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Description
Technical Field

[0001] Thepresentinvention relates toanimage forming apparatus and animage forming method for receiving acoustic
waves which are generated from a subject, and creating image data of the tissue of each region and characteristics
distribution.

Background Art

[0002] As a technology to generate image data on the interior of a subject using acoustic waves, an ultrasonic echo
method and photoacoustic tomography (PAT) method, for example, are known. The ultrasonic echo method is a method
for generating image data by transmitting ultrasonic waves to the interior of the subject, and receiving the ultrasonic
waves reflected by the tissue inside the subject. The photoacoustic tomography method is a method for generating
image data by receiving acoustic waves irradiated from the interior of the subject by the photoacoustic effect. The
photoacoustic effect is a phenomenon whereby acoustic waves (typically ultrasonic waves) are generated when such
electromagnetic pulses as visible lights, near-infrared lights and microwaves are irradiated onto a subject, and the subject
is heated due to the absorption of the electromagnetic waves, and is thermally expanded.

[0003] A time-domain method and Fourier-domain method are known as beam forming methods for image forming
using the ultrasonic echo method and PAT method. The Fourier-domain method is a method for Fourier-transforming
time-series signals so as to transform variables from time to frequency by transforming the spatial coordinates into a
wave number, and then performing processing (NPL (Non-Patent Literature) 1). The Fourier-domain method is charac-
terized in high-speed processing by using a fast Fourier transform (FFT). Since CPU speeds have increased, software-
based numerical processing has become practical, and because of recent advancements in parallel processing, the
future of software-based image processing, that is the Fourier-domain method, is promising. Particularly in a PAT image
forming apparatus, it is preferable to use a Fourier-domain method.

[0004] [NPL 1] Minghua Xu and Lihong V. Wang: Photoacoustic imaging in biomedicine, Review of Scientific Instru-
ments, Vol. 77, 041101, April 17, 2006

[0005] Further cited prior art is disclosed in document US 2004/0006271 A1 disclosing methods and systems for
construction of ultrasound images, and in non-patent literature Minghua et. al., Review of Scientific Instruments, vol. 77,
no. 4, April 2006, pages 41101-041101 disclosing a photoacoustic imaging in biomedicine.

Summary of Invention

[0006] Linear type or sector type probes, where acoustic transducers are one-dimensionally arrayed and scanning is
electronically performed, are often used in a conventional ultrasonic echo and PAT methods. If these types of probes
are used, a two-dimensional image of the cross-section of the subject can be formed. However in order to decrease the
occurrence of missing an affected area, obtaining a three-dimensional image is effective. If a three-dimensional image
is used, review of the image after diagnosis and confirmation by a third party are easier. For example, in order to obtain
a three-dimensional image, a probe, in which acoustic transducers are one-dimensionally arrayed, is mechanically
scanned in a direction vertical to the electronic scanning direction, or a probe in which acoustic transducers are two-
dimensionally arrayed, is used.

[0007] However forming three-dimensional image data makes the data volume to be processed enormous. Especially
when a high resolution image is demanded, real-time processing is impossible, which is unacceptable for an operator
who is accustomed to operating conventional apparatuses. This situation is more seriousin PAT, where image processing
is often performed by software, and at the moment, it takes at least several tens of seconds to generate three-dimensional
image data, even if a fast Fourier-domain method is used, in other words, more advances are necessary to implement
real-time operation.

[0008] The present invention provides a technology which enables real-time processing of a high resolution three-
dimensional image by increasing the speed of the image data generation processing based on a Fourier-domain method
in photoacoustic tomography and ultrasonic echo methods.

[0009] An example useful for understanding the present invention is an image forming apparatus for creating
image data from information on the interior of a subject based on acoustic waves irradiated from the interior of the
subject, comprising: a plurality of acoustic transducers which receive acoustic waves and convert the acoustic waves
into signals; and an image processing unit which calculates intensity of acoustic waves irradiated from a plurality of
regions inside the subject respectively by processing received signals, which are output from the plurality of acoustic
transducers, by a Fourier-domain method, wherein the image processing unit includes: a coefficient memory which
stores coefficients computed in advance, the coefficient being a value of a term determined only by a position of the
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acoustic transducer, position of the region and a time of receipt of the acoustic wave (receipt time), in a formula to
determine intensity of an acoustic wave irradiated from a region based on the received signals of the plurality of acoustic
transducers; a multiplier unit which obtains a coefficient corresponding to the received signal of the acoustic transducer
from the coefficient memory, and multiplies the received signal by the coefficient; and a voxel memory which accumulates
multiplication results of the multiplier unit for each region.

[0010] The present invention provides an image forming method and a non-transitory computer readable medium
according to the respective claims.

[0011] According to the present invention, real-time processing of a high resolution three-dimensional image data
becomes possible by increasing the speed of image data generation processing based on a Fourier-domain method in
photoacoustic tomography and ultrasonic echo methods.

[0012] Further features of the present invention will become apparent from the following description of exemplary
embodiments with reference to the attached drawings.

Brief Description of Drawings
[0013]

Fig. 1 is a flow chart depicting a computing algorithm 1 of the present invention;

Fig. 2 is a flow chart depicting a computing algorithm 2 of the present invention;

Fig. 3 is a flow chart depicting a computing algorithm 3 of the present invention;

Fig. 4 is a diagram depicting a system configuration according to a first example useful for understanding the
present invention;

Fig. 5 is a diagram depicting a system configuration according to a second example useful for understanding the
present invention;

Fig. 6 is a diagram depicting a system configuration according to a third example useful for understanding the
present invention;

Fig. 7 is a diagram depicting a coordinate system in the description of the principle of a Fourier-domain method; and
Fig. 8 is a flow chart depicting a conventional computing algorithm of a Fourier-domain method.

Description of Embodiments

[0014] Before describing a method of the present invention, an algorithm of generating PAT image data based on the
current Fourier-domain method and the problems thereof will be described according to the description of Wang (NPL
1). Wang describes three types of surfaces on which acoustic transducers surrounding a subject are arrayed: spherical
surface, plane and cylindrical surface, but here a case of a plane is described to simplify explanation. For convenience
of explanation, in some cases symbols which are different from Non-Patent Literature 1 may be used.

[0015] In Fig. 7, 101 represents a plane on which acoustic transducers are arrayed. The x axis and the y axis included
in this plane 101 intersect orthogonally, the z axis is perpendicular to the plane 101, and a subject

exists in an area where z is positive with respect to this plane 101. M number of acoustic transducers are arrayed on
the plane 101, and N number of regions in the area z > 0 are measured. 102 represents the i-th acoustic transducer (i
=1, 2, ..., M). 103 represents the j-th region inside the subject (j=1, 2, ..., N). When an electromagnetic pulse is irradiated
from various type of pulse lasers and magnetron tubes, and is absorbed by the region j, the region j heats up and expands
suddenly, and irradiates acoustic wave 104. It is assumed that the initial pressure of the acoustic wave is py(x;.y;.z)).-
(x;,y},Z)) are coordinates of the j-th region. Although this depends on the size of the region, an acoustic wave generated
by irradiating an electromagnetic pulse (called a "photoacoustic wave") is normally an ultrasonic wave of which frequency
is about several hundred kHz to several MHz. The photoacoustic wave 104 propagates inside the subject, is received
by the i-th acoustic transducer 102, and is output as a received signal p4(x;,y;,t*). (x;,y;) are coordinates of this acoustic
transducer 102, and t*(=ct) is an elapsed time after irradiating an electromagnetic pulse standardized by sound speed
c inside the subject. In PAT, in which an electromagnetic pulse cannot be irradiated locally to a specific region inside a
subject, P4(x;,y;,t*) is a value generated by adding photoacoustic waves from a plurality of regions.

[0016] An algorithm of a conventional Fourier-domain method will be described for each step with reference to Fig. 8.
The equation numbers conform to Non-Patent Literature 1. It is assumed that variables t, u, v, w and j or the like have
been initialized before Step 201.

[0017] Step 201: Receive photoacoustic waves by M number of acoustic transducers at time t, and output the received
signals py(x;,y;.t*).

[0018] Step 202: Store the received signals in a line memory corresponding to each acoustic transducer. The line
memory here refers to a memory normally referred to as FIFO (First In First Out), where time series information is input
in the sequence of the series, and is output in the sequence of the input.
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[0019] Step 203: Repeat the reception and storing to a memory during a predetermined period.

[0020] Step 204: Determine three variables (u, v, w) of a Fourier transform having wave number dimensions.

[0021] Step 205: Execute the Fourier transform with respect to time using variable k, which is determined by
k=(u2+v2+w2)1/2 from the predetermined (u, v, w).

Fy(x;, y;,k) = Epd(x,-,y,-,t')exr)(ikt')dt' (14)

Eq. (14) is expressed as an integration of an infinite area, but actually discrete numerical integration is executed in a
finite range. Hereafter description on integration which appears herein below shall be interpreted in a same manner. Then,
[0022] Step 206: Execute the Fourier transform with respect to length.

O(u,v,k) = _[_[:Pd(xi’yi’k)exl)(iuxi +ivyi)dxidyi (221)

Eq. (22’) is shown as inverse Fourier transform (22) in NPL 1, but here, a Fourier transform is used for convenience of
explanation. (x;y;) are coordinates of the acoustic transducer i. Eq. (22’) is represented as an integration of the infinite
region, but is actually computed as the sum of M number of acoustic transducers i.

[0023] Steps 207, 208: Execute Steps 205 and 206 for all (u, v, w) sets which are set in advance, then a set of

_ zwsgn(W) [ 2 2 2] '
Po(u,v,w)—mQu,v,sgn(wNu +vi+w (23)

is obtained. Here sgn(w) is a function which is 1 when w > 0, 0 when w = 0, and -1 when w < 0.
[0024] Step 209: Execute an inverse Fourier transform with respect to (u, v, w) using the obtained set of Py(u,v,w), as

1
Po(x,,¥;,2,) =-(2—”-)? ”[:R)(u,v,w)exp(—iuxj —ivy; —iwzj)dudydw (21)

then, the initial pressure py(x;,y;,z;) of the region j is determined.

[0025] Step 210: Repeat the inverse Fourier transform (21) for N number of regions in the subject, whereby image
data of the entire subject is generated.

[0026] A number of times of multiplication required for all the above steps is roughly estimated. It is assumed that a
number of acoustic transfers is M, a number of regions to be observed in the subject is L in one dimension, that is the
total L3(=N), a number of times of reception of acoustic waves is T, and a number of sets of the three variables (u, v, w)
used for the Fourier transform is F3 (F in one dimension). With respect to (u, v, w), a number of times of multiplication
required is T in Step 205, M times in Step 206, TxM times if these steps are combined, and TXMXF3 times if this
processing is executed for all the sets of (u, v, w). The number of times of multiplication required for (u, v, w) is F3 in
Step 209, so if this step is executed for all the regions, L3XF3 times of multiplication is required, totalling
(TXMXF3+L3XF3)=(TxM+L3)F3 times. Since setting as F~L, T~L and M~L2 is efficient to maintain accuracy, a number
of times of multiplication is approximately 2L® times, and if one multiplication is executed in one step, the number of
computing steps is 2L6. A fast Fourier transform (FFT) can be applied to (x, y), so this number of steps can be decreased
to about L2[L X log(L)]2=L40g?(L), but if L is increased to implement high resolution, the number of steps still become
enormous, which makes it difficult to reconstruct an image in real-time.

[0027] After concerted study, the present inventor discovered that by transforming the above mentioned algorithm, a
part of the processing can be executed in parallel, and total image forming time can be dramatically decreased. Hereafter
algorithms used for the image forming apparatus and image forming method of the present invention will be described
in detail.

[0028] If Eq. (23) is substituted for Pg(u,v,w) of Eq. (21), then
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Po(x;,y,,2;) = (2 ”f \/%Qu v,sgn(whu? +v +w]

xexp(— iux; —ivy, —iwzj)a'udvdw (101)

is established. (A number in the hundreds is a number originally used for this description).
[0029] If Eq. (22’) is substituted for Q of Eq. (101), then

1 2 ]
Vi+w
x expliux, +ivy, )dxidy,.]exp(— iux; —ivy; —iwz )dudvdw (102)

is established.
[0030] If Eq. (14) is substituted for P4 of Eq. (102), then

po(x,,¥;,2;) = ”E A(x;,y;,2; X, Vit )Py (X, .t Ydx,dy,dt’ (103)

is established, where
[N 1 .
A(x;, ;.2 0%, ;58 )=m”.[ jwjiniwz; CXP{ [(x -X; )+V(Y y,)

+sgn(whu? +v? +w2t'] }dudvdw © (104)

Eq. (103) is a formula to determine an intensity p, of an acoustic wave irradiated by region j, based on the received
signals of the plurality of acoustic transducers. The term A(x;y;,z;:x;y;,t*) in Eq. (103) does not include Py(x;y;t"), as
shown in Eq. (104), and integration with respect to (u, v, w) is aII completed within this expression. Therefore if the
position (x;,y;) of the acoustic transducer, position (x;,y;,z)) of a region in the subject, of which image data is generated
(or relative position of the acoustic transducer and the region), and arrival time (receipt time) of acoustic waves from all
the regions, are known, then coefficient A can be computed in advance using Eq. (104).

(Algorithm 1)

[0031] An example of the algorithm for determining initial pressure py(x;,y;,zj) with respect to all the regions (x;,y;.z)) (j
=0, 1, ..., N) using the obtained coefficient A will be described with reference to Fig. 1. In the following description, a
number in () is a number assigned to a composing element of the apparatus shown in Fig. 4, which is described later.
In the coefficient memory (408), coefficients A corresponding to all the pre-computed combinations of i,j,t* are stored.
It is assumed that the voxel memory (410), variables t, i or the like have been initialized before Step 701.

[0032] Step 701: Select, using the selection unit (407), one acoustic transducer (405) i, receive an acoustic wave, and
output the received signal py(x;.y; t*).

[0033] Step 702: Read N number of coefficients A(x Y2 X »1*) corresponding to each region j (j =0, 1, ..., N) in the
"acoustic transducer i, time t*" from the coefficient memory (408), and multiply p4(x;,y;,t*) by each coefficient A respectively
using N number of multiplier units (409). These N number of processings are executed simultaneously (in parallel).
[0034] Step 703: Accumulate (add) the N number of multiplication results A(x;,y;,z;:x;,Y;,t*) Py(X;.y;,t*) in the N number
of voxel memories (410) respectively. These N number of processings are also executed simultaneously (in parallel).
[0035] Step 704: Sequentially select M number of acoustic transducers i and repeat the processings in Steps 701 to
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703. As a result, the instantaneous value of the initial pressure p, at time t*, that is IIA(xj,y-,zj:xi, o) pg(Xi,y;t*)dxdy; is
stored in each voxel memory (410).

[0036] Step 705: Repeat the processings in Steps 701 to 704 for the entire period of receiving acoustic waves from
each region, whereby the value of the initial pressure py(x;,y;,z;) of each region j expressed by Eq. (103) is accumulated
in each voxel memory (410). Thus three-dimensional image data on the interior of a subject is generated.

(Algorithm 2)

[0037] Fig. 2 shows another example of an algorithm for generating image data. While algorithm 1 in Fig. 1 is for
executing, in parallel, the processings for determining the respective values of the N number of regions from the received
signal from one acoustic transducer, algorithm 2 in Fig. 2 is for executing, in parallel, the processings for determining a
value of one region from the respective received signals from M number of acoustic transducers. In the following de-
scription, a number in () is a number assigned to a composing element of the device shown in Fig. 6, which is described
later. In the coefficient memory (609), coefficients A corresponding to all the pre-computed combinations of i, j and t*
are stored. It is assumed that the voxel memory (612), variables t, j or the like have been initialized before Step 801.
[0038] Step 801: Receive the respective acoustic waves by M number of acoustic transducers (603), and output the
received signal p4(x;,y;,t*).

[0039] Step 802: Select region j and read M number of coefficients A(xj,yj,zj:xi, »t*) corresponding to each acoustic
transducer i(i= 0,1, ...,M)in "region j, time t*" from the coefficient memory (609). Multiply the corresponding received
signals py(x;y;,t*) by the coefficient A respectively using the M number of multiplier units (608). These M number of
processings are executed simultaneously (in parallel).

[0040] Step 803: Add M number of multiplication results A(x;,y;.zj:X;,y; t*) pg(X;,¥;,t*) using the accumulation unit (610),
and accumulate (add) the result in the voxel memory (612) corresponding to the region j using the selection unit (611).
[0041] Step 804: Sequentially select N number of regions j and repeat the processings in Steps 802 and 803. As a
result, the instantaneous value of the initial pressure pg at time t*, that is IIA(xj,yj,zj:xi, o) Pa(X;y;t7)dx;dy;, is stored in
each voxel memory (612).

[0042] Step 805: Repeat the processings in Steps 801 to 804 for the entire period of receiving acoustic waves from
each region, whereby the value of the initial pressure py(x;,y;,z;) of each region j expressed by Eq. (103) is accumulated
in each voxel memory (612). In this way three-dimensional image data on the interior of a subject is generated.

(Algorithm 3)

[0043] Fig. 3 shows another example of an algorithm for generating image data. In the above mentioned algorithms
1 and 2, instantaneous values of the pressure p of all the regions are calculated for each time step At, but in algorithm
3in Fig. 3, the processing for determining the value of the initial pressure p, from the received signals in an entire period
is sequentially executed for each region. This algorithm can preferably be applied to an ultrasonic echo apparatus which
performs transmission beam focus. In the following description, a number in () is a number assigned to a composing
element of the apparatus shown in Fig. 6, which is described later. In the coefficient memory (609), coefficients A
corresponding to all the pre-computed combinations of i, j and t* are stored. It is assumed that the voxel memory (612),
variables t, j or the like, have been initialized before Step 901.

[0044] Step 901: Receive respective acoustic waves by M number of acoustic transducers (603), and output the
received signal p4(x;,y;,t*).

[0045] Step 902: Select region j and read M number of coefficients A(x;y;,z;:x;y;,t*) corresponding to each acoustic
transduceri(i=0, 1, ..., M)in"region j, time t*" from the coefficient memory (609). Multiply corresponding signals p4(x;,y;,t*)
by the coefficient A respectively using the M number of multiplier units (608). If the transmission beam focus is performed,
the region j located at the focal point of the transmitted acoustic wave is selected. These M number of processings are
executed simultaneously (in parallel).

[0046] Step 903: Add M number of multiplication results A(xj,yj,zj:xi, ot)Pg (X, y;t*) using the accumulation unit (610),
and accumulate (add) the result in a voxel memory j (612) corresponding to the region j using the selection unit(611) .
[0047] Step 904: Repeat the processings in Steps 901 to 903 for the entire period of receiving the signals from the
region j. As a result, the value of the initial pressure py(x;,y;z) of the region j expressed by Eq. (103) is accumulated in
the voxel memory j corresponding to the region j.

[0048] Step 905: Repeat the processings in Steps 901 to 904 for all the regions j (that is, while transmitting acoustic
waves so as to focus on each region j), whereby three-dimensional image data o the interior of a subject is generated
in the voxel memory (612).

[0049] Generally in the case of an ultrasonic echo apparatus, ultrasonic waves are transmitted so as to sequentially
focus on each region j, and sequentially process reflected waves reflected from the region j in order to enhance signal
intensity. According to algorithm 3 shown in Fig. 3, this sequence can be executed by the apparatus in Fig. 6. Hence
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one apparatus confirmation shown in Fig. 6 can be used for both the generation of the ultrasonic echo image (algorithm
3 in Fig. 3) and the generation of the PAT image (algorithm 2 in Fig. 2).

(Advantage of these algorithms)

[0050] A number of times of multiplication required for each of the above mentioned algorithms 1 to 3 is roughly
estimated. It is assumed that the coefficients A have been computed and stored in the coefficient memory in advance.
In the case of algorithm 1, the N number of times of multiplication in Step 702 is repeated M number of times in the loop
of Step 704, and is then repeated T number of times in the loop of Step 705. As a result, the number of times of
multiplication is NxMxT times, and if it is set that N=L3, TXM=L3, as mentioned above, then approximately L® times of
multiplication is required. In the same manner, in the case of algorithm 2, M number of times of multiplication in Step
802 is repeated N number of times in the loop of Step 804, and is then repeated T number of times in the loop of Step
805, so the number of times of multiplication is MXNXT=L® times. In the case of algorithm 3, M number of times of
multiplication in Step 902 is repeated T number of times in the loop of Step 904, and then is repeated N number of times
in the loop of Step 905, so the number of times of multiplication is M TXN~L® times.

[0051] The number of times of multiplication (L6) is approximately half the number of times of the conventional Fourier-
domain method (2L8). Furthermore, noteworthy of this algorithm is that the processings in Steps 702, 802 and 902 are
in such a form that can be easily processed in parallel. For example, if N number of times of multiplication in Step 702
are processed in parallel in algorithm 1, the number of computing steps is L3. Also if M number of times of multiplication
in Step 802 or 902 are processed in parallel in algorithm 2 or 3, then the number of computing steps is L4. These numbers
of steps are much less than the number of steps L4og?(L) in the case of using a fast Fourier-transform in the conventional
Fourier-domain method. Hence according to the present algorithm, image forming processing by the Fourier-domain
method can be dramatically faster, and high resolution three-dimensional image data can be processed in real-time.
[0052] A position (x;y;) of an acoustic transducer is determined by the structure of the probe, and coordinates (xj,yj,zj)
of a measurement region and measurement time step t* can also be determined in advance by selecting a pattern out
of a plurality of patterns, according to the intended use and required resolution. As a consequence, the coefficient A can
be computed in advance.

[0053] In the above description, it is assumed that the received signals p4(x;y;,t*) of the acoustic waves which arrived
from the acoustic transducers are completely processed in real-time. However such a time as 100 microseconds until
complete arrival of the acoustic waves from all regions is extremely short in a human sense, so output from each acoustic
transducer i may be stored in a buffer memory once, so that the stored data is output and processed in the sequence
of reception at an interval longer than the time of reception. In this case, even if the interval is extended to 1000 times,
the processing is completed in 100 ms, which is perceived as almost real-time processing by human senses. On the
other hand, signal processing (e.g. Steps 701 to 705) can have a 1000 times time-based margin. In this case, the content
of the buffer memory can be read only once, and essentially there is no need to repeat.

[0054] To execute the above algorithms, it is possible that the capacity of the memory (coefficient memory) for storing
the coefficients A becomes enormous. A number of coefficients A is TXMXN(=L®), so if 1000 data is obtained in one
dimension (L = 1000), and if one coefficient A is 4 bytes, then 4 X 1018 bytes of memory capacity is required. However
the capacity of the coefficient memory can be decreased by the following means.

[0055]

Means 1) Eq. (104) of the coefficient A is symmetrical with respect to (u, v). Therefore if half of the plane generated
by (u, v) is integrated, Eq. (104) can be determined by doubling the result.

Means 2) If the x, y array of the region, of which image data is generated, inside the subject, is matched with an x,
y array of the acoustic transducers, these variables simply appear as relative values (x;-x;) and (y;-y;) in Eq. (104),
so the L2 number of coefficients A have a same value. In other words, by using one coefficient A for L2 number of
calculations having the same (xi-xj) and (yi-yj), the memory capacity can be decreased to 1/L2.

[0056] The case of the acoustic transducers arrayed on a plane was described above for simplification. But the present
invention can be applied to the case of acoustic transducers arrayed not only on a plane but also along a curved surface.
[0057] Now inorder to exhibit the effect of the present invention, a system configuration of an image forming apparatus
and operation thereof, which are preferable modes for carrying out the invention, will be described. The following image
forming apparatus is an apparatus which generates image data of the information on the interior of a subject based on
acoustic waves irradiated from the interior of the subject, and is used for photoacoustic tomography (PAT) and ultrasonic
echo diagnosis apparatuses. The image data generated by the image forming apparatus is displayed on a display unit
(monitor), which is not illustrated, as a three-dimensional image.
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<Example 1>

[0058] Fig. 4 is a diagram depicting a system configuration of an image forming apparatus according to Example 1.
This example is an example when the above mentioned algorithm 1 is applied to generating the image data in photoa-
coustic tomography (PAT). This system has an electromagnetic wave pulse source 403, an acoustic probe having M
number of acoustic transducers 405, and an image processing unit which determines the intensity of a photoacoustic
wave irradiated from each region inside an subject, based on the received signals of photoacoustic waves which are
received by the acoustic transducer 405 for a predetermined period. The image processing unit of the present embodiment
has a selection unit 407, a coefficient memory 408, N number of multiplier units 409, and N number of voxel memories
410. Using this system, the initial pressure of N number of regions j 402 inside the subject 401 is determined, and three-
dimensional image data is generated.

[0059] The electromagnetic wave pulse source 403 is an electromagnetic wave pulse irradiation unit which irradiates
pulses of visible light, near-infrared light of which wavelength is about 700 to 1160 nm, and micro-wave of which frequency
is 2.45 GHz, at a pulse width several nanoseconds to several tens of nanoseconds. When this pulse is irradiated onto
the subject 401 and a part of the energy is absorbed by region j, photoacoustic waves 404 are irradiated from the region
j by the photoacoustic effect. The photoacoustic waves 404 are converted into electric signals (received signals) by the
M number of photoacoustic transducers 405. In Fig. 4, the acoustic transducers 405 are depicted as if arrayed one-
dimensionally, but actually the acoustic transducers 405 are arrayed two-dimensionally. A pre-amplifier may be connected
to each acoustic transducer although this is not illustrated. An A/D conversion unit may be connected to each acoustic
transducer. A sample hold unit may also be connected to each acoustic transducer. Hereafter an acoustic transducer
including these units is also simply referred to as an "acoustic transducer".

[0060] Output of each acoustic transducer 405 is connected to the selection unit 407. At a certain time t*, the selection
unit 407 selects an i-th acoustic transducer out of the M number of acoustic transducers 405, and outputs the output
thereof, that is the received signal p4(x;,y;,t*), to all the N number of multiplier units 409, corresponding to the N number
of regions 402 simultaneously. Synchronizing with this, coefficient A(x;,y;,zj:x;,y;,t*) is read to the j-th multiplier unit 409
from the coefficient memory 408. The multiplier unit 409 calculates the product of the output p4 of the acoustic transducer
405 and the coefficient A, that is A(x;,y;z:x;,¥;,t*)-Pg(X;yi,t*). This result is stored in a voxel memory 410 corresponding
to each multiplier unit. Output of M number of acoustic transducers 405 is sequentially processed, and
HA(xJ-,yJ-,zj:xi,yi,t*)-pd(xi,yi,t*)dxidyi at time t* is computed. Then the py(x;y;,t*+At*) signal of the acoustic transducers at
the next time t*+At* is processed in a same manner. By repeating the above processing for a predetermined period, the
initial sound pressure po(x;,y;,z) expressed by Eq. (103) is obtained for all the voxels.

[0061] According to the present embodiment, N number of multiplication can be processed in parallel, so the number
of computing steps becomes MXT(=L3) times. Compared with the case of performing the same computing by the
conventional Fourier-domain method, which requires L® steps, computing time is dramatically decreased by the config-
uration of the present embodiment.

<Example 2>

[0062] Fig.5isadiagram depictinga system configuration according to Example 2. The system of the presentexample
has a line memory 406 for buffering an output signal of the acoustic transducer 405 between the acoustic transducer
405 and the selection unit 407. The other composing elements, which are the same as those in Example 1, are denoted
with the same reference numerals as Fig. 4.

[0063] The line memory 406 is an FIFO memory, for sequentially storing received signals which are output from each
acoustic transducer 405, and outputting the stored received signals to the selection unit 407 in the sequence of reception
(input). The functions after the selection unit 407 are the same as Embodiment 1. The interval of the line memory 406,
which outputs signals, can be set appropriately. By setting the second interval of outputting signals from the line memory
406 to be longer than the first interval of storing the signals in the line memory 406, the operation clock of the image
processing unit (e.g. multiplier unit 409) can be slower than Example 1.

[0064] Normally it takes about 100 microseconds for an acoustic wave to arrive from a deeper region in a subject. If
a received signal is obtained at every 1 microsecond for 100 microseconds, 100 signals are stored in the line memory
406. Even if these signals are read at 1000 times interval, it takes only about 100 milliseconds to output all the signals
from the line memory 406. Such time is perceived by human senses as a real-time operation. If the interval of outputting
signals is increased like this, such processings as scanning, reading of a coefficient, multiplication and writing to a voxel
memory by the selection unit 407 can be performed with an extra margin. This is an advantage when designing circuits.

<Example 3>

[0065] Fig. 6 is a diagram depicting a system configuration according to Example 3. The present example is an
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example of applying the above mentioned algorithm 3 to generate image data of an ultrasonic echo. This system has a
transmission circuit 604, an acoustic probe having M number of acoustic transducers 603, M number of multiplier units
608, a coefficient memory 609, an accumulation unit 610, a selection unit 611, and N number of voxel memories 612.
As the broken lines show, a line memory 607 may be inserted between the acoustic transducer 603 and the multiplier
unit 608 if necessary, so as to execute the same processing as Example 2.

[0066] The acoustic waves (ultrasonic waves) are transmitted from the acoustic transducer 603 to the region j 602 in
the transmission. The configuration is not limited to that in Fig. 6, but an ultrasonic transmission unit may be disposed
separately from the acoustic transducer 603. A transmission signal, which is appropriately delayed, is sent to an individual
acoustic transducer 603 (or ultrasonic transmission unit) by the transmission circuit 604, and as a result, the ultrasonic
wave which converges on the rejoin j is transmitted. If the region j has an acoustic characteristic that is different from
the peripheral tissue, an ultrasonic wave having an intensity according to the difference is reflected and received by the
acoustic transducer 603.

[0067] The output p4(x;y;,t*) of the acoustic transducer 603 or the line memory 607 at time t* is input to the multiplier
unit 608 according to each acoustic transducer 603. In each multiplier unit 608, a coefficient A corresponding to the
region j is read from the coefficient memory 609. The multiplier unit 608 calculates the product of the output py of the
acoustic transducer 603 and the coefficient A, that s, A(x-,yj,zj:xi, »1)-Py(x;.yi,t*). The outputs of the M number of multiplier
units 608 are added by the accumulation unit 610, and fIA(xj,yi,zj:xi’yi,t*)-pd(xi,yi,t*)dxidyi is determined. This is added to
the voxel memory 612 corresponding to the region j via the selection unit 611. If this processing is repeated for a
predetermined period, the reflection intensity po(xj,yj,zj) with respect to the region j expressed by Eg. (103) is obtained.
Then the ultrasonic wave is transmitted so as to converge on another region j’, and the above processing is performed
so as to obtain the reflection intensity of the region j’. By performing this processing for all the regions, distribution of the
ultrasonic reflection intensity in the interior of a subject can be generated into image data.

[0068] According to the present embodiment, M number of multiplications can be processed in parallel, so the number
of computing steps becomes NxT(=L4) times. Compared with the case of performing the same computing by the con-
ventional Fourier-domain method, which requires L6 steps, computing time is dramatically decreased by the configuration
of the present embodiment.

[0069] The system configuration of the present embodiment can also be applied to PAT. In this case, it is preferable
to use the above mentioned algorithm 2, and scan the region j at each time t*. In this case as well, image data can be
generated by a number of computing steps (L4), that is, much less than the conventional Fourier-domain method.
[0070] Another advantage of this example is that image data of PAT and that of ultrasonic echo can be generated
using a same system configuration. For example, ifan image of PAT and animage of ultrasonic echo can be superimposed
on a display, more detailed information on the state of the interior of a subject can be obtained.

[0071] In the above example, the multiplier unit, accumulation unit, selection unit, coefficient memory, voxel memory
orthe like, is constituted by a dedicated circuit, but these functions and processings can also be implemented by software
(programs) of a computer. In other words, the functions of the coefficient memory and the voxel memory are played by
the storage apparatus (memory) of a computer, and such processings as multiplication, addition and selection of the
digital signals received from the acoustic transducers are performed by programs. In concrete terms, the above mentioned
functions and processings are implemented by supplying software (programs) for implementing the functions of the
above embodiments to a system or an apparatus via a network or various storage media, and having the computer (or
CPU or MPU) of the system or apparatus read and execute the programs. In this case, computing time can be dramatically
decreased by using a CPU, which can execute parallel processing, or by performing parallel processing using a plurality
of CPUs. While the present invention has been described with reference to the 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.

[0072] 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(s). For this purpose, the program is provided to the computer for example via a
network or from a recording medium of various types serving as the memory device (e.g., non-transitory computer-
readable medium).

[0073] This application claims the benefit of Japanese Patent Application No. 2009-261898, filed on November 17,
2009, Japanese Patent Application No. 2010-196429, filed on September 2, 2010, and Japanese Patent Application
No. 2010-245390, filed on November 1, 2010.
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Claims

An image forming method for receiving acoustic waves (104, 404) irradiated from a plurality of regions (103, 402)
inside a subject for a predetermined period using a plurality of acoustic transducers (102, 405), converting the
acoustic waves into received signals, and processing the received signals by a Fourier-domain method to create
image data of intensity of the acoustic waves irradiated from the regions, comprising the steps of:

computing, in advance, values of coefficients A determined only by a position (x;,y;) of the acoustic transducer
(102, 105), position of the region (x;,y;z;), and a time of receipt (t*) of the acoustic wave, in a formula to determine
intensity of an acoustic wave irradiated from a region based on the received signals of the plurality of acoustic
transducers and storing the computed values in a coefficient memory as coefficients, wherein each coefficient
A is obtained by the following formula, when (x;,y;) represents a position of the acoustic transducer i, (xj,yj,zj)
represents a position of a region j in the subject, and t* represents a time of receipt of the acoustic wave:

[Expression 1]

A(xj,yj,zj:xl.,yl.,z*) ”I Jjwfin+v)v exp{ z[u(x —X; )+v(y yj) Z;

+sgn(w}\/u2 +v: + wzt*] }dudvdw

where u, v and w are variables of a Fourier transform, and sgn(w) is a function which is 1 when w > 0, is 0 when
w =0, and is -1 whenw < 0;

obtaining one of the coefficients corresponding to the received signal of the acoustic transducer from the coef-
ficient memory, and multiplying the received signal by the coefficient; and

accumulating results of the multiplying the received signal by the respective coefficient in a voxel memory for
each region.

The image forming method according to Claim 1,
wherein plural multiplyings corresponding to the plurality of regions are executed in parallel.

The image forming method according to Claim 1,
wherein plural multiplyings corresponding to the plurality of acoustic transducers are executed in parallel.

The image forming method according to any one of Claim 1 to Claim 3, wherein:

a buffer memory, which is provided between the acoustic transducers and the image processing unit, sequentially
stores the received signals of the acoustic transducers and outputs the stored received signals to the image process-
ing unit in the sequence of reception.

The image forming method according to Claim 4,

wherein the buffer memory stores received signals from the acoustic transducers at a first time interval, and outputs
the stored received signals to the image processing unit at a second time interval, which is longer than the first time
interval.

The image forming method according to any one of Claim 1 to Claim 5, further comprising:
irradiating an electromagnetic wave pulse onto the subject,
wherein the acoustic transducer receives a photoacoustic wave irradiated by a photoacoustic effect from a
region which has absorbed energy of the irradiated electromagnetic wave pulse.

The image forming method according to any one of Claim 1 to Claim 5,

wherein the acoustic transducer transmits an ultrasonic wave to the subject, and receives a reflected wave of the

transmitted ultrasonic wave.

A non-transitory computer readable medium which stores a program for causing a system to execute the steps of
the image forming method according to Claim 1, wherein the system comprises the plurality of acoustic transducers

10
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and a computer adapted to process the received signals.

Patentanspriiche

1.

Bildbildendes Verfahren zum Empfangen von akustischen Wellen (104, 404), die von einer Vielzahl von Gebieten
(103, 402) innerhalb eines Gegenstands in einer vorbestimmten Periode abgestrahlt werden, unter Verwendung
einer Vielzahl von akustischen Transducern (102, 405), zum Umwandeln der akustischen Wellen in empfangene
Signale, und zum Verarbeiten der empfangenen Signale durch ein Fourier-Domain-Verfahren, um Bilddaten einer
Intensitat der akustischen Wellen, die von den Gebieten abgestrahlt werden, zu erzeugen, wobei das Verfahren die
Schritte aufweist:

im Voraus Werte von Koeffizienten A, die nur durch eine Position (x;, y;) des akustischen Transducers (102,
109), eine Position des Gebiets (X, yj,z) und eine Empfangszeit (t*) der akustischen Welle bestimmt sind, in
einer Formel Berechnen, um eine Intensﬁat einer akustischen Welle, die von einem Gebiet abgestrahlt wird,
basierend auf den empfangenen Signalen der Vielzahl der akustischen Transducer zu bestimmen, und Spei-
chern der berechneten Werte in einem Koeffizientenspeicher als Koeffizienten, wobei jeder Koeffizient A durch
die folgende Formel erhalten wird, wobei (x;, y;) eine Position des akustischen Transducers i reprasentiert, (x;,
Y} zJ-) eine Position eines Gebiets j in dem Gegenstand reprasentiert, und t* eine Empfangszeit der akustischen
Welle reprasentiert:

[Ausdruck 1]

A(xj’yj’Zj:xi’yi’t*)_ III \/%exp{ [u( j)+V(yi_yj)_

+sgn(whu? +v* + wzt*] }dudvdw

wobei u, v und w Variablen einer Fourier-Transformierten sind und sgn(w) eine Funktion ist, die 1 ist wenn w
> Qist, 0 ist, wenn w = 0, und -1 ist, wenn w < 0 ist;

Erhalten eines der Koeffizienten entsprechend dem empfangenen Signal des akustischen Transducers aus
dem Koeffizientenspeicher und Multiplizieren des empfangenen Signals mit dem Koeffizienten; und
Akkumulieren von Ergebnissen des Multiplizierens des empfangenen Signals mit dem jeweiligen Koeffizienten
in einem Voxelspeicher fir jedes Gebiet.

Bildbildendes Verfahren nach Anspruch 1,
wobei mehrere Multiplikationen entsprechend der Vielzahl der Gebiete parallel ausgefiihrt werden.

Bildbildendes Verfahren Anspruch 1,
wobei mehrere Multiplikationen entsprechend der Vielzahl der akustischen Transducer parallel ausgefiihrt werden.

Bildbildendes Verfahren nach einem der Anspriiche 1 bis 3, wobei:

ein Pufferspeicher, der zwischen den akustischen Transducern und der Bildverarbeitungseinheit bereitgestellt ist,
sequenziell die empfangenen Signale der akustischen Transducer speichert und die gespeicherten empfangenen
Signale an die Bildverarbeitungseinheit in der Reihenfolge des Empfangs ausgibt.

Bildbildendes Verfahren nach Anspruch 4,

wobei der Pufferspeicher empfangene Signale von den akustischen Transducern in einem ersten Zeitintervall spei-
chert, und in die empfangenen Signale an die Bildverarbeitungseinheit in einem zweiten Zeitintervall, das langer
als das erste Zeitintervall ist, ausgibt.

Bildbildendes Verfahren nach einem der Anspriiche 1 bis 5, ferner mit:
Bestrahlen einer elektromagnetischen gepulsten Welle auf den Gegenstand,

wobei der akustische Transducer eine fotoakustische Welle empféangt, die durch einen fotoakustischen Effekt
aus einem Gebiet abgestrahlt wird, das Energie der bestrahlten elektromagnetischen gepulsten Welle absorbiert
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hat.

Bildbildendes Verfahren nach einem der Anspriiche 1 bis 5,
wobei der akustische Transducer eine Ultraschallwelle auf den Gegenstand transmittiert und eine reflektierte Welle
der transmittierten Ultraschallwelle empfangt.

Nicht-flichtiges computerlesbares Medium, das ein Programm speichert, um ein System zu veranlassen, die Schritte
des Bildbildenden Verfahrens nach Anspruch 1 auszufiihren, wobei das System die Vielzahl der akustischen Trans-
ducer und einen Computer, der angepasst ist, die empfangenen Signale zu verarbeiten, aufweist.

Revendications

Procédé de formation d’image permettant de recevoir des ondes acoustiques (104, 404) rayonnant d’'une pluralité
de régions (103, 402) a l'intérieur d’un sujet pendant une période prédéterminée par une pluralité de transducteurs
acoustiques (102, 405), de convertir les ondes acoustiques en signaux regus, et de traiter les signaux regus par
une méthode du domaine de Fourier afin de créer des données d’'image d’intensité des ondes acoustiques rayonnant
des régions, comprenant les étapes consistant a :

calculer, a I'avance, des valeurs de coefficients A qui ne sont déterminés que par une position (x; y;) du
transducteur acoustique (102, 105), une position de la région (x;, y;, z)) et un instant de réception (t*) de I'onde
acoustique, selon une formule pour déterminer une intensité d’'une onde acoustique rayonnant d’'une région
sur la base des signaux regus de la pluralité de transducteurs acoustiques, et mémoriser les valeurs calculées
dans une mémoire de coefficients en tant que coefficients, ou chaque coefficient A est obtenu par la formule
suivante, lorsque (x;, y;) représente une position du transducteur acoustique i, (x;, y;, zj) représente une position
d’'une région j dans le sujet, et t* représente un instant de réception de I'onde acoustique :

[Expression 1]

f” ‘/% exp{ i[u(x,- —xj)+ V(yl. _J’j)— w,

+sgn(wh/u2 +v + sz*] }dudvdw

dans laquelle u, v et w sont des variables d’'une transformée de Fourier, et sgn(w) est une fonction qui est 1
lorsque w > 0, est 0 lorsque w = 0 et est -1 lorsque w < 0 ;

obtenir I'un des coefficients correspondant au signal recu du transducteur acoustique a partir de la mémoire
de coefficients, et multiplier le signal regu par le coefficient ; et

accumuler des résultats de la multiplication du signal regu par le coefficient respectif dans une mémoire de
voxels pour chaque région.

A(xj,yj,zj:xl.,yl.,

Procédé de formation d'image selon la revendication 1,
dans lequel plusieurs multiplications correspondant a la pluralité de régions sont exécutées en parallele.

Procédé de formation d'image selon la revendication 1,
dans lequel plusieurs multiplications correspondant a la pluralité de transducteurs acoustiques sont exécutées en
paralléle.

Procédé de formation d’image selon I'une quelconque des revendications 1 a 3, dans lequel :

une mémoire tampon, qui est disposée entre les transducteurs acoustiques et I'unité de traitement d’image, mémorise
successivement les signaux regus des transducteurs acoustiques et délivre les signaux regus mémorisés a l'unité
de traitement d'image dans I'ordre de réception.

Procédé de formation d'image selon la revendication 4,

dans lequel la mémoire tampon mémorise des signaux regus des transducteurs acoustiques a un premier intervalle
de temps, et délivre les signaux regus mémorisés a l'unité de traitement d’image a un second intervalle de temps,
qui est plus long que le premier intervalle de temps.
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Procédé de formation d’image selon I'une quelconque des revendications 1 a 5, comprenant en outre les étapes
consistant a :

exposer le sujet a un rayonnement d’une impulsion d’onde électromagnétique,
dans lequel le transducteur acoustique regoit une onde acoustique rayonnant par un effet photo-acoustique
d’une région qui a absorbé de I'énergie de I'impulsion d’onde électromagnétique de rayonnement.

Procédé de formation d’image selon I'une quelconque des revendications 1 a 5,
dans lequel le transducteur acoustique transmet une onde ultrasonore au sujet, et regoit une onde réfléchie de
I'onde ultrasonore transmise.

Support non transitoire lisible par ordinateur qui contient en mémoire un programme destiné a amener un systéme

a exeécuter les étapes du procédé de formation d’image selon la revendication 1, ou le systétme comprend la pluralité
de transducteurs acoustiques et un ordinateur congu pour traiter les signaux regus.

13
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