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A CPU of a console acquires a plurality of projection
images, performs an optimization process on a forward
projection model, which has, as parameters, an absorption
coeflicient assigned to each voxel of a three-dimensional
model that is virtually set in a three-dimensional space in
which the object is disposed and has a plurality of voxels as
constituent units, an intersection length of each voxel where
a path of radiation emitted at an irradiation position inter-
sects the three-dimensional model, and an amount of move-
ment of the object, on the basis of the projection images at
each of a plurality of irradiation positions, and generates a
tomographic image of the object using the optimized param-
eters.
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FIG. 1
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FIG. 2
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FIG. 9
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IMAGE PROCESSING DEVICE,
RADIOGRAPHY SYSTEM, IMAGE
PROCESSING METHOD, AND IMAGE
PROCESSING PROGRAM

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority under 35
US.C. § 119 to Japanese Patent Application No. 2021-
050391 filed on Mar. 24, 2021. The above application is
hereby expressly incorporated by reference, in its entirety,
into the present application.

BACKGROUND

1. Technical Field

[0002] The present disclosure relates to an image process-
ing device, a radiography system, an image processing
method, and an image processing program.

2. Description of the Related Art

[0003] In general, so-called tomosynthesis imaging is
known which irradiates an object with radiation emitted
from a radiation source at each of a plurality of irradiation
positions having different irradiation angles to capture a
plurality of projection images of the object at different
irradiation positions.

[0004] In the tomosynthesis imaging, since a plurality of
projection images are captured, a positional deviation
between the projection images may occur because of the
influence of, for example, the movement of the object. There
is a problem in that a tomographic image generated using a
plurality of projection images having a positional deviation
therebetween is a blurred image.

[0005] Therefore, a technique which corrects the posi-
tional deviation between the projection images, that is, the
movement of the object, is known. For example, W02020/
067475A discloses a technique which derives the amount of
positional deviation between a plurality of projection images
on the basis of a feature point in a tomographic plane
corresponding to a tomographic image from which the
feature point has been detected and generates a tomographic
image using the projection images whose positional devia-
tion has been corrected according to the derived amount of
positional deviation.

SUMMARY

[0006] However, the projection image is an image onto
which a plurality of structures present on an irradiation path
of radiation are projected so as to overlap each other and
includes a large amount of information. In the above-
mentioned technique according to the related art, the move-
ment of the object may not be corrected because of the
influence of the information of the structures other than the
feature point.

[0007] The present disclosure has been made in view of
the above circumstances, and an object of the present
disclosure is to provide an image processing device, a
radiography system, an image processing method, and an
image processing program that can correct the movement of
an object with high accuracy.

[0008] In order to achieve the above object, according to
a first aspect of the present disclosure, there is provided an
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image processing device that processes a plurality of pro-
jection images obtained by irradiating an object with radia-
tion emitted from a radiation source at each of a plurality of
irradiation positions having different irradiation angles. The
image processing device comprises at least one processor.
The processor acquires the plurality of projection images,
performs an optimization process on a forward projection
model, which has, as parameters, an absorption coefficient
assigned to each voxel of a three-dimensional model that is
virtually set in a three-dimensional space in which the object
is disposed and has a plurality of voxels as constituent units,
an intersection length of each voxel where a path of the
radiation emitted at the irradiation position intersects the
three-dimensional model, and an amount of movement of
the object, on the basis of the projection images at each of
the plurality of irradiation positions, and generates a tomo-
graphic image of the object using the optimized parameters.

[0009] According to a second aspect of the present dis-
closure, in the image processing device according to the first
aspect, the processor may generate the tomographic image
using the absorption coefficient of the optimized forward
projection model.

[0010] According to a third aspect of the present disclo-
sure, in the image processing device according to the first
aspect or the second aspect, as the optimization process, the
processor may bring each pixel value of a plurality of
pseudo-projection images obtained by performing pseudo-
projection at the plurality of irradiation positions using the
forward projection model close to each pixel value of the
plurality of projection images.

[0011] According to a fourth aspect of the present disclo-
sure, in the image processing device according to the third
aspect, the processor may perform the optimization process
by deriving the absorption coefficient and the amount of
movement for bringing the pixel values of the pseudo-
projection images close to the pixel values of the plurality of
projection images.

[0012] According to a fifth aspect of the present disclo-
sure, in the image processing device according to any one of
the first to fourth aspects, the processor may derive the
amount of movement using the optimized forward projec-
tion model.

[0013] According to a sixth aspect of the present disclo-
sure, in the image processing device according to any one of
the first to fifth aspects, the processor may derive the amount
of movement on the basis of a forward projection model
using, as the three-dimensional model, a three-dimensional
model that is virtually set in a three-dimensional space
corresponding to a feature region of the object in the
three-dimensional space in which the object is disposed and
generate the tomographic image using the derived amount of
movement and the forward projection model using the
three-dimensional model virtually set in the three-dimen-
sional space in which the object is disposed.

[0014] According to a seventh aspect of the present dis-
closure, in the image processing device according to the
sixth aspect, the feature region may be a region including a
structure that has a feature amount equal to or greater than
a threshold value.

[0015] According to an eighth aspect of the present dis-
closure, in the image processing device according to the
seventh aspect, the object may be a breast, and the structure
may be at least one of a calcification or a mammary gland.



US 2022/0304647 Al

[0016] According to a ninth aspect of the present disclo-
sure, in the image processing device according to any one of
the first to eighth aspects, the processor may perform the
optimization process on a first forward projection model
using a voxel with a first size and may perform the optimi-
zation process on a second forward projection model using
a voxel with a second size smaller than the first size, using
the absorption coefficient and the amount of movement of
the optimized first forward projection model as initial val-
ues.

[0017] According to a tenth aspect of the present disclo-
sure, in the image processing device according to the ninth
aspect, the processor may repeat the optimization process
while reducing the size of the voxel used.

[0018] According to an eleventh aspect of the present
disclosure, in the image processing device according to any
one of the first to tenth aspects, the processor may estimate
the forward projection model using an energy function
defined by the absorption coefficient, the intersection length,
and the amount of movement.

[0019] In addition, in order to achieve the above object,
according to a twelfth aspect of the present disclosure, there
is provided a radiography system comprising: a radiation
source that generates radiation; a radiography apparatus that
performs tomosynthesis imaging which irradiates an object
with the radiation emitted from the radiation source at each
of a plurality of irradiation positions having different irra-
diation angles to capture projection images of the object at
each of the irradiation positions; and the image processing
device according to the present disclosure.

[0020] Further, in order to achieve the above object,
according to a thirteenth aspect of the present disclosure,
there is provided an image processing method that is
executed by a computer and that processes a plurality of
projection images obtained by irradiating an object with
radiation emitted from a radiation source at each of a
plurality of irradiation positions having different irradiation
angles. The image processing method comprises: acquiring
the plurality of projection images; performing an optimiza-
tion process on a forward projection model, which has, as
parameters, an absorption coefficient assigned to each voxel
of a three-dimensional model that is virtually set in a
three-dimensional space in which the object is disposed and
has a plurality of voxels as constituent units, an intersection
length of each voxel where a path of the radiation emitted at
the irradiation position intersects the three-dimensional
model, and an amount of movement of the object, on the
basis of the projection images at each of the plurality of
irradiation positions; and generating a tomographic image of
the object using the optimized parameters.

[0021] Furthermore, in order to achieve the above object,
according to a fourteenth aspect of the present disclosure,
there is provided an image processing program that pro-
cesses a plurality of projection images obtained by irradi-
ating an object with radiation emitted from a radiation
source at each of a plurality of irradiation positions having
different irradiation angles. The image processing program
causes a computer to perform a process comprising: acquir-
ing the plurality of projection images; performing an opti-
mization process on a forward projection model, which has,
as parameters, an absorption coeflicient assigned to each
voxel of a three-dimensional model that is virtually set in a
three-dimensional space in which the object is disposed and
has a plurality of voxels as constituent units, an intersection
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length of each voxel where a path of the radiation emitted at
the irradiation position intersects the three-dimensional
model, and an amount of movement of the object, on the
basis of the projection images at each of the plurality of
irradiation positions; and generating a tomographic image of
the object using the optimized parameters.

[0022] According to the present disclosure, it is possible to
correct the movement of the object with high accuracy.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] Exemplary embodiments according to the tech-
nique of the present disclosure will be described in detail
based on the following figures, wherein:

[0024] FIG. 1 is a diagram schematically illustrating an
example of the overall configuration of a radiography sys-
tem according to an embodiment,

[0025] FIG. 2 is a diagram illustrating an example of
tomosynthesis imaging,

[0026] FIG. 3 is a block diagram illustrating an example of
the configuration of a mammography apparatus and a con-
sole according to the embodiment,

[0027] FIG. 4 is a functional block diagram illustrating an
example of the functions of the console according to the
embodiment,

[0028] FIG. 5 is a diagram illustrating a forward projec-
tion model,
[0029] FIG. 6 is a diagram illustrating an amount of

movement for each voxel,

[0030] FIG. 7 is a diagram illustrating a relationship
between the amount of movement and an intersection length
for each voxel,

[0031] FIG. 8 is a diagram illustrating a method for
generating a tomographic image,

[0032] FIG. 9 is a flowchart illustrating an example of the
flow of image processing by the console according to the
embodiment,

[0033] FIG. 10 is a flowchart illustrating an example of the
flow of an optimization process in the image processing,
[0034] FIG. 11 is a diagram illustrating an optimization
process according to a first modification example,

[0035] FIG. 12 is a flowchart illustrating an example of the
flow of the optimization process according to the first
modification example,

[0036] FIG. 13 is a diagram illustrating an optimization
process according to a second modification example, and
[0037] FIG. 14 is a flowchart illustrating an example of the
flow of the optimization process according to the second
modification example.

DETAILED DESCRIPTION

[0038] Hereinafter, an embodiment of the present disclo-
sure will be described in detail with reference to the draw-
ings. In addition, this embodiment does not limit the present
disclosure.

[0039] First, an example of the overall configuration of a
radiography system according to this embodiment will be
described. FIG. 1 is a diagram illustrating an example of the
overall configuration of a radiography system 1 according to
this embodiment. As illustrated in FIG. 1, the radiography
system 1 according to this embodiment comprises a mam-
mography apparatus 10 and a console 12.

[0040] First, the mammography apparatus 10 according to
this embodiment will be described. FIG. 1 is a side view
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illustrating an example of the outward appearance of the
mammography apparatus 10 according to this embodiment.
In addition, FIG. 1 illustrates an example of the outward
appearance of the mammography apparatus 10 as viewed
from a left side of a subject.

[0041] The mammography apparatus 10 according to this
embodiment is an apparatus that is operated under the
control of the console 12 and that irradiates a breast of the
subject as an object with radiation R (for example, X-rays)
to capture a radiographic image of the breast. In addition, the
mammography apparatus 10 may be an apparatus that
images the breast of the subject not only in a state in which
the subject is standing (standing state) but also in a state in
which the subject is sitting on, for example, a chair (includ-
ing a wheelchair) (sitting state).

[0042] Furthermore, the mammography apparatus 10
according to this embodiment has a function of performing
normal imaging that captures images at an irradiation posi-
tion where a radiation source 29 is disposed along a normal
direction to a detection surface 20A of a radiation detector
20 and so-called tomosynthesis imaging that captures
images while moving the radiation source 29 to each of a
plurality of irradiation positions.

[0043] The radiation detector 20 detects the radiation R
transmitted through the breast which is the object. Specifi-
cally, the radiation detector 20 detects the radiation R that
has entered the breast of the subject and an imaging table 24
and that has reached the detection surface 20A of the
radiation detector 20, generates a radiographic image on the
basis of the detected radiation R, and outputs image data
indicating the generated radiographic image. In the follow-
ing description, in some cases, a series of operations of
emitting the radiation R from the radiation source 29 and
generating a radiographic image using the radiation detector
20 is referred to as “imaging”. On the detection surface 20A
of the radiation detector 20 according to this embodiment, i
pixels (see pixels 21, (i=1, 2, . . . ,) in FIG. 5) corresponding
to the radiographic image generated by the radiation detector
20 are arranged in a matrix. The type of the radiation
detector 20 according to this embodiment is not particularly
limited. For example, the radiation detector 20 may be an
indirect-conversion-type radiation detector that converts the
radiation R into light and converts the converted light into
charge or a direct-conversion-type radiation detector that
directly converts the radiation R into charge.

[0044] As illustrated in FIG. 1, the radiation detector 20 is
disposed in the imaging table 24. In the mammography
apparatus 10 according to this embodiment, in a case in
which imaging is performed, the breast of the subject is
positioned on an imaging surface 24 A of the imaging table
24 by a user.

[0045] A compression plate 38 that is used to compress the
breast in a case in which imaging is performed is attached to
a compression unit 36 that is provided in the imaging table
24. Specifically, the compression unit 36 is provided with a
compression plate driving unit (not illustrated) that moves
the compression plate 38 in a direction (hereinafter, referred
to as an “up-down direction”) toward or away from the
imaging table 24. A support portion 39 of the compression
plate 38 is detachably attached to the compression plate
driving unit and is moved in the up-down direction by the
compression plate driving unit to compress the breast of the
subject between the compression plate 38 and the imaging
table 24. The compression plate 38 according to this
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embodiment is an example of a compression member
according to the present disclosure.

[0046] As illustrated in FIG. 1, the mammography appa-
ratus 10 according to this embodiment comprises the imag-
ing table 24, an arm portion 33, a base 34, and a shaft portion
35. The arm portion 33 is held by the base 34 so as to be
movable in the up-down direction (Z-axis direction). In
addition, the arm portion 33 can be rotated with respect to
the base 34 by the shaft portion 35. The shaft portion 35 is
fixed to the base 34, and the shaft portion 35 and the arm
portion 33 are rotated integrally.

[0047] Gears are provided in each of the shaft portion 35
and the compression unit 36 of the imaging table 24. The
gears can be switched between an engaged state and a
non-engaged state to switch between a state in which the
compression unit 36 of the imaging table 24 and the shaft
portion 35 are connected and rotated integrally and a state in
which the shaft portion 35 is separated from the imaging
table 24 and runs idle. In addition, components for switching
between transmission and non-transmission of power of the
shaft portion 35 are not limited to the gears, and various
mechanical elements may be used.

[0048] Each of the arm portion 33 and the imaging table
24 can be relatively rotated with respect to the base 34, using
the shaft portion 35 as a rotation axis. In this embodiment,
engagement portions (not illustrated) are provided in each of
the base 34, the arm portion 33, and the compression unit 36
of the imaging table 24. The state of the engagement
portions is switched to connect each of the arm portion 33
and the compression unit 36 of the imaging table 24 to the
base 34. One or both of the arm portion 33 and the imaging
table 24 connected to the shaft portion 35 are integrally
rotated on the shaft portion 35.

[0049] In a case in which the mammography apparatus 10
performs the tomosynthesis imaging, the radiation source 29
of a radiation emitting unit 28 is sequentially moved to each
of the plurality of irradiation positions having different
irradiation angles by the rotation of the arm portion 33. The
radiation source 29 includes a radiation tube (not illustrated)
that generates the radiation R, and the radiation tube is
moved to each of the plurality of irradiation positions
according to the movement of the radiation source 29. FIG.
2 is a diagram illustrating an example of the tomosynthesis
imaging. In addition, the compression plate 38 is not illus-
trated in FIG. 2. In this embodiment, as illustrated in FIG. 2,
the radiation source 29 is moved to irradiation positions 19,
(t=1, 2, . . . ; the maximum value is 7 in FIG. 2) having
different irradiation angles which are arranged at an interval
of a predetermined angle 0, that is, positions where the
radiation R is emitted to the detection surface 20A of the
radiation detector 20 at different angles. At each of the
irradiation positions 19,, the radiation source 29 emits the
radiation R to a breast W in response to an instruction from
the console 12, and the radiation detector 20 captures a
radiographic image. In the radiography system 1, in a case
in which the tomosynthesis imaging that moves the radiation
source 29 to each of the irradiation positions 19, and that
captures radiographic images at each of the irradiation
positions 19, is performed, seven radiographic images are
obtained in the example illustrated in FIG. 2. In addition, in
the following description, in the tomosynthesis imaging, in
a case in which a radiographic image captured at each
irradiation position 19 is distinguished from other radio-
graphic images, it is referred to as a “projection image”.
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Further, in a case in which a radiographic image is generi-
cally referred to regardless of the type, such as a projection
image and a tomographic image which will be described
below, it is simply referred to as a “radiographic image”.
Furthermore, in the following description, in a case in which
the irradiation positions 19, are generically referred to, a
reference letter t for distinguishing each irradiation position
is omitted, and the irradiation positions 19, are referred to as
“irradiation positions 19”. Further, in the following descrip-
tion, for the image corresponding to the irradiation position
19,, such as the projection image captured at each irradiation
position 19,, the reference letter t indicating the irradiation
position 19, is given to the reference numeral indicating each
image.

[0050] In addition, as illustrated in FIG. 2, the irradiation
angle of the radiation R means an angle o formed between
a normal line CL to the detection surface 20A of the
radiation detector 20 and a radiation axis RC. The radiation
axis RC means an axis that connects the focus of the
radiation source 29 at each irradiation position 19 and a
preset position such as the center of the detection surface
20A. Further, here, it is assumed that the detection surface
20A of the radiation detector 20 is substantially parallel to
the imaging surface 24A.

[0051] On the other hand, in a case in which the mam-
mography apparatus 10 performs the normal imaging, the
radiation source 29 of the radiation emitting unit 28 remains
at the irradiation position 19, (the irradiation position 19,
along the normal direction, the irradiation position 19, in
FIG. 2) where the irradiation angle o is O degrees. The
radiation source 29 emits the radiation R in response to an
instruction from the console 12, and the radiation detector 20
captures a radiographic image.

[0052] Further, FIG. 3 is a block diagram illustrating an
example of the configuration of the mammography appara-
tus 10 and the console 12 according to this embodiment. As
illustrated in FIG. 3, the mammography apparatus 10
according to this embodiment further comprises a control
unit 40, a storage unit 42, an interface (I/F) unit 44, an
operation unit 46, and a radiation source moving unit 47.
The control unit 40, the storage unit 42, the I/F unit 44, the
operation unit 46, and the radiation source moving unit 47
are connected to each other through a bus 49, such as a
system bus or a control bus, such that they can transmit and
receive various kinds of information.

[0053] The control unit 40 controls the overall operation
of the mammography apparatus 10 under the control of the
console 12. The control unit 40 comprises a central process-
ing unit (CPU) 40A, a read only memory (ROM) 40B, and
a random access memory (RAM) 40C. For example, various
programs including an imaging program 41 which is
executed by the CPU 40A and which performs control
related to the capture of a radiographic image are stored in
the ROM 40B in advance. The RAM 40C temporarily stores
various kinds of data.

[0054] For example, the image data of the radiographic
image captured by the radiation detector 20 and various
other kinds of information are stored in the storage unit 42.
A specific example of the storage unit 42 is a hard disk drive
(HDD), a solid state drive (SSD), or the like. The I/F unit 44
transmits and receives various kinds of information to and
from the console 12 using wireless communication or wired
communication. The image data of the radiographic image
captured by the radiation detector 20 in the mammography
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apparatus 10 is transmitted to the console 12 through the I/F
unit 44 by wireless communication or wired communica-
tion.

[0055] Each of the control unit 40, the storage unit 42, and
the I/F unit 44 according to this embodiment is provided in
the imaging table 24.

[0056] In addition, the operation unit 46 is provided as a
plurality of switches in, for example, the imaging table 24 of
the mammography apparatus 10. Further, the operation unit
46 may be provided as a touch panel switch or may be
provided as a foot switch that is operated by the feet of the
user such as a doctor or a radiology technician.

[0057] The radiation source moving unit 47 has a function
of moving the radiation source 29 to each of the plurality of
irradiation positions 19 under the control of the control unit
40 in a case in which the tomosynthesis imaging is per-
formed as described above. Specifically, the radiation source
moving unit 47 rotates the arm portion 33 with respect to the
imaging table 24 to move the radiation source 29 to each of
the plurality of irradiation positions 19. The radiation source
moving unit 47 according to this embodiment is provided
inside the arm portion 33.

[0058] On the other hand, the console 12 according to this
embodiment has a function of controlling the mammography
apparatus 10 using, for example, an imaging order and
various kinds of information acquired from a radiology
information system (RIS) through a wireless communication
local area network (LAN) and instructions input by the user
through an operation unit 56 or the like.

[0059] For example, the console 12 according to this
embodiment is a server computer. As illustrated in FIG. 3,
the console 12 comprises a control unit 50, a storage unit 52,
an I/F unit 54, the operation unit 56, and a display unit 58.
The control unit 50, the storage unit 52, the I/F unit 54, the
operation unit 56, and the display unit 58 are connected to
each other through a bus 59, such as a system bus or a
control bus, such that they can transmit and receive various
kinds of information.

[0060] The control unit 50 according to this embodiment
controls the overall operation of the console 12. The control
unit 50 comprises a CPU 50A, a ROM 50B, and a RAM
50C. Various programs which are executed by the CPU 50A
and which include an image generation program 51 are
stored in the ROM 50B in advance. The RAM 50C tempo-
rarily stores various kinds of data. In this embodiment, the
CPU 50A is an example of a processor according to the
present disclosure, and the console 12 is an example of an
image processing device according to the present disclosure.
In addition, the image generation program 51 according to
this embodiment is an example of an image processing
program according to the present disclosure.

[0061] For example, the image data of the radiographic
image captured by the mammography apparatus 10 and
various other kinds of information are stored in the storage
unit 52. Further, the storage unit 52 stores a forward pro-
jection model 53 which will be described in detail below. A
specific example of the storage unit 52 is an HDD, an SSD,
or the like.

[0062] The operation unit 56 is used by the user to input,
for example, instructions which are related to the capture of
a radiographic image and which include an instruction to
emit the radiation R or various kinds of information. The
operation unit 56 is not particularly limited. Examples of the
operation unit 56 include various switches, a touch panel, a
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touch pen, and a mouse. The display unit 58 displays various
kinds of information. In addition, the operation unit 56 and
the display unit 58 may be integrated into a touch panel
display.

[0063] The I/F unit 54 transmits and receives various
kinds of information to and from the mammography appa-
ratus 10, the RIS, and a picture archiving and communica-
tion system (PACS) using wireless communication or wired
communication. In the radiography system 1 according to
this embodiment, the console 12 receives the image data of
the radiographic image captured by the mammography
apparatus 10 from the mammography apparatus 10 through
the I/F unit 54, using wireless communication or wired
communication.

[0064] The console 12 according to this embodiment has
a function of correcting the movement of the object in the
tomosynthesis imaging. FIG. 4 is a functional block diagram
illustrating an example of a configuration related to the
function of correcting the movement of the object in the
tomosynthesis imaging in the console 12 according to this
embodiment. As illustrated in FIG. 4, the console 12 com-
prises an image acquisition unit 60, an optimization unit 62,
a tomographic image generation unit 64, and a display
control unit 66. For example, in the console 12 according to
this embodiment, the CPU 50A of the control unit 50
executes the image generation program 51 stored in the
ROM 50B to function as the image acquisition unit 60, the
optimization unit 62, the tomographic image generation unit
64, and the display control unit 66.

[0065] The image acquisition unit 60 has a function of
acquiring a plurality of projection images. Specifically, the
image acquisition unit 60 according to this embodiment
acquires image data indicating a plurality of projection
images obtained by the tomosynthesis imaging in the mam-
mography apparatus 10. The image acquisition unit 60
outputs the acquired image data indicating the plurality of
projection images to the optimization unit 62.

[0066] The optimization unit 62 has a function of per-
forming an optimization process on the forward projection
model 53 on the basis of the projection images at each of the
plurality of irradiation positions 19.

[0067] The forward projection model 53 is a model for
performing forward projection that projects data from a
three-dimensional space, which is a real space, onto the
detection surface 20A of the radiation detector 20. The
forward projection model 53 will be described with refer-
ence to FIG. 5.

[0068] As illustrated in FIG. 5, a three-dimensional model
90 having a plurality of voxels 91, (j=1, 2, . . ., J) as
constituent units is virtually set in the three-dimensional
space in which an object U is disposed. For example, the
space in which the optimization unit 62 according to this
embodiment sets the three-dimensional model 90 is a space
in which the object U is presumed to be present according
to the imaging table 24 or the like.

[0069] FIG. 5 illustrates a path X’; of the radiation R
emitted from the radiation source 29 that is located at the
irradiation position 19, to a pixel 21, of the radiation detector
20. It is assumed that the intersection length of each voxel
91, where the path X’ intersects each voxel 91, of the
three-dimensional model 90 is w’; and an absorption coef-
ficient of each voxel 91, is represented as follows.

W=( b, - - s )"
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[0070] In a case in which the radiation R is emitted at the
irradiation position 19,, the forward projection model 53
indicating the number of photons p’; detected by an i-th pixel
of the radiation detector 20 is represented by the following
Expression (1).

pi= bieXP(—Zw;-uj] M

J

[0071] Here, the logarithm of the above-described Expres-
sion (1) is taken, the logarithm of the number of photons p’;
measured by the radiation detector 20 is y’,, and each
variable is described in a vector format as follows:

Y=y S

[0072] From here, the intersection length w’ij with the
voxel 91; is described by a determinant as in the following
Expression (2).
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[0073] The projection process can be represented by a
determinant represented by the following Expression (3).

y=Wu 3

[0074] The above-described Expression (3) is formulated
for each of T projection images obtained at each irradiation
position 19,. In this case, the absorption coefficient pu can be
derived by solving simultaneous equations represented by
the following Expression (4).

{yl =wlu @

[0075] However, since the size of the determinant indi-
cating the intersection length w’;; represented by the above-
described Expression (2) is large, it is not easy to solve the
simultaneous equations represented by the above-described
Expression (4). In addition, since the number of projection
images T obtained by the tomosynthesis imaging is gener-
ally relatively small, there is an ill-posed problem that the
number of equations is insufficient for the above-described
Expression (4). Therefore, for example, in this embodiment,
the parameter p satisfying the above-described Expression
(1) indicating the forward projection model 53 is optimized,
and the following Expression (5) is minimized for the
optimization. As a specific method, the following Expres-
sion (5) may be minimized by a gradient method or the like.
In addition, the following Expression (5) is introduced as an
example of the estimation of p. However, other expressions,
such as the addition of a condition for p, can be sufficiently
considered. An energy function may be minimized, and it
goes without saying that the present disclosure is not limited
to this expression. Further, “optimizing” and “minimizing”
mean “performing an optimization process” and “perform-
ing a minimization process”, respectively, and may be any
other methods that can find a better solution.
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[0076] The intersection length w’,; of each voxel 91, where
the path X’; intersects each voxel 91; of the three-dimen-
sional model 90 changes depending on the movement of the
object U. As illustrated in FIG. 6, the amount of movement
of the object U is defined as a vector 8”. The amount of
movement 6’ can be defined as, for example, a vector from
the center of gravity of the voxel 91; before the position
changes to the center of gravity of the voxel 91, after the
position changes. In addition, assuming that a different
amount of movement 6 is generated for each pixel 21i, the
amount of movement 6 is used as a variable for each pixel
21, and may be defined as 6’=(6;, 0, . . ., 6°). FIG. 7
illustrates a change in the intersection length w'; caused by
the movement of the object U. Since the three-dimensional
model 90 corresponds to the three-dimensional space in
which the object U is disposed, the position of the three-
dimensional model 90 changes in operative association with
the movement of the object U. In other words, the position
of the voxel 91, of the three-dimensional model 90 varies
depending on the movement of the object U. As illustrated
in FIG. 7, even in a case in which the position of the voxel
91, changes, the path X'; of the radiation R does not change.
Therefore, the intersection length w’; of the path X', inter-
secting the voxel 91, changes depending on the movement of
the object U.

[0077] In a case in which the movement of the object U
occurs, the forward projection model 53 can be expressed
using an energy function of the following Expression (6). In
addition, two variables of the absorption coefficient p and
the amount of movement 6, need to be optimized at the same
time in order to solve the following Expression (6). The
optimization of the absorption coefficient u and the optimi-
zation of the amount of movement 6° can be sequentially
repeated to derive the solution.

- : r_ 7y,0)2 6)
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[0078] The forward projection model 53 in a case in which
the movement of the object U occurs as described above is
defined by the absorption coefficient p assigned to each
voxel 91j of the three-dimensional model 90, the intersection
length w’;; of each voxel 91, and the amount of movement
0" of the object U. In addition, a method for deriving the
intersection length w’;; is not particularly limited. A geomet-
ric method may be applied, or the intersection length w’;
may be derived by approximate calculation.

[0079] Pseudo-projection is performed at the irradiation
position 19, using the forward projection model 53 in a case
in which the movement of the object U occurs to obtain a
pseudo-projection image in a case in which the movement of
the object U occurs. A process of optimizing the forward
projection model 53 means a process of bringing the pseudo-
projection image obtained using the forward projection
model 53 close to the projection image actually obtained by
the tomosynthesis imaging to bring the forward projection
model 53 close to the disposition state of the object U
including the movement in a case in which the tomosynthe-
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sis imaging is actually performed. The absorption coefficient
u and the amount of movement 6 of the optimized forward
projection model 53 correspond to the disposition state and
movement of the object U in a case in which the projection
image is actually captured by the tomosynthesis imaging.
[0080] The optimization unit 62 has a function of per-
forming the optimization process on the forward projection
model 53 as described above. Specifically, the optimization
unit 62 virtually sets the three-dimensional model 90 having
a plurality of voxels 91, as constituent units in the three-
dimensional space in which the object U is disposed. In
addition, the optimization unit 62 acquires a plurality of
projection images actually captured by the tomosynthesis
imaging and a plurality of irradiation positions 19, where the
projection images have been captured. The optimization unit
62 solves the energy function of the above-described
Expression (6) using the acquired information to perform the
optimization process on the forward projection model 53.
The optimization unit 62 outputs the absorption coefficient
p and the amount of movement 6° obtained by the optimized
forward projection model 53 to the tomographic image
generation unit 64. In addition, in a case in which the energy
function of the above-described Expression (6) is solved, a
process of bringing the pixel value of each pixel of the
pseudo-projection image obtained by performing pseudo-
projection using the forward projection model 53 close to
the pixel value of each pixel of the corresponding projection
image is performed. Therefore, T images which are a
plurality of pseudo-projection images are not obtained.
[0081] The tomographic image generation unit 64 has a
function of generating a tomographic image of the breast
which is the object U. Specifically, a plurality of tomo-
graphic images in each of a plurality of tomographic planes
of the object U are generated. An example of a tomographic
image generation method in the tomographic image genera-
tion unit 64 according to this embodiment will be described
with reference to FIG. 8. In the example illustrated in FIG.
8, an aspect in which a tomographic image corresponding to
the size of the voxel 91; is illustrated. Tomographic planes
92, to 92, in which the tomographic images are generated
are substantially parallel to the imaging surface 24A of the
imaging table 24, and a slice thickness of the tomographic
image which is an interval h between the tomographic
planes 92 is determined by the size of the irradiation position
19,. In addition, a height H of the tomographic image means
a height from the imaging surface 24A of the imaging table
24 to the tomographic plane corresponding to the tomo-
graphic image. FIG. 8 illustrates the height H to the tomo-
graphic plane 92,.

[0082] In a case in which the tomographic image genera-
tion unit 64 generates a tomographic image in the tomo-
graphic plane 92,, it generates the tomographic image using
the absorption coefficient u of each of the plurality of voxels
91; whose upper surfaces come into contact with the tomo-
graphic plane 92,. In the example illustrated in FIG. 8, the
tomographic image generation unit 64 generates a tomo-
graphic image using the absorption coefficient p of each of
the voxels 91, in a region surrounded by a dotted line D.
[0083] In addition, the radiographic image obtained by the
normal imaging is displayed as a radiographic image using,
for example, a value obtained by performing logarithmic
conversion on the number of photons detected by the
radiation detector 20 or a value obtained by performing
look-up table (LUT) conversion on the number of photons.
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Therefore, similarly, the absorption coefficients n may be
displayed as a tomographic image using a value obtained by,
for example, logarithmic conversion or LUT conversion. As
described above, the display form of the tomographic image
generated using the forward projection model 53 is the same
as the display form of the normal imaging such that the
image appears in the same form, which makes it possible for
the user to easily interpret the image.

[0084] Further, in this embodiment, the interval h between
the tomographic planes 92 of the tomographic images gen-
erated by the tomographic image generation unit 64 is the
same as the size of the voxel 91,. However, the interval h
between the tomographic planes 92 is not limited to this
aspect. For example, the interval h may be specified by the
user. In this case, the tomographic image generation unit 64
may generate a tomographic image using the absorption
coeflicients p of the voxels 91, corresponding to the tomo-
graphic plane 92 which corresponds to the designated inter-
val h or the absorption coefficients p of the surrounding
voxels 91,.

[0085] The tomographic image generation unit 64 outputs
image data indicating the generated plurality of tomographic
images to the display control unit 66.

[0086] The display control unit 66 has a function of
displaying the plurality of tomographic images generated by
the tomographic image generation unit 64 on the display unit
58. In addition, the display destination of the tomographic
images is not limited to the display unit 58. For example, the
display destination may be an image reading device or the
like outside the radiography system 1.

[0087] Next, the operation of the console 12 in the tomo-
synthesis imaging will be described with reference to the
drawings. After the mammography apparatus 10 performs
the tomosynthesis imaging, the console 12 generates a
tomographic image using a plurality of projection images
obtained by the tomosynthesis imaging and displays the
tomographic image on, for example, the display unit 58.
[0088] For example, in a case in which the tomosynthesis
imaging ends, the mammography apparatus 10 according to
this embodiment outputs image data of the captured plurality
of projection images 80 to the console 12. The console 12
stores the image data of the plurality of projection images 80
input from the mammography apparatus 10 in the storage
unit 52.

[0089] After storing the image data of the plurality of
projection images 80 in the storage unit 52, the console 12
performs image processing illustrated in FIG. 9. FIG. 9 is a
flowchart illustrating an example of the flow of the image
processing performed by the console 12 according to this
embodiment. In the console 12 according to this embodi-
ment, for example, the CPU 50A of the control unit 50
executes the image generation program 51 stored in the
ROM 50B to perform the image processing whose example
is illustrated in FIG. 9.

[0090] In Step S100 of FIG. 9, the image acquisition unit
60 acquires a plurality of projection images. As described
above, the image acquisition unit 60 according to this
embodiment acquires image data of the plurality of projec-
tion images from the storage unit 52.

[0091] Then, in Step S102, the optimization unit 62
acquires a plurality of irradiation positions 19, which are the
irradiation positions 19 of the radiation source 29 where the
projection images acquired in Step S100 have been cap-
tured. In this step, the optimization unit 62 acquires infor-
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mation indicating the irradiation positions 19, corresponding
to each projection image in order to perform the optimiza-
tion process on the forward projection model 53 for each
pixel on the basis of the projection images at each of the
plurality of irradiation positions 19,. In addition, a method
by which the optimization unit 62 acquires the irradiation
positions 19, corresponding to the projection images is not
particularly limited. For example, the optimization unit 62
may acquire the information indicating the irradiation posi-
tions 19, from the mammography apparatus 10. Further, for
example, in a case in which the information indicating the
irradiation positions 19, is given as imaging information to
the projection images, the information indicating the irra-
diation positions 19, may be acquired from the imaging
information given to the acquired projection images.

[0092] Then, in Step S104, the optimization unit 62 per-
forms the optimization process, which will be described in
detail below, on the forward projection model 53 as
described above. The optimization unit 62 performs the
optimization process on the forward projection model 53 to
derive the absorption coefficient i and the amount of move-
ment 0°.

[0093] Then, in Step S106, the tomographic image gen-
eration unit 64 generates the tomographic image of the
breast which is the object U. As described above, the
tomographic image generation unit 64 generates a plurality
of tomographic images using the absorption coeflicient p
obtained by the forward projection model 53 optimized in
Step S104.

[0094] Then, in Step S108, the display control unit 66
displays the tomographic images generated in Step S106 on
the display unit 58. In a case in which the process in Step
S108 ends, the image processing illustrated in FIG. 9 ends.
Further, in this embodiment, the aspect in which the tomo-
graphic image is generated in Step S106 and the generated
tomographic image is displayed in Step S108 has been
described. However, the radiographic image to be generated
is not limited to the tomographic image, and the radio-
graphic image to be displayed is not limited to the tomo-
graphic image.

[0095] For example, the tomographic image generation
unit 64 may further generate a composite two-dimensional
image obtained by combining at least some of the generated
plurality of tomographic images. In addition, a method by
which the tomographic image generation unit 64 generates
the composite two-dimensional image is not particularly
limited. A known method, such as the method described in
U.S. Pat. No. 8,983,156B or the method described in
JP2014-128716A, can be used.

[0096] Further, the details of the optimization process in
Step S104 of the image processing will be described. FIG.
10 is a flowchart illustrating an example of the flow of the
optimization process.

[0097] In Step S130 of FIG. 10, the optimization unit 62
sets the three-dimensional model 90 in a three-dimensional
space. As described above with reference to FIG. 5, the
optimization unit 62 sets the three-dimensional model 90
having the voxel 91, with a predetermined size as a con-
stituent unit in the three-dimensional space in which the
object U is presumed to be present in advance according to
the imaging table 24. The predetermined size of the voxel
91, is not particularly limited and may be determined in
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consideration of, for example, the size of the object U or a
processing load applied to the optimization process on the
forward projection model 53.

[0098] Then, in Step S132, the optimization unit 62 sets a
predetermined absorption coefficient L and a predetermined
amount of movement 6’ as the initial values of the forward
projection model 53 and then proceeds to Step S134. In
addition, the predetermined absorption coefficient p and the
predetermined amount of movement 6 are not particularly
limited. For example, an average absorption coefficient
and an average amount of movement 6° obtained by experi-
ments may be applied as the predetermined absorption
coefficient p and the predetermined amount of movement 67,
respectively.

[0099] Then, in Step S134, the optimization unit 62 solves
the energy function of the forward projection model 53 to
perform the optimization process on the forward projection
model 53 and derives the absorption coefficient p and the
amount of movement 0°. As described above, the forward
projection model 53 can be expressed using the energy
function of the above-described Expression (6). Therefore,
the optimization unit 62 solves the above-described Expres-
sion (6) to perform the optimization process on the forward
projection model 53 and derives the absorption coefficient
and the amount of movement 6° of the optimized forward
projection model 53. In a case in which Step S134 ends, the
optimization process illustrated in FIG. 10 ends, and the
process proceeds to Step S106 of the image processing
illustrated in FIG. 9.

[0100] In addition, the optimization process of the opti-
mization unit 62 in Step S104 of the image processing is not
limited to the above-described aspect. Hereinafter, modifi-
cation examples of the optimization process will be
described.

Modification Example 1 of Optimization Process

[0101] An optimization process according to this modifi-
cation example will be described with reference to FIG. 11.
In the example illustrated in FIG. 11, in first optimization,
the optimization unit 62 sets a first three-dimensional model
90_1 having a voxel 91_1]. with a first size as a constituent
unit. The optimization unit 62 performs the optimization
process on a first forward projection model 53_1, which uses
the first three-dimensional model 90_1 and has a predeter-
mined absorption coeflicient p and a predetermined amount
of movement 6° as initial values, to derive an absorption
coefficient p_1 and an amount of movement 6_1°.

[0102] In second optimization, the optimization unit 62
sets a second three-dimensional model 90_2 having a voxel
912, with a second size smaller than the size of the first
voxel 91_1, as a constituent unit. The optimization unit 62
performs the optimization process on a second forward
projection model 53_2, which uses the second three-dimen-
sional model 90_2 and has the absorption coeflicient p_1 and
the amount of movement 6_1* derived by the first forward
projection model 53_1 as initial values, to derive an absorp-
tion coefficient p_2 and an amount of movement 6_2°.
[0103] As described above, as the optimization process,
the optimization unit 62 according to this modification
example repeats the optimization of the forward projection
model 53 while reducing the size of the voxel 91, constitut-
ing the three-dimensional model 90. In addition, the size of
the voxels 91, constituting the three-dimensional model 90
used in each optimization process can be any size. For
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example, the size of the voxel 91, in the last optimization
process on the forward projection model 53 may be deter-
mined according to the desired resolution. In addition, the
size of the voxel 91, in each optimization process may be
determined from the number of times the optimization
process is repeated, the processing load applied to the
optimization process, and the like.

[0104] FIG. 12 is a flowchart illustrating an example of the
flow of the optimization process in this modification
example. The optimization process illustrated in FIG. 12
includes a plurality of optimization processes on the forward
projection model 53.

[0105] In Step S150 of FIG. 12, the optimization unit 62
sets a variable n indicating the number of optimization
processes to “17.

[0106] Then, in Step S152, the optimization unit 62 vir-
tually sets an n-th three-dimensional model 90_z» having a
voxel 91_n, with an n-th size as a constituent unit in the
three-dimensional space in which the object U is presumed
to be present. For example, in the case of a first optimization
process, n is 1, and the first three-dimensional model 90_1
having the voxel 91_1; with the first size as the constituent
unit is set as illustrated in FIG. 11.

[0107] Then, in Step S154, the optimization unit 62 deter-
mines whether or not the variable » is “1”. In other words,
it is determined whether or not the optimization process
performed in Step S152 is the first optimization process. In
a case in which the variable n is “1”, the determination result
in Step S154 is “Yes”, and the process proceeds to Step
S156. In Step S156, the optimization unit 62 sets a prede-
termined absorption coefficient © and a predetermined
amount of movement 6° as the initial values of the n-th
forward projection model 53_z and then proceeds to Step
S160. Specifically, as described above, the optimization unit
62 sets the predetermined absorption coefficient p and the
predetermined amount of movement 6 as the initial values
of the first forward projection model 53_1.

[0108] On the other hand, in Step S154, in a case in which
the variable n is not 1, the determination result is “No”, and
the process proceeds to Step S158. In other words, in a case
in which the optimization process performed in Step S152 is
the second or subsequent optimization process, the process
proceeds to Step S158. In Step S158, the optimization unit
62 sets an absorption coefficient |_n—-1 and an amount of
movement 6_n-1° obtained by an (n-1)-th forward projec-
tion model 53_n-1 as the initial values of the n-th forward
projection model 53 and then proceeds to Step S160. Spe-
cifically, in the case of the second optimization process, the
variable n is “2”, and the optimization unit 62 sets the
absorption coefficient y_1 and the amount of movement 6_1°
as the initial values of the second forward projection model
53_2 as described above.

[0109] In Step S160, the optimization unit 62 solves the
energy function of the n-th forward projection model 53_»
to perform the optimization process on the forward projec-
tion model 53_» and derives an absorption coefficient p_»
and an amount of movement 0_n’. As described above, the
n-th forward projection model 53_» can be expressed using
the energy function of the above-described Expression (6).
Therefore, the optimization unit 62 solves the above-de-
scribed Expression (6) to perform the optimization process
on the n-th forward projection model 53_z» and derives the
absorption coefficient p_n and the amount of movement 6_n*
in the optimized forward projection model 53_n.
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[0110] Then, in Step S162, the optimization unit 62 deter-
mines whether or not to end the optimization process
illustrated in FIG. 12. In this modification example, the
number of times the optimization process is repeated while
reducing the size of the voxel 91, is predetermined. In other
words, the maximum value of the variable n at the optimum
position is predetermined. Therefore, the optimization unit
62 determines whether or not to end the optimization
process on the basis of whether or not the currently set
variable n is a predetermined maximum value. In a case in
which the optimization process is not ended, the determi-
nation result in Step S162 is “No”, and the process proceeds
to Step S164.

[0111] In Step S164, the optimization unit 62 adds 1 to the
variable n (n=n+1), returns to Step S152, and repeats the
processes in Steps S152 to S162.

[0112] On the other hand, in a case in which the optimi-
zation process is ended, the determination result in Step
S162 is “Yes”, and the optimization process illustrated in
FIG. 12 is ended. Then, the process proceeds to Step S106
of the image processing illustrated in FIG. 9.

[0113] As described above, the console 12 according to
this modification example repeats the optimization of the
forward projection model 53_n while reducing the size of
the voxel 91, constituting the three-dimensional model 90 as
the optimization process. In other words, after the optimi-
zation process is performed on a low-resolution forward
projection model 53_n, the optimization process is per-
formed on a high-resolution forward projection model 53_z.
The size of the voxel 91, increases to reduce the number of
voxels 91, constituting the three-dimensional model 90. The
number of voxels 91, is reduced, and the optimization
process is performed on the forward projection model 53,
which makes it possible to reduce the processing time and
processing load required for the optimization process. Fur-
ther, the optimization process is performed on the high-
resolution forward projection model 53_» using, as the
initial values, the absorption coefficient u and the amount of
movement 0t obtained by performing the optimization pro-
cess on the low-resolution forward projection model 53_zn.
Therefore, it is possible to reduce the processing time and
processing load required for the optimization process on the
high-resolution forward projection model 53_zn. Further-
more, according to this modification example, it is possible
to improve the accuracy of deriving the amount of move-
ment 6°.

Modification Example 2 of Optimization Process

[0114] An optimization process according to this modifi-
cation example will be described with reference to FIG. 13.
The optimization unit 62 according to this modification
example performs the optimization process on the forward
projection model 53 using a three-dimensional model 90 that
is virtually set in a three-dimensional space corresponding to
a feature region 94 of the object U in the three-dimensional
space in which the object U is disposed.

[0115] That is, the optimization unit 62 according to this
modification example sets the three-dimensional model 90
in a portion of the three-dimensional space in which the
object U is disposed. As described above, in this modifica-
tion example, the feature region 94 in which the three-
dimensional model 90 is provided is smaller than the region
in which the three-dimensional model 90 is provided in the
above-described embodiment. Therefore, it is preferable that
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the feature region 94 is a region including a feature structure
96. The feature structure 96 may be, for example, a structure
including a feature point in a radiographic image indicating
the object U. Further, the feature structure 96 may be, for
example, a structure in which the feature amount of an
image indicating the structure is equal to or greater than a
threshold value. Specific examples of the feature structure
96 include at least one of a mammary gland or a calcification
in a case in which the object U is the breast.

[0116] The optimization unit 62 according to this modifi-
cation example performs the optimization process on the
forward projection model 53 using the three-dimensional
model 90 set for the feature region 94 to derive the amount
of movement 6°. In addition, the optimization unit 62
performs the optimization process on the forward projection
model 53 using the three-dimensional model 90 virtually set
in the three-dimensional space in which the entire object U
is present, using the derived amount of movement 6° as the
amount of movement 6’ of the entire object U, to derive the
absorption coefficient .

[0117] As described above, the optimization unit 62
according to this modification example performs the opti-
mization process on the forward projection model 53 using
the three-dimensional model 90 virtually set in the feature
region 94 that includes the feature structure 96 and that is a
portion of the three-dimensional space in which the object U
is disposed.

[0118] FIG. 14 is a flowchart illustrating an example of the
flow of the optimization process according to this modifi-
cation example. The optimization process illustrated in FIG.
14 differs from the above-described optimization process
illustrated in FIG. 10 in that it includes processes in Steps
S130A and 5130B instead of Step S130 and includes pro-
cesses in Steps S136 and S138 after the process in Step
S134.

[0119] In Step S130A of FIG. 14, the optimization unit 62
derives the feature region 94 in which the three-dimensional
model 90 is disposed. For example, in this modification
example, an image analysis or computer aided diagnosis
(hereinafter, referred to as CAD) algorithm is applied to a
tomographic image, which is obtained by reconstructing the
projection images acquired in Step S100 of the image
processing (see FIG. 9) using a back projection method,
such as a filter back projection (FBP) method or an iterative
reconstruction method, and which has not been subjected to
movement influence correction, to specify the feature struc-
ture 96 having an image feature amount equal to or greater
than a threshold value and to derive, as the feature region 94,
a region with a predetermined size which includes the
specified feature structure 96. A method by which the
optimization unit 62 derives the feature region 94 is not
particularly limited. For example, the tomographic image
obtained by reconstructing the projection images as
described above may be displayed on the display unit 58,
and the feature structure 96 designated by the operation of
the user on the displayed tomographic image through the
operation unit 56 may be acquired.

[0120] Then, in Step S130B, the optimization unit 62 sets
the three-dimensional model 90, which has the voxel 91,
with a predetermined size as a constituent unit, for the
feature region 94 as described above.

[0121] Then, in Step S132, the optimization unit 62 sets a
predetermined absorption coefficient pu and a predetermined
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amount of movement 6 as the initial values of the forward
projection model 53 as described above and then proceeds to
Step S134.

[0122] Then, in Step S134, the optimization unit 62 solves
the energy function of the above-described Expression (6) to
optimize the forward projection model 53 as described
above and derives the absorption coefficient u and the
amount of movement 6” of the optimized forward projection
model 53.

[0123] Then, in Step S136, the optimization unit 62 resets
the three-dimensional model 90 having the voxel 91, with a
predetermined size as a constituent unit in the three-dimen-
sional space including the region in which the object U is
present.

[0124] Then, in Step S138, the optimization unit 62 per-
forms the optimization process on the forward projection
model 53 in which the amount of movement 6’ derived in the
Step S134 is set. Specifically, the optimization unit 62 solves
the energy function of the above-described Expression (6),
using the amount of movement as 6° and the absorption
coeflicient pn as a parameter, to perform the optimization
process on the forward projection model 53 and derives the
absorption coefficient p and the amount of movement 6 of
the optimized forward projection model 53. In addition, the
amount of movement 8’ derived here is the same as the
amount of movement 6’ derived in Step S134. Further, the
absorption coefficient p derived in Step S134 may be applied
as the absorption coefficient p in the feature region 94. In a
case in which Step S138 ends, the optimization process
illustrated in FIG. 14 ends, and the process proceeds to Step
S106 of the image processing illustrated in FIG. 9.

[0125] As described above, the console 12 according to
this modification example performs the optimization process
on the forward projection model 53 using the three-dimen-
sional model 90 set in the three-dimensional space including
the entire object U, using the amount of movement 6°
obtained by performing the optimization process on the
forward projection model 53 using the three-dimensional
model 90 set in the feature region 94 which is a portion of
the three-dimensional space in which the object U is dis-
posed. The setting of the three-dimensional model 90 in a
portion of the three-dimensional space in which the object U
is disposed makes it possible to reduce the number of voxels
91, constituting the three-dimensional model 90. The num-
ber of voxels 91, is reduced, and the optimization process is
performed on the forward projection model 53, which makes
it possible to reduce the processing time and processing load
required for the optimization process.

[0126] As described above, the console 12 according to
the above-described embodiment processes a plurality of
projection images obtained by irradiating the object U with
the radiation R emitted from the radiation source 29 at each
of the plurality of irradiation positions 19, having different
irradiation angles o. The console 12 comprises the CPU
50A. The CPU 50A acquires a plurality of projection
images, performs the optimization process on the forward
projection model 53, which has, as parameters, the absorp-
tion coefficient p assigned to each voxel 91, of the three-
dimensional model 90 that is virtually set in the three-
dimensional space in which the object U is disposed and has
a plurality of voxels 91, as constitutional units, the intersec-
tion length w',; of each voxel 91, where the path X', of the
radiation R emitted at the irradiation position 19, intersects
the three-dimensional model 90, and the amount of move-
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ment 6° of the object U, on the basis of the projection images
at each of the plurality of irradiation positions 19,, and
generates the tomographic image of the object U using the
optimized parameters.

[0127] With the above configuration, according to the
console 12 of the above-described embodiment, the use of
the forward projection model 53 makes it possible to sup-
press the influence of structures other than the structure used
to correct the amount of movement 0°. Therefore, it is
possible to correct the movement of the object U with high
accuracy. As a result, according to the console 12 of the
above-described embodiment, it is possible to obtain a
high-quality tomographic image with high accuracy.
[0128] In addition, in the above-described embodiment,
the aspect in which the optimization unit 62 performs, as the
optimization process on the forward projection model 53,
the process of bringing the pixel value of each pixel of the
pseudo-projection image close to the pixel value of each
pixel of the corresponding projection image without obtain-
ing T images which are the pseudo-projection images
obtained by the forward projection model 53 has been
described. The method for performing the optimization
process on the forward projection model 53 is not limited to
this aspect. As the optimization process on the forward
projection model 53, a method may be used which sequen-
tially acquires T pseudo-projection images using the forward
projection model 53 and brings the acquired T pseudo-
projection images close to the corresponding T projection
images.

[0129] In addition, in a case in which the amount of
movement 67 is relatively large, the optimization process on
the forward projection model 53 may be insufficient, or the
quality of the tomographic image generated by the forward
projection model 53 may deteriorate. In some cases, the
amount of movement 6 of the breast, which is the object, is
large. For example, the subject makes a large movement
during the tomosynthesis imaging. In this case, for example,
it is preferable to capture the projection image again. There-
fore, when the amount of movement 6” derived by perform-
ing the optimization process on the forward projection
model 53 is greater than a preset threshold value, a warning
may be issued.

[0130] Further, in the above-described embodiment, the
aspect in which the console 12 is an example of the image
processing device according to the present disclosure has
been described. However, devices other than the console 12
may have the functions of the image processing device
according to the present disclosure. In other words, for
example, the mammography apparatus 10 or an external
device other than the console 12 may have some or all of the
functions of the image acquisition unit 60, the optimization
unit 62, the tomographic image generation unit 64, and the
display control unit 66. Further, the image processing device
according to the present disclosure may be configured by a
plurality of devices. For example, a device other than the
console 12 may have some of the functions of the image
processing device.

[0131] In addition, in the above-described embodiment,
the aspect in which the breast is applied as an example of the
object according to the present disclosure and the mammog-
raphy apparatus 10 is applied as an example of the radiog-
raphy apparatus according to the present disclosure has been
described. However, the object is not limited to the breast,
and the radiography apparatus is not limited to the mam-
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mography apparatus. For example, the object may be the
chest, the abdomen, or the like, and radiography apparatuses
other than the mammography apparatus may be applied.
[0132] In addition, in the above-described embodiment,
for example, the following various processors can be used as
a hardware structure of processing units performing various
processes, such as the image acquisition unit 60, the opti-
mization unit 62, the tomographic image generation unit 64,
and the display control unit 66. The various processors
include, for example, a programmable logic device (PLD),
such as a field programmable gate array (FPGA), that is a
processor whose circuit configuration can be changed after
manufacture and a dedicated electric circuit, such as an
application specific integrated circuit (ASIC), that is a
processor having a dedicated circuit configuration designed
to perform a specific process, in addition to the CPU that is
a general-purpose processor which executes software (pro-
grams) to function as various processing units as described
above.

[0133] One processing unit may be configured by one of
the various processors or a combination of two or more
processors of the same type or different types (for example,
a combination of a plurality of FPGAs or a combination of
a CPU and an FPGA). Further, a plurality of processing units
may be configured by one processor.

[0134] A first example of the configuration in which a
plurality of processing units are configured by one processor
is an aspect in which one processor is configured by a
combination of one or more CPUs and software and func-
tions as a plurality of processing units. A representative
example of this aspect is a client computer or a server
computer. A second example of the configuration is an
aspect in which a processor that implements the functions of
the entire system including a plurality of processing units
using one integrated circuit (IC) chip is used. A representa-
tive example of this aspect is a system-on-chip (SoC). In this
way, various processing units are configured by using one or
more of the various processors as a hardware structure.
[0135] In addition, specifically, an electric circuit (cir-
cuitry) obtained by combining circuit elements, such as
semiconductor elements, can be used as the hardware struc-
ture of the various processors.

[0136] Further, in the above-described embodiment, the
aspect in which the imaging program 41 is stored (installed)
in the ROM 40B in advance and the image generation
program 51 is stored (installed) in the ROM 50B in advance
has been described. However, the present disclosure is not
limited thereto. Each of the imaging program 41 and the
image generation program 51 may be recorded on a record-
ing medium, such as a compact disc read only memory
(CD-ROM), a digital versatile disc read only memory
(DVD-ROM), or a universal serial bus (USB) memory, and
then provided. Furthermore, each of the imaging program 41
and the image generation program 51 may be downloaded
from an external device through the network.

What is claimed is:

1. An image processing device that processes a plurality
of projection images obtained by irradiating an object with
radiation emitted from a radiation source at each of a
plurality of irradiation positions having different irradiation
angles, the image processing device comprising:

at least one processor,

wherein the processor acquires the plurality of projection

images, performs an optimization process on a forward
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projection model, which has, as parameters, an absorp-
tion coefficient assigned to each voxel of a three-
dimensional model that is virtually set in a three-
dimensional space in which the object is disposed and
has a plurality of voxels as constituent units, an inter-
section length of each voxel where a path of the
radiation emitted at the irradiation position intersects
the three-dimensional model, and an amount of move-
ment of the object, on the basis of the projection images
at each of the plurality of irradiation positions, and
generates a tomographic image of the object using the
optimized parameters.

2. The image processing device according to claim 1,

wherein the processor generates the tomographic image
using the absorption coefficient of the optimized for-
ward projection model.

3. The image processing device according to claim 1,

wherein, as the optimization process, the processor brings
each pixel value of a plurality of pseudo-projection
images obtained by performing pseudo-projection at
the plurality of irradiation positions using the forward
projection model close to each pixel value of the
plurality of projection images.

4. The image processing device according to claim 3,

wherein the processor performs the optimization process
by deriving the absorption coeflicient and the amount
of movement for bringing the pixel values of the
pseudo-projection images close to the pixel values of
the plurality of projection images.

5. The image processing device according to claim 1,

wherein the processor derives the amount of movement
using the optimized forward projection model.

6. The image processing device according to claim 1,

wherein the processor derives the amount of movement
on the basis of a forward projection model using, as the
three-dimensional model, a three-dimensional model
that is virtually set in a three-dimensional space corre-
sponding to a feature region of the object in the
three-dimensional space in which the object is disposed
and generates the tomographic image using the derived
amount of movement and the forward projection model
using the three-dimensional model virtually set in the
three-dimensional space in which the object is dis-
posed.

7. The image processing device according to claim 6,

wherein the feature region is a region including a structure
that has a feature amount equal to or greater than a
threshold value.

8. The image processing device according to claim 7,

wherein the object is a breast, and

the structure is at least one of a calcification or a mam-
mary gland.

9. The image processing device according to claim 1,

wherein the processor performs the optimization process
on a first forward projection model using a voxel with
a first size and performs the optimization process on a
second forward projection model using a voxel with a
second size smaller than the first size, using the absorp-
tion coefficient and the amount of movement of the
optimized first forward projection model as initial
values.

10. The image processing device according to claim 9,

wherein the processor repeats the optimization process
while reducing the size of the voxel used.



US 2022/0304647 Al

11. The image processing device according to claim 1,

wherein the processor estimates the forward projection
model using an energy function defined by the absorp-
tion coefficient, the intersection length, and the amount
of movement.

12. A radiography system comprising:

a radiation source that generates radiation;

a radiography apparatus that performs tomosynthesis
imaging which irradiates an object with the radiation
emitted from the radiation source at each of a plurality
of irradiation positions having different irradiation
angles to capture projection images of the object at
each of the irradiation positions; and

the image processing device according to claim 1.

13. An image processing method that is executed by a
computer and processes a plurality of projection images
obtained by irradiating an object with radiation emitted from
a radiation source at each of a plurality of irradiation
positions having different irradiation angles, the image pro-
cessing method comprising:

acquiring the plurality of projection images;

performing an optimization process on a forward projec-
tion model, which has, as parameters, an absorption
coeflicient assigned to each voxel of a three-dimen-
sional model that is virtually set in a three-dimensional
space in which the object is disposed and has a plurality
of voxels as constituent units, an intersection length of
each voxel where a path of the radiation emitted at the

12
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irradiation position intersects the three-dimensional
model, and an amount of movement of the object, on
the basis of the projection images at each of the
plurality of irradiation positions; and

generating a tomographic image of the object using the

optimized parameters.

14. A non-transitory computer-readable storage medium
storing an image processing program that processes a plu-
rality of projection images obtained by irradiating an object
with radiation emitted from a radiation source at each of a
plurality of irradiation positions having different irradiation
angles, the image processing program causing a computer to
perform a process comprising:

acquiring the plurality of projection images;

performing an optimization process on a forward projec-

tion model, which has, as parameters, an absorption
coeflicient assigned to each voxel of a three-dimen-
sional model that is virtually set in a three-dimensional
space in which the object is disposed and has a plurality
of voxels as constituent units, an intersection length of
each voxel where a path of the radiation emitted at the
irradiation position intersects the three-dimensional
model, and an amount of movement of the object, on
the basis of the projection images at each of the
plurality of irradiation positions; and

generating a tomographic image of the object using the

optimized parameters.
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