. In this way,
an address value corresponding to the depth of the receive
focal point can be calculated recurrently and sequentially
output, synchronizing with the clock signal 6000.

[0104]

As time elapses, the receive focal point becomes deeper,
and the receive focal point eventually reaches the boundary of
the intervening plate 306 and the subject 307. At this time,

- the clock cumulative value of the clock counter 62 is a
refraction correction start clock value. The comparator 62
outputs the increment computing control signal 6010 if the
clock cumulative value matches with the reference depth clock
value 6001 (refraction correction start clock value at this
point) in the memory 601. The increment computing control
signal 6010 here is for indicating the end of the operation of
the uniform sound velocity address increment computing block
65 and the start Qf the operation of the refraction address
increment computing block 64. The comparator 62 also is set
such that the switch 66 outputs the output of the refraction

address increment computing block 64 to the temporary memory
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604. Hereafter the output of the increment computing control
signal 6010 is stopped until the start/end control signal 6006
is input again..

[0105]

If the clock cumulative value matches with the refraction
correction start clock value, the comparator 62 outputs the
reference depth éontrol signal 6011 to the switches 67 and 68 -
aﬁd the controller 302. By the reference depth control signal
6011, the switch 67 stores the refraction correction initial
address value in the temporary memory'602 to the temporary
memory 605, and inputs the initial parameters of the
refraction address increment computing in the temporary memory
603 to the refraction address increment computing block 64.
The controller 302 receives the input of the reference depth
control signai 6011, and updates the reference depth clock
signal 6001, address calibration value 6002 and parameter
value for calibration 6003 in the temporary memories 601, 602
and 603 to the next reference values stored in the lookup
table.

[0106]

The refraction address increment computing block 64
computes the address increment value with consideration of
refraction due to the intervening plate 306, in
synchronization with the clock signal 6000, and stores the
value in the temporary memory 604. However just like the

‘dynamic receiving focus in the intervening plate 306, the
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calculated address increment value is sequentially added to
the‘address.value in the previous clock, to determine the
output address value 6005 as the depth of the receive focal
point increases.

[(0107]

In this way, synchronizing with the clock signal 6000, an
address value corresponding to the depth of the receive focal
point can be recurréntly calculated and sequentially output.
If the clock cumulative value matches the reference depth‘
clock value 6001 in the temporary memory 601, a temporary
memory for correction is updated so that the same correction
can be performed in the next reference depth as well. 1In
other words, the referénce depth clock wvalue 6001, the address
calibration value 6002 and the parameter value for calibration
6003 are updated to the next values stored in the lookup table
of the controller 302. The above operation is repeated and
the operation is stopped at a point when the end signal is
received in the start/end control signal 6006.

[(0108]

The addition of the adder 69 with the output ofvthe
uniform sound velocity address increment computing block 65 or
the refraction address increment computing block 64, and
reading the output address value 6005 in the temporary memory
605 need not be executed for each increment of the clock, as
long as values are in sync with the clock signal. TIf it takes

time for computing processing in the uniform sound velocity
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address increment computing block 65 or the refraction address
increment computing block 64, the addition/output operation
may be executed every several clocks of the clock signal
according to the computing £ime and output of each block. 1In
this case, the reference depth clock value 6001 wiitten in the
lookup table in the controller 302 should be written in the
timing matching this output operation.

[0109]

In.the above example of the address calculation unit 13, a
case of advancing processing while executing calibration
depending on the reference propagation time baséd on a
plurality of reference depths was described. However if this
correction is not performed, a part of the configuration can
be simplified since calculation of ultrasonic wave propagation
time and update of the corresponding address are not required.
[0110]

The processing in the uniform sound velocity address
increment computing block 65 can be the same as the
conventional art, so description thereof is omitted.

[0111]
<Refraction address increment computing block>

Now an example of processing in the refraction address
increment computing block 64 will be described with reference
to Fig. 4. This example is for computing the recurrence
relation using Eq. 3, Eq. 4 and Eq. 5. Fig. 4A shows an

overview of the blocks for recurrence relation computing
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processing using Eq. 3, Eg. 4 and Eg. 5. Here a configuration,
in which correspondence-with the expressions is relatively
easy to understand, is used to simplify explanation, but
embodiments of the present invention are not limited to this
configuration.
[0112]
| This block diagram is generally divided into computing

sub~blocks which compute data (indicated by a solid line),
temporary memories for storing values in the middle of
calculation (indicated by a dotted line), and temporary
memories for storing pérameters which do not change in the
middle of calculation (indicated by double lines).
[0113]

The temporary memories 701, 702, 703, 704, 705, 706, 707,
708 and 709 store intermediate values in the middle of
computing. These temporary memories are disposed mainly for
matching timing of the processings in the middle of computiﬁg.
These temporary memories include memories to make explanation
easier for each variable of Eq. 3, Egqg. 4 and Eq. 5, and
particularly the temporary memories 704, 705 and 706, for
example, may be omitted.
[0114]

The temporary memories 710, 711, 712, 713, 714 and 715
store calculation parameters of which values do not change in
the middle of a series of recurrence computing using the

recurrence relations. These calculation parameters are
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provided by the controller 302 as the address increment
computing parameter 6007 when the computing operation starts.
These temporary memories in particular are hereinafter
referred to as "parameter memories".

[0115]

The computing sub-blocks 71, 72, 73, 74, 75, 76, 77 and 78
are portions where respective computing is performed, which
are indicated as sub-blocks.

[0116]

In the beginning of the recurrence operation, the values
given as parameter values for calibration 6003 are stored in
the témporary memories 701, 702 and 703. Using the values
stored in the memory 701 and the values stored in the
parameter memory 711, the computer sub-block 71 computes the
numerator portion on the right hand side of Eq. 4(b), and
outputs the result to the computing sub-block 73. The
computing sub-block 72 computes the right hand side of Eqg.

4 (a) usiné the values stored in the temporary memories 701 and
702, and stores the result in the temporary memory 704. The
computing sub-block 73 computes the right hand side of Eg.

4 (b) using the output from the computing sub-block 71, the
values stored in the temporary memories 703 and 704, and the
value stored in the parameter memory 712, and stores the
result in the temporary memory 705. The cémputing gub—block
74 computes the right hand side of Eq. 4(c) using the wvalues

stored in the temporary memories 704 and 705, and stores the
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result in the temporary memory 706. The computing sub-block
75 computes the right hand side of Eg. 3(b) using the values
stored in the temporary memories 701 and 705, and stores the
result in the temporary memory 707. The computing sub-block 76
computes the right hand side of Eg. 3(c) using the values
stored in the temporary memories 702 and 706, and stores the
result in the temporary memory 708. The computing sub-block
77 computes the right hand side of Eg. 3(d) using the value
stored in the temporary memory 703 and the value stored in the
parameter memory 710, and stores the result in the temporary
memory 709.
[0117]

The values stored in the temporary memories 707, 708 and
709 at this point are values where ﬁhe recurrence calculation
in the first step using the recurrence relation has completed.
The valﬁes stored in the temporary memories 707, 708 and 709
are stored again in the temporary memories 701, 702 and 703,
and the recurrent calculation in the second step are performed.
At the same time, the value stored in the temporary memory 707
is input to the computing sub-block 78, where Eqg. 3(a) is
computed using the values stored in the parameter memories 714
and 715, to determine the propagation time increment after
refraction correction. The result is then converted into an
address by Eq; 11 or the like, so that the address increment
value 6004 is obtained.

[0118]
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While sequentially executing the steps of the cyclic
recurrence calculation, the address increment value 6004, when
the recéive focal point is deepening at the receive focal
point interval of the dynamic receiving focus, is sequentially
computed. The determined address increment value 6004 is
stored in the temporary memory 604.

[0119]

According to this example, if the computing volume in the
refraction address increment computing block 64 is high and
this computing is executed synchronizing with the system clock,
computing processing may not be completed within a one clock
cycle. In this case, the clock synchronization in each block
must be adjusted in the address calculation unit 13.
Furthermore the computing time of the address value becomes
several times more than the system clock cycle, and thus the
process slowé down. In order to prevent this, the refraction
address increment computing block 64 may be constituted by a
pipeline, as shown in Fig. 4B. Fig. 4B shows a pipeline
constituted by an FIFO memory 710 and a plurality of block
portions 79, one of which is shown in Fig. 4A. Here the
pipeline configuration has four stages, but the number of
stages for the pipeline is set depending on the computing time
of the block 79. 1In the pipeline processing, the processing
starts before the timing required for reading the output of
the adder 69, and the address increment value 6004, which was

stored once in FIFO memory 710, is read at the processing
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timing of the adder 69, and is stored in the temporary memory
©604. In this case, the initial wvalues for the recurrence
processing are required, so the parameter Valugs for
calibration 6003 in the temporary memory 603 should be read
first.

[0120]

This example of the refraction address increment computing
block 64 is an example of executing the computing processing
algorithm, and is an example in particular for assisting in
understanding the description of the processing according to
Eg. 3, Eqg. 4 and Eq. 5, therefore the circuit configuration
may be simplified by omitting or changing a part of the
processing configuration.

[0121]

Instead of using Egq. 3, Eg. 4 and Eg. 5, a reference
propagation time increment dT; in which the address increment
is partially constant, or a polynomial approximation may be
used to simplify the processing of the refraction address
increment computing block 64.

[0122]
<Memory read control unit>

Now an example of the memory read control unit 14 will be
described with reference to Fig. 5. In this example, the
memory read address is calculated as a real number, so the
receive beam can be focused more accurately than the prior art.

The memory read control to be described below is for utilizing
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this advantage effectively. 1In concrete terms, interpolation
corresponding to the decimal address portion of the output
address value 6005 is performed using two received signal
values, which are continuous in time, and read from the memory
12. This allows calculation of which accuracy is finer than
the time resoiution of the received signals stored in the
memory 12. The reading of received signals using received
signal interbolatioh, which is explained below, is not
essential for the present invention, and the interpolation
method is also just an example, and actual interpolation
computing processing is not limited to the following method,
and two or more signal values may be interpolated, for example.
[0123]

'The reference numerals 81, 82 and 83 in Fig. 5 indicate
temporary memories, where the output address value 6005 from
the read address calculation unit 13 and two continuous
received signal values which are read from'the memory 12 are
stored. The temporary memories 81, 82 and 83 are not
essential, but are disposed for synchronizing processings and
for assisting in understanding the description here. The
reference numeral 84 indicates a subtracter; 85 indicates a
multiplier, and 86 indicates an adder.

[0124]
The output address value 6005, which is stored in the
temporary memory 81, consists of an address integer portion

801 which is a significant bit portion, and an address decimal
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portion 208 which is an insignificant bit portion. The
address integer portion 801 is used for specifying and reading
‘a signal value corresponding to a specific time, out of a time
series digital received signals stored in the memory 12. For
explanatory purposes, the address integer portion stored in
the temporary memory 81 is denoted by n, and the address
decimal portion is denoted by g herein below.

[0125]

The received signal value at an address specified by the
address integer portion 801 and a received signal vélue of the
next address corresponding to the portion which is continuous
in time are stored in the temporary memories 82 and 83
respectively from the memory 12. Here a received signal value
stored in the temporary memory 82 is denoted by S,, and a
received signal value stored in the temporary memory 83 is
denoted by Sp41- The subscript n indicates a memory address
specified by the address integer portion 801.

[0126]

The subtracter 84 subtracts the receivedvsignal value Spn
stored in the temporary memory 83 from the received signal
value S, stored in the temporary memory 82, and inputs the
result to the multiplier 85. The multiplier 85 multiplies the
output of the subtracter 84 by the address decimal portion g
of the address value stored in the temporary memory 81, and
inputs the result to the adder 86. The adder 86 adds the

output of the temporary memory 83 and the received signal
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values Sp;1 stored in the multiplier 85, and outputs the result
to the adder 15.
[0127]

By the above computing the following expression is

calculated.
[0128]
[Math. 14]

8,-q+8,,-(1-9). | Eq. 14

Thereby a value after interpolating the received signal
values S, and Spis1, which are adjacent in time, by the address
decimal portion g, is output to the adder 15. In the memory
12, received signals are stored at time intervals determined
by the interval of the system clock, but by this interpolation,
a received signal corresponding to an ultrasonic wave
propagation time value there between can be obtained. As a
result, delay-and-sum processing can be performed at high
precision without rounding the time accuracy of the target
received signal values of the delay-and-sum processing
operatién depending on the cycle of the clock frequency.
[0129]

Then the delay-and-sum is performed for the received'
signals of the receive channels by the above mentioned
processing by the adder 15 and the later processing, and the
ultrasonic tomographic image is displayed on the display 311

via the signal processor 309 and the image processor 310.



WO 2011/105593 74 PCT/JP2011/054422

[0130]

In this example, the scanning of the ultrasonic
transmit/receive bean has been describéd as related to
selecting a part of the transducers constituting the aperture
of the transducer array 305 and the line scanning by shifting
the transducers. This is for simplifying the description, and
the entire transducer array 305 may be used as the aperture.
In this case, the present invention may be applied to the
ultrasonic image diagnostic apparatus based on a sector
scanning method where the transmit/receive direction of the
ultrasonic transmit/receive beam is chaﬂged using the
transmit/receive control of each transducer. In this case,
the position of the receive focal point can be set on the
ultrasonic receive beam which spreads radially from the center
of the transducer array 305, instead of a position directly
under the center of the transducer array 305. The address
position of the receive memory is sequentially determined
recurrently using the approximate recurrence relation to
determine the ultrasonic wave propagation time for each
transducer or receive channel with respect to one of the
ultrasonic wave receive beams in the sequence of depth of
receive focal point becoming deeper. If delay-and-sum is
performed for the received signal values of each transducer or
receive channel which were read using this address position,
the delay-and-sum converted signal with respect to the

ultrasonic beam is obtained. By changing the direction of the
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ultrasonic receive beam and scanning the beam, the ultrasonic
tomography image can be created and displayed, as mentioned
above.

[Example 2]

[0131]

Example 2 of the present invention is an ultrasonic
imaging apparatus based on a photoacoustic imaging method
using photoacoustic waves. iAccording to the photoacoustic
imaging method, an internal structufe of the subject is imaged
by irradiating a pulse layer beam onto a subject, and
‘detecting an ultrasonic wave, which is a photoacoustic wave
induced by thermal expansion.

[0132]

A concrete procedure of the photoacoustic imaging method
is disclosed as follows; in the Japanese Patent Application
Publication (Translation of PCT Application) No. 2001-507952,
for example.

(1) A two-dimensional transducer array (two-dimensional
receiving element array) 1is positioned on the subject surface,
and single pulsed electromagnetic energy is irradiated onto
the subject.

(2) A receive photoacoustic signal of each transducer
(each receiving element) is sampled and stored immediately
after irradiation of the electromagnetic energy.

(3) Propagation time for the photoacoustic wave ﬁo reach a

4

position r, from a point r’ in the subject to be imaged, is
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calculated for the point r’, and the signal of each transducer
corresponding to the propagation time is added to obtain the
image value of point r’.

(4) Step (3) is repeated for each point r’ to be imaged.

Japanese Patent Application Laid-Open No. 2005—21380
discloses an apparatus in which both an image based on the
photoacoustic imaging method and a normal ultrasonic echo
image are alternately reconstructed using a common transducers.
[0133]

In this way; according to the photoacoustic imaging method
as well, it is necessary to calculate the propagation time of
the photoacoustic wave from tﬁe photoacoustic wave generation
point to each transducer, and add the receive photoacoustic
signals in a time series with matching the phases using this
calculated propagation time. Therefore if a layer in which
sound velocity is different exists on the propagation path of
the photoacoustic wave and refraction is generated, the phases
of the receive photoacoustic signals do not match, and created
image resolution drops, just like the case of the reception
based on the ultrasonic pulse echo method. In this example,
correction of the ultrasonic wave propagation time of this
invention is applied to the photoacoustic imaging method, so
that a drop in resolution of the image to be created is
suppressed.

[0134]
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A three-dimensional image reconstruction method based on
the photoacoustic imaging method will be described in detail
with reference to Fig. 9.

Fig. 9A is a conceptual diagram depicting a voxel data
structure for three-dimensional image reconstruction according
to the photoacoustic imaging method. Fig. 9B is a diagram
" depicting a concept for creating data in the specific voxels
in the photoacoustic imaging method. Fig. 9C is a diagram
depicting a processing method according to this example.
[0135]

In Fig. 9, the reference numeral 305 indicates a
transducer array. Unlike the above mentioned ultrasonic echo
method, a two-dimensional array is used to reconstruct the .
three-dimensional image. Further, in the photoacbustic
imaging method, each transducer of the transducer array only
receives an ultrasonic wave, which is a photoacoustic wave:
generated by laéer irradiation.

[0136]

In Fig. 9A, the reference numeral 91 indicates a three-
dimensional voxel array. The data structure in which the
imaging area in the subject is virtually sectioned in grating
is referred to as a "voxel array". The grating structure
corresponding to this data structure is called a voxel array,
and a unit grating.constituting the voxel array is referred to
as a "voxel". The data group stored in the voxel data array

is referred to as "voxel array data". 1In the three-
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dimensional image reconstruction based on the photoacoustic
imaging method; the intensity of the photoacoustic wave
generated in each voxel is evaluated, and is converted into
image brightness as irradiated laser light absorption amount,
and is stored in the voxel data array. Based on the image
brightness data (brightness voxel array data) obtained like
this, a three-dimensional image is displayed, or a tomographic
image is reconstructed and displayed.

[0137]

In Fig. 9B, the reference numeral 9la indicates a specific
voxel in the three-dimensional voxel array 91. The reference
numeral 92 indicates a photoacoustic wave propagation path
from the voxel 91la to each transducer of the transducer array
305. The intensity of the photoacoustic wave generated in the
voxel 91a is evaluated based on the receive photoacoustic
signalé in a time series received by each transducer of the
transducer array 305. In other words, the amplitude value of
the received'signal in thé portion corresponding to the
propagation time from the voxel 9la to the transducer is
determined for each transducer and is addéd, whereby the
intensity of the photoacoustic wave generated in the voxel 9la
is determined.

[0138]

If the sound velocity of the subject is uniform at this

time, the propagation time can be simply determined by the

geometric positional relationship of the voxel 9la, and each



WO 2011/105593 79 PCT/JP2011/054422

transducer and the sound velocity of the subject. On the
other hand, if an intervening plate having different sound
velocity exists between the subjectvand the transducer array
305, or the surface area of the subject is a layer and the
sound velocity thereof is different from the lower layer
portion, then the propagation time, including the refraction
effect, is determined by the processing based on the present
invention.

[0139]

Here an illustration of the intervening plate is omitted
to simply drawings. In order to calibrate the change of the
solid angle estimating a voxel 9la depending on the position
of each transducer and the size and direction of the aperture,
and to increase accuracy in an evaluation of the photoacoustic
wave intensity generated in the voxel 9la, weighting may be
performed when adding each transducer sigﬁal. Weighting
considering angular directivity depending on the sensitivity
distribution of the transducer itself‘may be performed. The
details of these issues are secondary in relation to the
present invention, which focuses on refraction correction
performed on propagation time, required when an iﬁtervening
layer of which sound velocity is different from the subject
exists, therefore detailed description is omitted»here.

[0140]
An outline of‘the processing when the present invention is

applied to the photoacoustic imaging method will be described
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with reference to Fig. 9C. The reference numeral 91lb
indicates a voxel column arrayed in the subject depth
direction out of the voxel array 91. The reference numeral 93
indicates a central axis of the voxel column 91b. The central
axis 93 of the voxel cclumn stretches in the subject depth
direction approximately perpendicular to the array plane of
the two-dimensional transducer array 305.

[0141]

The reference numeral 94 is an arbitrary transducer in the
transducer array 305. Here it is assumed that the distance
between the central axis 93 of the voxel column and the
transducer 94, that is, the length of the perpendicular drawn
from the transducer 94 to the central axis 93 of the voxel
column, is xX. Hereafter x is referred to as the "transducer-
voxel column distance”.

[0142]

If the distance between each voxel of the voxel column 91b
in the depth direction is regarded as the interval dz of focal
points in the depth direction, and the transducer position x
is regarded as the length of the perpendicular, then the
propagation time T of the photoacoustic wave becomes the same
as Eq. 1. Therefore if the propagation time is determined
bétween the intervening plate of which sound velocity is
different and the voxel on the interface of the subject is
determined, the propagation time can be determined recurrently

in sequence for each voxel of which depth becomes deeper by dz
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at a time along the central axis 93 of the voxel column, by
determining the photoacoustic wave propagation time increment
recurrehtly in sequence. In concrete terms, the photocacoustic
wave propagation time values are computed recurrently in
sequence using Eq. 2, Eq. 3, Eg. 4 and Eg. 5. Just like the
above mentioned apparatus using the ultrasonic echo method,
the initial photoacoustic wave propagation time can be
determined as the case of uniform sound velocity. Using
values computed by Egq. 7 and Eg. 8 for a voxel at an arbitrary
depth as initial values, a photoacoustic wave propagation time
value may be computed recurfently in sequence in a direction
of shallower depth. Or in the middle of the recurrence
computing, calibration for suppressing accumulation of
approximation errors may be performed. For the approximation
of the recurrence relation, polynomial approximation and an
orthogonal function system may be used. These operations can
be performed in the same manner as an apparatus using the
ultrasonic echo method.

[0143]

In this way, using the propagation time of the
photoacoustic wave determined recurrently according to the
depth, components of the photoacoustic wave intensity
generated from each voxel on the voxel column  91b can be
extracted out of the receive photoacoustic signals in a time
series received by the transducer 94. The contribution of the

photoacoustic signals generated from each voxel like this is
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added to the data of the corresponding voxel data array, and
the result is stored again. Then the voxel string 91b is
shifted and the same operation is repeated. By repeating this,
the contribution of the receive photoacoustic signal, which
are received by the transducer 94, can be added to each data
of the voxel data array corresponding to the three-dimensional
voxel array 91. By executing this operation for each
transducer of the transducer array 305, added value of the
receive photoacoustic signals, of which phases are aligned,
can be obtained for each data of thé voxel data array
corresponding to the three-dimensional voxel array 91.

[0144]

In the above description, the photoacoustic wave
propagation time is calculated for all the combinations of the
voxels and transducers to simplify explanation. But depending
on the setting of the voxel array 91 and the setting of the
interval of the transducérs of the transducer array 305, a
common propagdation time calculation may be used. In other
words, the propagation time is detefmined by the propagation
path of the photoacoustic wave, and is determined by a
geometric positions of each voxel, each transducer and the
intervening plate. For example, a propagation time for a set
of a transducer and voxel is the same as a propagation time of
a set of the transducer and voxel in positions shifted in
parallel for a same amount. Considering this, it is

preferable that the interval of the voxels disposed on a plane
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in parallel with the two-dimensional array surface of the
transducer and the interval of the transducers are matched or
in a ratio of integers. Then the sequence of the
photoacoustic wave propagation time values determined by
recurrently calculating in the depth direction for a
combination of a specific transducer and a voxel column 91b
can be directly applied to another combination in a same
positional relationship.

[0145]

An ultrasonic image diagnostic apparatus based on the
photoacoustic imaging method according to this example will
now be described Qith reference to Fig. 10. Fig. 10A shows a
configuration of the ultrasonic image diagnostic apparatus
based on the photoacoustic imaging method according to this
example. A composing element the same as Example 1 is denoted
with a same reference numeral, where redundant description is
omitted.

[0146]

An input unit 301 is for inputting operation settings. A
controller 302 controls the entire apparatus. A laser
emission controller 101 controls and drives the pulse
irradiation of a laser. A laser beam irradiation unit 102
irradiates a pulse laser beam onto a subject. A transparent
stationary plate 103 is for securing a subject 307 between
this transparent stationary plate 103 and an intervening plate

306, and is made of a material which allows a laser beam to
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transmit through. A transducer array 305 comprises two-
dimensionally arrayed transducers, for receiving photoacoustic
waves. A receive photoacoustic signal processing unit 104
amplifies a receive photoacoustic signal received by the
transducer array 305 to increase the SNR, and converts the
amplified receive photoacoustic signal into a digital signal,
and is constituted by an analog amplifier and A/D converter,
among others. To further improve the SNR, frequency filtering
processing may be included. An image reconstruction computing
unit 105 reconstructs a three-dimensional image using the
photoacoustic imaging method based on the digitized receive
photoacoustic signal, and creates voxel airay data in which
the intensity of the photoacoustic wave generated in each
voxel is evaluated. An image processor 310 creates image data
to be displayed on a display 311 according to the instruction
from a controller 302 using the voxel array data created by
the image reconstruction computing unit 105. The image
processor 310 displays three-dimensional image data, and in
particular creates two—dimensionai projection data and various
tomographic data, such as a maximum intensity brightness
projection image (MIP). The display 311 displays the output
of the image processor 310.
[0147]

A difference of this example from Example 1 is that a type
of data to be displayed on the display 311 can be specified

from the input unit 301 to the controller 302 in order to
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indicate the configuration of the three-dimensional image data.
By this information, the image processor 310 performs
coordinate transformetion, interpolation, image filtering and
the like, for creating various projected images and

tomographic images based on the three-dimensional voxel array
dafa. Brightness voxel array data may be created using the
data evaluating the intensity of the photoacoustic waves
generated in each voxel. This brightness conversion may be
performed by the image reconstruction computing unit 105.

[(0148]

The transducer array 305 is a two-dimensional array for
obtaining three-dimensional data, as mentioned above. L
denotes a number of transducers of the transducer array 305.
[0149]

The inteyvening plate 306 is a plane parallel plate which
has a different sound velocity from the subject 307, and
allows ultrasonic waves to transmit through, just like Example
1, but is installed particularly for the purpose of securing
the subject 307 along with the transparent stationary plate
103 in this example. The transparent stationary plate 103
should be transparent in the wavelength range of this laser
beam so as to irradiate a pulse laser, but the shape can be
merely a shape suitable for holding and securing the subject
307.

[0150]
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The biggest difference between this example and Example 1
is that the pulse laser beam is irradiated onto the subject
307 and ultrasonic waves are not transmitted, since the
photoacoustic imaging method is used. The laser irradiation
unit 102 includes a laser.light source which can emit pulses
at high power. The wavelength of the laser beam is a
wavelength in a range where transmittance in the subject 307
is relatively high. In particular, when a bioclogical tissue
is the subject 307, it is preferable to emit near infrared
light of which wavelength is approximately 800 nm to 1200 nm,
then an SHG converter can be installed for a YAG laser
apparatus or titanium-sapphire laser apparatus. A high power
LD array light source can also be used. The laser irradiation
unit 102 has various optical apparatuses, such as a beam
expander and diffusing plate, in order to irradiate the
emitted laser beam onto the subject 307 uniformly.

(0151]

The laser emission control unit 101 irradiates the pulse
laser by contrblling and driving the lasér irradiation unit
102 based on the emission control signal from the controller
302. Then the photoacoustic wave receiving operation is
started by a control signai from the controller 302. The
photoacoustic wave generated in the subject 307 by the laser
pulse irradiation is received by the transducer array 305, and
is converted into a receive photoacoustic signal, which is

amplified by the receive photoacoustic signal processing unit
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104, and is then input to the image reconstruction computing
unit 105 as digital sampling data. The image reconstruction
computing unit 105 executes the image reconstruction
prbcessing, and outputs the voxel array data to the image
processing unit 310, and the image processor 310 performs the
above mentioned image processing and displays a specified
image on the display unit 311.

[0152]

Now the processing of the image reconstruction computing
unit 105 will be described in detail with reference to Fig.
10B. In Fig. 10B, the reference numeral 104 designates a
receive photoacoustic signal processor, the reference numeral
12 designates a memory, the reference nuﬁeral 13 designates a
read address calculation unit, the reference numeral 14
designates a memory read controller, and the reference numeral
106 designates a voxel array memory for storing voxel array
data. The voxel array memory 106 can be constructed by a
random access DRAM, or by a combination of an FIFO memory and
a random access DRAM. In Fig. 10B, the voxel array memory 106
is conceptually illustrated as a matrix ariay memory having N
rows by M columns in order to simplify description on the
operation. Here N is a total number of divisions on a plane
in parallel with the transducer array surface of the voxel
array, and M is a total number of divisions of the voxel array
in the depth direction. 1In other words, to each voxel in the

voxel array, each element of the voxel array memory 106, which
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is a N by M array memory, corresponds. 'In terms of
correspondence with the conceptual diagram in Fig. 9, the
voxel array 91 has N number of voxel columns 91b, and each
voxel column 91b includes M number of voxels. 1In this case,.
each row of the N by M voxel array memory 106 corresponds to
the voxel column 91b; and each memory element in the row
corresponds to each voxel of the voxel column 91b. It is
particularly preferable that each voxel corresponding to a
memory element of each row of the voxel array memory 106 is
disposed in sequence along the depth of the voxel column 91b.
[0153]

According to a preferred configuration of this example, a
set of an analog amplifier and an A/D converter is disposed in
the receive photoacoustic signal processor 104 for each
transducer of the transducer array 305 respectively. Thereby
the time series data string of the receive photoacoustic
signal received by each transducer is digitized, and stored in
the memory 12 by parallel processing. In the memory 12, the
time series data string of the digitized receive photoacoustic
signals is stofed for each transducer. For example, the
memory 12 may be constituted by a one-dimensional memory,
which is individually provided for each transducer. A memory
is constructed such that a two-dimensional array can be
accessed for each transducer.

[0154]
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It is further preferable that N number of memory read
controllers 14 are disposed so as to process specific
transducers in parallel. Each of the N number of memory read
controllers 14 is disposed corresponding to N rows in the
array memory 106 respectively. Just like Example 1, the
memory read controller 14 reads a value of fhe receive
photoacoustic signal at a timing cofresponding to the
photoacoustic wave propagation time in the memory 12, using
the memory read address which is output by the read address
calculation unit 13. The signal value which was read is added
to a predetermined memory element of the array memory 106 (the
value in the memory element and the signal value which was
read are added, and the result thereof is stored in the memory
element again). Here the meméry element to be referred to in
the array memory 106 is on the row corresponding to this
memory read controller 14.

[0155]

The read address calculation unit 13 calculates an address
corresponding to the photoacoustic wave propagation time of a
voxel of which depth sequentially changes, just like Example 1,
using the transducer-voxel column distance x and the interval
dz of the depths of the voxels. Using this address, the
memory read controller 14 sequentially performs the above
mentioned addition processing for the memory element in the
corresponding row of the array memory 106.

[0156]
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A same number of read address éalcUlation units 13 as the
memory read controllers 14 may be disposed, but the address
may be calculated by a common read address calculation unit 13
depending on the positional relationship of this transducer
and the corresponding voxel column 81b. For example,
addresses of a plurality of memory read controllers 14 can be
calculated by a common read address calculatibn unit 13 for
the transducers having the same transducer-voxel column
distance x. If the voxel array‘91 is equally divided
vertically and horizontally on the bottom face thereof, the
voxel columns 91b located concentrically around the transducer,
as the center, have a same transducer-voxel column distance X,
because oﬁ geometric symmetry. In this way, a number of read
address calculation units 13 can be less than N.

(0157]

Eéch memory read controller 14 reads a value of the
receive photoacoustic signal value using the memory read
address calculated recurrently by each read address
calculation uni£ 13, whereby values in the memory elements in
each row of the array memory 106 are sequentially updated in
parallel. 1In othér words, a column of the array memory 106 is
sequentially updated according to the recurrence computing
processing by each read address calculation unit 13. The
update sequence may be in a direction of the deeper depth or
shallower depth, depending on how the initial value is

provided for the recurrence computing.
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[0158]

To update the data in the array memory 106, the array
memory 106 may be constituted only by random access DRAMs so
that'the value is directly referred to, added or stored. Or
the value may be stored once in a line memory or FIFO buffer
memory, for example, which is disposed for each memory read
controller 14, so that addition and update processing in the
random access DRAM is perfprmed after processing ends for all
the depths.

[0159]

By repeating the above processing for different
transducers, voxel array data in which a three-dimensional
image i1s reconstructed based on the photoacoustic imaging
method can be obtained. In concrete terms, after the output
from each transducer is processed by the receive photoacoustic
signal processor 104 and the receive photoacoustic signal is
stored in the memory 12, the data in the array memory 106 is
updated by N numger of mem§ry read controllers 14
corresponding to s?ecific transducers. Or LxN number of
memory read controllers 14 may be provided to process data for
all the transducers in parallel. Particularly in a latter
case, a common read address calculation unit 13 can calculate
the memory read address for sets of a transducer and voxel
column having a same transducer-voxel column distance x.

Recently parallel processing for volume data using many cores



WO 2011/105593 92 PCT/JP2011/054422

in a GPU have become possible, so parallel processing of this
example can be executed by digital circuits including a GPU.
[0160]

This example is an apparatus which recurrently determines
the propagation time values of an ultrasonic wave, which is a
photoacoustic wave including the effect of refraction due to
an intervening plate having a different sound velocity,
sequentially for targets at a different depth, using an
approximate recurrence relation, and reconstructs a three-
dimensional image based on the photoacoustic imaging method
using the result. By determining propagation time values
recurrently for voxels having different depths in sequence,
and performing processing for each transducer and each voxel
column in parallel based on»the determined propagation time
values, the entire processing time is decreased, and a three-
dimensional image can be reconstructed in real-time. in other
words, propagation time values can be recurrently calculated
independently in general, for combinations of a transducer and
a voxel column having a different transducer-voxel column
distance x, so parallel processing can be performed easily for
these transducers and voxel columns, and the overall
processing time can be decreased. If the read address
calculation unit 13 is common for combinations of a transducer
and voxel column of which the transducer-voxel column distance
X 1s the same, an increase in circuit size can be suppressed.

[0161]
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Compared with conventional disclosed technologies, the
present invention has the following advantages.

In the case of a three-dimensional image reconstruction
based on the photoacoustic imaging method, the transducer
array is a two-dimensional array and the higher the number of
voxels in the voxel arrangement the better in terms of
resolution.b This means that a number of photoaéoustic wave
- propagation time values required for processing becomes high.
The general calculation for refractive paths shown in US
Patent No. 6,607,489, which requires a- long processing time
since many types of paths are used, is inappropriate for real-
time processing. If the delay time values are calculated and
stored in advance, many delay time values must be stored. 1In
particular, depending on the image capturing conditions, a new
set of delay time values is required each time the voxel array
is changed, and it is impractical to store all of these Valﬁes
assuming all possible cases. Therefore the delay time values
must be calculated each time the voxel array is changed, and
as a result, it is unavoidable to increase the apparatus scale.
[0162]

In the case of the method disclosed in WO 01-026555, which
calculates the délay time recurrently, just like the present
invention, the above mentioned problem is solved, but
recurrence calculation is performed in a direction of changing
the transducer-voxel column distance x mentioned in this

example. The recurrence calculation basically requires
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sequential calculation, so in order to perform parallel
processing easily by this method, the recurrence calculation
must be performed in the depth direction. This means that if
a number of voxels in the voxel array is Nx in the vertical
direction, Ny in the horizontal direction and Nz in the depth
direction, the Nz number of calculations can be performed in
parallel. Whereas in the case of the present invention,
parallel processing can be performed for a set of a transducer
and a voxel column, that is, NxxNy number of calculations can
be performed in parallel. If a uniform voxel array, whichvis
suitable for generating a three-dimensional image, is used, a
number of sections is about the same for Nx, Ny and Nz in each
direction, so the degree of parallel processing (a number of
processings that can be processed in parallei) of this example
can be highér than the method disclosed in WO 01-026555. This
difference in the degree of parallel processing increases as a
number of sections increases and a number of transducers is
more enhanced in order to imprové resolution.

[0163]

Furthermore, in the case of a standard grating type voxel
array or a two-dimensional transducer array arrangement, each
transducer-voxel column distance x becomes nonuniform.
Therefore in the recurrence relation calculation in the x
direction, approximation accuracy becomes nonuniform, and
processing parameters increase. In this example, approximate

recurrence relation processing for uniform intervals can be
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performed by setting the interval of the depths of the focal
point to be the interval of the depths of the voxel array, .
hence processing can be simplified.

f0164]

Thus if the present invention is used for the
photoacoustic imaging method, recurrence processing for delay
time calculation, whichvisvsuitable for parallel processing,
can be performed, and an ultrasonic image diagnostic apparatus
based on the photoacoustic imaging method, which can perform
the entire processing in real-time, as the case of this
example, can be provided.

[0165]

Here the ultrasonic image diagnostic apparatus based on
the photoacoustic imaging method was described, but an image
diagnostic apparatus jointly using the ultrasonic echo method
can be constructed by integrating the ultrasonic transmission
unit and the aperture selection switch of Example 1, so that a
photoacoustic image and ultrasonic image can be simultaneously
displayed.

{0166]

| While the present invention has been described with
reference to exemplary embodiments, it is to be understood
that the invention is not limited to the disclosed exemplary
embodiments. .The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all

such modifications and equivalent structures and functions.
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[0167]

Aspects of the present invention can also be realized by a
computer of a system or apparatus (or devices such as a CPU or
MPU) that reads out and executes a program recorded on a
memory device to perform the functions of the above-described
embodiment (s), and by a method, the steps of which are
performed by a computer of a system or apparatus by, for
example, reading out and.executing a program recorded on a
memory device to perform the functions of the above-described
embodiment.

[0168]

This application claims the benefit of Japanese Patent

Application No. 2010-036890, filed on February 23, 2010, which

is hereby incorporated by reference herein in its entirety.
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CLAIMS

1. An ultrasonic imaging apparatus comprising:

an ultrasonic receiver having a plurality of receiving
elements for receiving ultrasconic waves reflected or generated
inside a subject;

a receive beam former which forms a receive beam signal by
performing delay control on received signals of receive
channels corresponding to at least a part of the receiving
elements of the ultrasonic receiver, according to a
propagation time from a focal point position of the receive
beam to the receiving element; and

an image processor which generates an image using the
receive beam signal, wherein

the receive beam former sequentially calculates
propagation time values for a plurality of focal points by
repeating processing fof adding a change of propagation time
value corresponding to a change of depth of focal point to an
already calculated propagation time value to determine a
propagation time value for a next focal point, and

the repeat processing can be independently executed for
each of the receive channels, and the receive beam former
calculates the propagation timé values in parallel for at

least a part of the receive channels.
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2. The ultrasonié imaging apparatus according to Claim 1,
- wherein

the change of propagation time value is determined by the
change of depth of focal point and at least one recurrence
parameter which is determined by a recurrence relation

according to the change of the depth of focal point.

3. The ultrasonic imaging apparatus according to Claim 2,
wherein

the recurrence relation to determine the recurrence
parameter is described in a polynomial of values of the

recurrence parameters at adjacent depths of focal point.

4. The ultrasonic imaging apparatus according to Claim 1,
wherein
the change of propagation time value is determined as a

polynomial of the depth of focal point.

5. The ultrasonic imaging apparatus according to Claim 1,

wherein the change of propagation time value is a constant.

6. The ultrasonic imaging apparatus according to any one
of Claim 1 to Claim 5, wherein

the receive beam former stores a reference propagation
time value, which is a propagation time Valpe determined in

advance for a specific depth of focal point, and
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when the depth of focal point reaches the specific depth
of focalvpoint in the repeat processing, the propagation time
value at this depth of focal point is regarded as the stored
reference propagation time value/ and a propagation time value
at a next depth of focal point is calculated based on this

reference propagation time value.

7. The ultrasonic imaging apparatus according to Claim 3,
wherein

the receive beam former stores a reference propagation
time value and reference recurrence parameters, which are a
propagation time value and recurrence parameters determined in
advance for a specific depth of focal point, and

when the depth of focal point reaches the specific depth
of focal point in the repeat processing, the propagation time
value and recurrence parameters at this depth of focal point
are regarded as the stored reference propagation time value
and reference recurrence parameters, and a propagation time
value and recurrence parameters at a next depth of focal point
are calculated based on the reference propagation time value

and reference recurrence parameters.

8. The ultrasonic imaging apparatus according to Claim 4,
wherein
the receive beam former stores a propagation time value

determined in advance for a specific depth of focal point, and
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coefficients of the polynomial to be used for focal points
subsequent to the specific depth of focal point, and

when the depth of focal point reaches the specific depth
of focal point in the repeat processing, the propagation time
value at this depth of focal point is regarded as a stored
reference propagation time value, and the change of
propagation time value is determined by the polynomial using

the stored coefficients in subsequent processing.

9. The ultrasonic imaging apparatus according to Claim 5,
wherein

the receive beam former stores propagation time values
determined in advance for a plurality of reference focal
points, and

when the focal point reaches any of the reference focal
points in the repeat processing, the propagation tiﬁe value at
this focal point is regarded as a stored reference propagation
time value, and a change of propagation time value in
subsequent processing is determined by the reference
propagatién time value at this depth of focal point and a
reference propagation time value at a next depth of focal

point.

10. The ultrasonic imaging apparatus according to any one

of Claim 1 to Claim 9, wherein
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the receive beam former includes for each of the receive
channels:

a memory which stores, in a time series, received signals
sequentially received from a receiving element corresponding
to the receive channel;

a memory read controller which controls reading from the
memory; and

a memory address calculation unit which calculates a read
address of the memory,

the receive beam signal is formed by adding received
signals of each of the receive channels which are read by the
memory read controller from the memory according to the read
address calculated by the memory address calculation unit, and

the memory address calculation unit calculates read
address positions corresponding to the propagation time wvalues
which are sequentially calculated for the plurality of focal
points to sequentially calculate read addresses corresponding

to the plurality of focal points.

11.The ultrasonic imaging apparatusvaccording to Claim 10,
wherein

the memory address calculation unit calculates a read
address in a real number form, and

the receive beam former interpolates two received signals
stored in an address corresponding to an integer portion of

the calculated read address in the real number form and in a
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next address thereto, according to a decimal portion of the
read address in the real number form, and forms a receive beam

signal using the interpolated received signals.

12. The ultrasonic imaging apparatus according to any one
of Claim 1 to Claim 11, wherein

the ultrasonic receiver also serves as an ultrasonic
transmitter for transmitting ultrasonic waves to the subject,
and

the ultrasonic imaging apparatus forms an image of inside
the subject by irradiating ultrasonic waves onto the subject
and receiving reflected ultrasonic waves that have been

reflected in the subject.

13. An ultrasonic imaging apparatus, comprising:

an ultrasonic receiver having a plurality of receiving
elements for receiving acoustic waves generated from a
subject;

an image reconstruction computing unit which obtains voxel
array data evaluating an intensity of an acoustic wave
generated in each voxel based on an ultrasonic wave received
by the ultrasonic receiver; and

an image processor which obtains image data using the
voxel array data obtained by the image reconstruction

computing unit, wherein
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the image reconstrubtion computing unit sequentially
calculates propagation time values for a plurality of voxels
by repeating processing for adding a change of propagation
time value corresponding to a change of depth of a voxel to an
already calculated propagation time value to determine a
propagation time value for a next voxel, and

the repeat processing can be independently executed for
each voxel column, and the image reconstruction computing unit
calculates the propagation time values in parallel for at

least a part of the voxel columns.

14. A‘method of controlling delay in an ultrasonic imaging
apparatus which receives ultrasonic waves reflected or
generated inside a subject, and forms a receive beam by
performing delay processing according to a propagation time
between a focél point position of the receive beam and a
receiving element, comprising:

sequentially calculating propagation time values for a
plurality of focal points by repeating processing for
calculating a change of propagation time value corresponding
to a change of depth of focal point, and.processing for adding
the calculated change of propagation time value to an already
calculated propagation time value to determine a propagation
time value for a next focal point; and

enabling the repeat processing to be independently

executed for each receive channel, and calculating the
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propagation time values in parallel for at least a part of the

receive channels.

15. A delay control pfogram executed in an ultrasonic
imaging apparatus which receives ultrasonic waves reflected or
generated inside a subject, and forms a receive beam by
performing delay processing according to a propagation time
between a focal point position of the receive beam and a
receiving element, the delay control program causing a
computer to execute:

sequentially calculating propagation time wvalues for a
plurality of focal points by repeating processing for
calculating a change of propagation time valﬁe corresponding
to a change of depth of focal poiht, and processing for adding
the calculated change of propagation time value to an already
calculated propagation time value to determine a propagation
time value for a next fdcal point; and

enabling the repeat processing to be independently
executed for each receive channel, and calculating the
propagation time wvalues in paréllel for at least a part of the

receive channels.



WO 2011/105593 PCT/IP2011/054422
1/10

FIG. 1A
e |
i 303 P 302 301
. : INPUT
5 — TRANSMITFERI( ----- CONTROLLER UNIT
‘ e I
: 5 V. v Y
5 [ RECEIVE SIGNAL IMAGE
; { | BEAM FORMER PROCESSOR PROCESSOR
i i M3 V309 l 310
i v |
i____>| APERTURE SELECTION | 304 DISPLAY
SWITCH { '
305 NM3pq
[[II[I]]]ﬁDID]IBZ TRANSDUCER ARRAY |
- “~306 -
INTERVENING PLATE
307 SUBJECT
FIG. 1B FIG. 1C
' | 317
‘ 312
. 305

315



WO 2011/105593

FIG. 2

PCT/JP2011/054422

2/10

302 CONTROLLER

- 13 READ ADDR 15
. CALC UNIT \ APDER
11 AMP/AD 12 MEMORY —
304 ~ ~
B | 1 — | >
(3 14MEMORY READ
CONTROLLER |
11 12 \I:F—'
304 ~ Vad l
— 1 | F—{ 1 > 309
N~ -
ST 14 >
1 e
11 12 kEt;<—4
304 ~ Vacd |
—pl - 1 >
14
' ' [
¥ ' N
1 .
o u 1‘:3——
304 | ~ £
— > L} >
14

308 RECEIVE BEAM FORMER



PCT/JP2011/054422

3/10

WO 2011/105593

FIG. 3

302

6003

6002

6007

6005

b usar oo as an o

13



WO 2011/105593 v PCT/JP2011/054422
4/10
FIG. 4A
-_-___-__-/_:/.72-_-_-_-_-_-'_;?.7 b
| e---,-701 . S5 e ’
|§ : : »| - +dE : E I ' =
el | el e &
| _L 5 Dl oot o STy g
!i i .D-}/.ris-i-zi :.7451-: i ; i
: IL---' 4 705 ' N ""'|
&
713
710
FIG. 4B
F» > —> > -
» 79 » 79 » 79 —» 79
> > > -
v v v
78 78 78 78
b P (1) ! P (i +1); P (i +2)) 1P, (i +3);
s ¥ 7y
] 710




WO 2011/105593 PCT/JP2011/054422
5710
FIG.5 |
13 6005 a1
| Ly
.=...------- .-?.0.].'..' ~p 85 ]
i |
| > 82 BA
| N
12 | 84 | 86
» 83

14



WO 2011/105593

START

6/

+ SET INITIAL VALUE

- SET REFERENCE READ
CONTROLLER DEPTH AND
REFERENCE ADDRESS VALUE
- INITIALIZE READ COUNTER

READ COUNTER VALUE

DEPTH?

NOJ{

! S2

MATCHES REFERENCE READ/

PCT/JP2011/054422

10

" FIG.6

S1

YES

CALCULATE ADDRESS
VALUE BY CALCULATING
RECURRENCE RELATION

S3

S4

SET ADDRESS VALUE TO
REFERENCE ADDRESS VALUE

FROM ADDRESS VALUE

CALCULATE READ ADDRESS

b
READ END?

S5



WO 2011/105593 PCT/JP2011/054422

71710

a7 w

AT




WO 2011/105593

PCT/JP2011/054422
8/10
FIG. 8B
TRANSDUCER -
FIG. 8A |
201 200 202

200 . 200 202

"—‘i“t:“‘—--_—— 40
% o %.".41

42

TS SR

401 400 402
. v

MEMORY |
ADDRESS




WO 2011/105593

FIG. 9A

‘--.I.IIIIII Iélll lélll Iélll Iélll léllll‘g..
g e e s ey 4 my A u'a.g'. é
T I I T i ™I I LS
v 4 d
g 5 " L] [} 212
&8, B ESiiE 2
iy EH ]
Fexy houe”"
4 PE 3
) i FH ]
LG E g’ 3
B 0 B di S,
ot 5 & &

J B
TiSYE] g’ E
pan T

0] HE oy

o) B - fla £

2 &3 &/

g il A i Fofk. _».E....F'
4 5 2 5 & RAR I -

i - pu g 3
- - - - - e rrro B e e e
iy g T I YRR = F
- B % s 3

PCT/JP2011/054422

-9/10

91b

\x

N,
<>
o
N

O -
N

N D It

<

305




WO 2011/105593 PCT/IP2011/054422
10/10

FIG. 10A 101
~ | N302 - /\/301
LASER EMISSION ' |
CONTROLLER € -- CONTROLLERI% INPUT UNIT
§ gy T v T K
i RECEIVE IMAGE IMAGE
H PHOTOACCOUSTIC > RECONSTRUCTION PROCESSOR
; SIGNAL PROCESSOR | | COMPUTING UNIT
; 7'y ‘ \ ‘
; M4 Vg5 l 310
.
E Tn-rl-rl-mf\/3£|)'5F{ANSDUCER
:
| ARRAY DISP'—AL\-
i O NTERVENING 31
; 307 SUBJECT PLATE
]
,|  LASER BEAM
IRRADIATION UNIT N~y 09
FIG. 10B
! i 13
305 104 1 RT3
13 | :
_.I. v ; | ,
12 » 14 fo--oo-o-- --y-+t-1-4--p-4----- 4--;----—} N
v L 4 ¥ ——_—- ¥
' 13
—
N B e s o i
. ¥ ¥ [---- ¥
v \ j
" J




INTERNATIONAL SEARCH REPORT

International application No

PCT/JP2011/054422

A. CLASSIFICATION OF SUBJECT MATTER

INV. A61B8/14 GO01S7/52
ADD.

G10K11/34

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

A61B GO1S GIOK

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

ISBN: 978-0-7803-6365-6
abstract; figure 2

line 26

handheld ultrasound systems",

2000 IEEE ULTRASONICS SYMPOSIUM, OCT
22-25, 2000, PISCATAWAY, NJ, USA,
vol. 2, 22 October 2000 (2000-10-22),
pages 1763-1766, XP010540954,

page 1764, left-hand column, line 25 -
page 1765, right-hand column, Tine 5
page 1766, left-hand column, line 16 -

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X FELDKAMPER H T ET AL: "Low power delay 1-5,
calculation for digital beamforming in 10-15

_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not
considered to be of particular relevance

"E" earlier document but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or
other means

"P" document published prior to the international filing date but
later than the priority date claimed

"T" later document published after the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the
invention

"X" document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is taken alone

"Y" document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-
merr:ts, such combination being obvious to a person skilled
inthe art.

"&" document member of the same patent family

Date of the actual completion of the international search

9 June 2011

Date of mailing of the international search report

20/06/2011

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Kno11, Bernhard

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

International application No

PCT/JP2011/054422

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X

US 5 724 972 A (PETROFSKY JOSEPH G [US])
10 March 1998 (1998-03-10)

abstract; figures 1,3,7

column 1, line 41 - line 58

column 2, lines 9 - 12 and 50 - 51
column 3, line 66 - column 4, line 1
column 4, line 66 - column 5, line 42
column 11, line 53 - line 56

claims 1,19

EP 0 881 492 A2 (SONOSIGHT INC [US]
SONOSITE INC [US])

2 December 1998 (1998-12-02)

figure 6

page 5, line 39 - page 6, line 6

WO 01726555 Al (HITACHI MEDICAL CORP [JP];
SHINOMURA RYUICHI [JP]; AZUMA TAKASHI
[JP];) 19 April 2001 (2001-04-19)

cited in the application

the whole document

1-3,
10-15

10

1-15

Form PCT/ISA/210 (continuation of second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/JP2011/054422
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 5724972 A 10-03-1998  NONE
EP 0881492 A2 02-12-1998 AT 305654 T 15-10-2005
AU 730822 B2 15-03-2001
AU 6809998 A 03-12-1998
BR 9801670 A 01-06-1999
CN 1212146 A 31-03-1999
DE 69831698 T2 06-07-2006
ES 2251057 T3 16-04-2006
JP 11056838 A 02-03-1999
NO 982389 A 30-11-1998
WO 0126555 Al 19-04-2001  NONE

Form PCT/ISA/210 (patent family annex) (April 2005)




THMBW(EF)

B RRIR & MR EIER N R
EP2538846A1 K (AE)B

EP2011708114 RiEH

PRIRB(RFRR)AGE) (EREHRR a4t
RF(EFR)AGE) ERetk R 24t

HARBEEARAGE) Eenlatt

R & B A OIKAWA KATSUYA
YODA HARUO
KBAA OIKAWA, KATSUYA
YODA, HARUO
IPCHEES AB61B8/14 G01S7/52 G10K11/34
CPCH#E G01S7/52034 G01S7/52049 G10K11/346
RENEOF) TBK
£ 5 2010036890 2010-02-23 JP
H {20 FF 3R EP2538846B1
IEheE Espacenet
MWE(F)

AERPBIERRESE LNEFRXR , EREBHNSMERBEH
THITERFRECENBFEENEE, ), EXERAESERE
RETREIRGHVBTA RN EE , AUBERENRER | LEBRERS
ERENRIEAEREE, X T&YE  TECEBNEENEREEXRT
RREBRER, Sl , TUERSERE ZHNSE & B EER
MERITEAENEE, £XGFRET , BRESHINFFREFMER
B BB ITEERERNEENREN NI VE  HHEEE
TTE A bt P RRE S M , FREBR R,

2013-01-02

2011-02-22

patsnap


https://share-analytics.zhihuiya.com/view/f0bcf7fd-d1b9-49bf-85eb-3bc93609d1a3
https://worldwide.espacenet.com/patent/search/family/044063956/publication/EP2538846A1?q=EP2538846A1

