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An image obtaining unit obtains a plurality of projection
images by imaging a subject with different radiation source
positions. A pixel value projecting unit projects pixel values
of'the projection images on coordinate positions on a desired
slice plane of the subject based on the positional relationship
between the radiation source position with which each pro-
jection image is taken and the radiation detector, while pre-
serving pixel values of the projection images, to obtain a
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TOMOGRAPHIC IMAGE GENERATION
DEVICE AND METHOD, AND RECORDING
MEDIUM

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority under 35
US.C. §119 to Japanese Patent Application No. 2014-
190785, filed on Sep. 19, 2014 and Japanese Patent Applica-
tion No. 2015-162560 filed on Aug. 20, 2015. Each of the
above application(s) is hereby expressly incorporated by ref-
erence, in its entirety, into the present application.

BACKGROUND

[0002] The present disclosure relates to a tomographic
image generation device, a tomographic image generation
method and a tomographic image generation program for
obtaining a plurality of projection images of a subject by
imaging the subject with different radiation source positions,
and generating a tomographic image from the projection
images.

[0003] Inrecent years, in order to more closely observe an
affected part of the body with a radiographic imaging appa-
ratus using radiation, such as x-ray or y-ray, tomosynthesis
imaging has been proposed, in which imaging is performed
by applying radiation to the subject from different radiation
source positions by moving the radiation source, and the thus
obtained projection images are added up to generate a tomo-
graphic image in which a desired slice plane is emphasized. In
the tomosynthesis imaging, a plurality of projection images
are obtained by imaging a subject with different radiation
source positions by moving the radiation source in parallel
with the radiation detector or along a circular or ellipsoidal
arc trajectory depending on characteristics of the imaging
apparatus and necessary tomographic images, and the projec-
tion images are reconstructed to generate a tomographic
image using a simple reverse projection method, or a reverse
projection method such as a filter reverse projection method.
[0004] When the above-described tomosynthesis imaging
is performed, it is necessary to align the projection images
obtained by the imaging with one another before reconstruct-
ing the projection images. For this purpose, techniques have
been proposed which involve calculating the radiation source
position with which each projection image is taken by equally
dividing the range of movement of the radiation source by the
number of shots, or by performing calibration by imaging an
object with known three-dimensional coordinates, and recon-
structing the projection images using information of the cal-
culated radiation source positions.

[0005] With these techniques, however, it is difficult to
accurately move the radiation source to the calculated radia-
tion source positions, due to influence of a mechanical error,
such as vibration during imaging or mechanical misalign-
ment, and the radiation source positions during imaging may
be different from the calculated radiation source positions.
This positional error, or positional misalignment, hinders
accurate alignment of the projection position of an object,
resulting in degradation of the image quality of the tomo-
graphic image.

[0006] Further, with a radiation imaging apparatus that per-
forms the above-described tomosynthesis imaging, a plural-
ity of images of the subject are taken based on an instruction
to start an imaging operation, and this imaging operation
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takes several seconds from the start to the of the imaging
operation, during which the subject may move. When there is
such a body motion of the subject, it is difficult to accurately
align the projection position of the object during the recon-
struction, resulting in degradation of the image quality of the
tomographic image.

[0007] To address this problem, a technique has been pro-
posed where the subject or the imaging table on which the
subject is provided with a marker during the tomosynthesis
imaging, and the marker is imaged together with the subject
to obtain a plurality of projection images including the marker
image (see Japanese Unexamined Patent Publication No.
2013-020023, hereinafter Patent Document 1). According to
the technique taught in Patent Document 1, an accurate radia-
tion source position and an accurate marker position are cal-
culated for each projection image using positional informa-
tion of the marker, and the projection images are
reconstructed using the calculated radiation source position
and marker position, to eliminate the influence of the posi-
tional error of the radiation source positions.

[0008] Further, a technique where a plurality of radio-
graphic images which are sequentially obtained during the
tomosynthesis imaging are displayed on a monitor to allow
the operator to check whether or not there is a body motion,
and a retake operation is performed if there is a body motion
has been proposed (see Japanese Unexamined Patent Publi-
cation No. 2010-194297, hereinafter Patent Document 2).

SUMMARY

[0009] On the other hand, one may consider removing the
influence of'a mechanical error and a body motion by aligning
the projection images obtained by the tomosynthesis imaging
using a known image registration technique, such as affine
transformation, before generating the tomographic image.
However, the influence of a mechanical error and a body
motion appears three-dimensionally and non-linearly in the
subject, and it is difficult to remove the influence of a
mechanical error and a body motion from the tomographic
image by simply translating, rotating, and enlarging or reduc-
ing the projection images Gi by affine transformation, etc.
[0010] In view of the above-described circumstances, the
present disclosure is directed to removing influence of a
mechanical error and a body motion to improve the image
quality of a tomographic image which is generated from a
plurality of projection images obtained by imaging, such as
tomosynthesis imaging, with different radiation source posi-
tions.

[0011] An aspect of a tomographic image generation
device according to the disclosure comprises:

[0012] an image obtaining unit for obtaining a plurality of
projection images corresponding to different radiation source
positions, the projection images being taken by moving a
radiation source relative to a detecting unit and applying
radiation to a subject from the different radiation source posi-
tions to which the radiation source is moved;

[0013] a pixel value projecting unit for projecting pixel
values of the projection images on coordinate positions on a
desired slice plane of the subject based on a positional rela-
tionship between the radiation source position with which
each of the projection images is taken and the detecting unit,
while preserving the pixel values of the projection images, to
obtain slice plane projection images corresponding to the
individual projection images;
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[0014] a positional misalignment correcting unit for cor-
recting positional misalignment between the slice plane pro-
jection images; and

[0015] a pixel value calculating unit for calculating a pixel
value of each coordinate position of interest on the slice plane
from the slice plane projection images having been subjected
to the correction of the positional misalignment to thereby
generate a tomographic image of the slice plane.

[0016] The description “moving a radiation source relative
to a detecting unit” as used herein encompasses cases where
only the radiation source is moved, only the detecting unit is
moved, and both the radiation source and the detecting unit
are moved.

[0017] It should be noted that each of the projection images
and the tomographic image of the slice plane is formed by a
plurality of pixels which are two-dimensionally and dis-
cretely arranged at a given sampling interval, where the pixels
are located at grid points corresponding to the given sampling
interval. The “pixel positions™ as used herein refers to posi-
tions corresponding to the grid points on which pixel values
forming an image are located on the projection image or the
tomographic image. On the other hand, the “coordinate posi-
tions” as used herein includes the grid points on which pixels
forming an image are located, i.e., the pixel positions, and
positions between the grid points, i.e., positions where pixel
values forming the image are not located. That is, the coordi-
nate positions include not only the pixel positions but also
positions between the pixel positions.

[0018] The projection images to be projected may be all the
projection images obtained or two or more projection images
of the projection images obtained.

[0019] The “desired slice plane” as used herein refers to a
slice plane of the subject for which the tomographic image is
generated.

[0020] The description “while preserving the pixel values
of'the projection images” as used herein refers to that the pixel
values of the projection images are not changed. It should be
noted that, in the disclosure, the pixel value at a pixel position
of the projection image may not be able to be projected on a
coordinate position on the slice plane. That is, depending on
the positional relationship between the radiation source posi-
tion and the detecting unit, the pixel value of the projection
image corresponding to the coordinate positions on the slice
plane may not be at a pixel position of the projection image,
but at a coordinate position between pixel positions. In such a
case, the pixel value at the coordinate position on the projec-
tion image to be projected on the coordinate position on the
slice plane can be calculated by interpolation using pixel
values at pixel positions around the coordinate position, for
example. In this case, the pixel value calculated by interpo-
lation is also a pixel value of the projection image, and the
pixel value of the projection image calculated by interpola-
tion is projected on the corresponding coordinate position on
the slice plane while being preserved.

[0021] The “coordinate position of interest on the slice
plane” as used herein refers to a coordinate position for which
the pixel value is calculated to generate the tomographic
image of the slice plane. The tomographic image of the slice
plane can be generated by calculating the pixel value at the
coordinate position of interest with sequentially changing the
coordinate position of interest on the slice plane.

[0022] Inthetomographic image generating device accord-
ing to the disclosure, the pixel value calculating unit may
generate an uncorrected tomographic image based on the
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slice plane projection images before the correction of the
positional misalignment, and the positional misalignment
correcting unit may detect positional misalignment between
the uncorrected tomographic image and each of the slice
plane projection images, and may correct positional mis-
alignment between the slice plane projection images based on
the detected positional misalignment.

[0023] In this case, the positional misalignment correcting
unit may detect new positional misalignment between a
tomographic image generated from the slice plane projection
images having been subjected to the correction of the posi-
tional misalignment and each of the slice plane projection
images having been subjected to the correction of the posi-
tional misalignment, and may correct positional misalign-
ment between the slice plane projection images based on the
detected new positional misalignment, and the pixel value
calculating unit may generate a new tomographic image from
the slice plane projection images having been subjected to the
correction of the new positional misalignment.

[0024] In this case, the positional misalignment correcting
unit and the pixel value calculating unit may repeat the opera-
tions of detecting new positional misalignment based on the
new tomographic image, correcting positional misalignment
between the slice plane projection images based on the
detected new positional misalignment, and generating a new
tomographic image from the slice plane projection images
having been subjected to the correction of the new positional
misalignment, until the new positional misalignment con-
verges.

[0025] The description “repeat . . . until the new positional
misalignment converges” as used herein means that the
operations are repeated until positional misalignment
between the new tomographic image and each of the slice
plane projection images having been subjected to the correc-
tion of the new positional misalignment becomes equal to or
smaller than a predetermined value.

[0026] Inthetomographic image generating device accord-
ing to the disclosure, the positional misalignment correcting
unit may detect the positional misalignment for each local
area on the slice plane, and may correct the positional mis-
alignment between the slice plane projection images for each
local area based on the detected positional misalignment.
[0027] Inthetomographic image generating device accord-
ing to the disclosure, the positional misalignment correcting
unit may detect the positional misalignment for each local
area on the slice plane, may detect global positional misalign-
ment between the slice plane projection images based on the
local positional misalignment, and may correct the positional
misalignment between the slice plane projection images
based on the global positional misalignment.

[0028] In this case, the positional misalignment correcting
unit may detect further positional misalignment for each local
area on the slice plane after the correction of the global
positional misalignment, and may correct the positional mis-
alignment between the slice plane projection images for each
local area based on the further positional misalignment.
[0029] The “local area” as used herein refers to an area
around and including the pixel of interest on the slice plane,
and may be an area of 5x5 pixels or 10x10 pixels, for
example, around and including the pixel of interest. The size
of'the local area is not limited to the above examples and may
be any size.

[0030] The “global” as used herein refers to an area wider
than each local area and including the local areas, and may
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refer to the entire area of the slice plane projection image, or
an area including a plurality of local areas, such as about ten
local areas.

[0031] Inthetomographic image generating device accord-
ing to the disclosure, the positional misalignment correcting
unit may correct the positional misalignment between the
slice plane projection images with removing an outlier pixel
value among pixel values of the slice plane projection images
or weighting the outlier pixel value with a small weight.
[0032] Inthetomographic image generation device accord-
ing to the disclosure, the pixel value projecting unit may
project, for each of the different radiation source positions,
pixel values at coordinate positions on the corresponding
projection image intersecting with straight lines that connect
the radiation source position and individual pixel positions on
the slice plane as pixel values at the pixel positions on the slice
plane on the straight lines.

[0033] Inthetomographic image generation device accord-
ing to the disclosure, the pixel value projecting unit may
project, for each of the different radiation source positions,
pixel values at pixel positions on the corresponding projec-
tion image on straight lines that connect the radiation source
position and the individual pixel positions on the projection
image as pixel values at coordinate positions on the slice
plane intersecting with the straight lines.

[0034] Inthis case, a spacing between coordinate positions
on the slice plane may be smaller than a spacing between
pixel positions on the slice plane.

[0035] Inthetomographic image generating device accord-
ing to the disclosure, the pixel value calculating unit may
calculate the pixel value at the coordinate position of interest
on the slice plane based on a plurality of pixel values of the
projection images having been subjected to the correction of
the positional misalignment and projected in a predetermined
range relative to the coordinate position of interest on the slice
plane, to thereby generate a tomographic image of the slice
plane.

[0036] The “predetermined range relative to the coordinate
position of interest” as used herein refers to a range of a
predetermined number of coordinate positions or pixel posi-
tions around and including the pixel position of interest. For
example, a range of 3x3 coordinate positions or pixel posi-
tions with the pixel position of interest being the center, or a
range of 5x5 coordinate positions or pixel positions with the
pixel position of interest being the center may be set as the
predetermined range relative to the coordinate position of
interest. It should be noted that the size of the predetermined
range may be fixed or may be changed arbitrarily according to
input by the operator.

[0037] Inthetomographic image generation device accord-
ing to the disclosure, the pixel value calculating unit may
calculate the pixel value at the coordinate position of interest
by performing regression analysis on the pixel values of the
slice plane projection images having been subjected to the
correction of the positional misalignment.

[0038] The “regression analysis” is a statistical technique
for analyzing a multivariate relationship. It is assumed here
that observed values observed at observation points include
noise added to the true values. The regression analysis is a
technique to solve an inverse problem to find the true value at
every observation point by regression using a least squares
method, a moving average method, a kernel function, etc. In
the disclosure, the pixel value at the coordinate position of
interest is calculated with assuming that each coordinate posi-
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tion on the slice plane with the pixel values of the projection
images projected thereon is the observation point, each pixel
value at the observation point is the observed value, and a
pixel value at the coordinate position of interest is the true
value.

[0039] Inthetomographic image generation device accord-
ing to the disclosure, the pixel value calculating unit may
calculate pixel values at pixel positions on the slice plane by
performing the regression analysis to generate a regression
surface that represents a tomographic image of the slice
plane, and sampling the regression surface at a desired sam-
pling interval to thereby generate the tomographic image.
[0040] In this case, the sampling interval may be different
from a sampling interval of the projection images.

[0041] By changing the sampling interval of the regression
surface, the resolution of the tomographic image can be
changed. For example, a smaller sampling interval results in
a higher resolution of the tomographic image. The “desired
sampling interval” as used herein refers to a spacing between
pixels with which the tomographic image having a necessary
resolution is obtained. It should be noted that the desired
sampling interval may be fixed or may be changed arbitrarily
according to input by the operator.

[0042] The description “different from a sampling interval
of the projection images” as used herein encompasses both
the cases where the sampling interval of the regression sur-
face is greater than the sampling interval of the projection
images, and where the sampling interval of the regression
surface is smaller than the sampling interval of the projection
images. If the sampling interval of the regression surface is
greater than the sampling interval of the projection images,
the resolution of the tomographic image is lower than the
resolution of the projection images. In contrast, if the sam-
pling interval of the regression surface is smaller than the
sampling interval of the projection images, the resolution of
the tomographic image is higher than the resolution of the
projection images.

[0043] Inthetomographic image generation device accord-
ing to the disclosure, if an instruction to change the size of an
area of interest in the tomographic image being displayed is
received, the pixel value calculating unit may generate a
tomographic image of the area of interest with changing,
according to the instruction to change, the sampling interval
of'an area of the regression surface corresponding to the area
of interest.

[0044] Inthetomographic image generation device accord-
ing to the disclosure, the pixel value calculating unit may
change sharpness of the pixel value at the coordinate position
of interest when the regression analysis is performed.

[0045] The description “change sharpness™ as used herein
encompasses emphasizing the sharpness such that an edge
included in the generated tomographic image is emphasized,
and reducing the sharpness such that the generated tomo-
graphic image is smoothed to reduce noise.

[0046] In this case, the pixel value calculating unit may
change a level of change of the sharpness depending on infor-
mation of at least one of imaging conditions under which the
projection images are taken and a structure of the subject
included in the projection images.

[0047] When the projection images are taken, a smaller
amount of radiation that reaches the detector results in more
noise in the projection images. The amount of noise in the
projection images and the sharpness of the obtained images
also vary depending on the radiation quality of the x-ray, i.e.,
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whether the x-ray is a high voltage x-ray or a low voltage
x-ray, the type of material forming the detecting unit, and/or
the presence or absence of a grid used to remove scattered
rays during imaging. The “imaging conditions” as used
herein refer to various conditions that influence the amount of
noise and the sharpness of the projection images, and
examples thereof may include the amount of radiation that
reaches the detector during imaging, the type of the detecting
unit, and/or the presence or absence of the grid. The “structure
of'the subject” as used herein refers to a structure, such as an
edge, included in the subject.

[0048] A preferred sharpness of the tomographic image
depends on the preference of the user, such as a doctor, who
observes the image. Therefore the sharpness may be change-
able according to the preference of the user.

[0049] Inthetomographic image generation device accord-
ing to the disclosure, the pixel value calculating unit may
calculate the pixel value at the coordinate position of interest
with removing an outlier pixel value among the pixel values
of'the projection images projected in the predetermined range
relative to the coordinate position of interest or weighting the
outlier pixel value with a small weight.

[0050] The “outlier” as used herein refers to a pixel value
that is largely different from the other pixel values among the
pixel values of the projection images projected in the prede-
termined range relative to the coordinate position of interest.
The expression “largely different” as used herein means that
a difference between the value of the outlier and an average
value of the pixel values projected in the predetermined range
relative to the coordinate position of interest, for example,
exceeds a predetermined threshold value.

[0051] Inthetomographic image generation device accord-
ing to the disclosure, the pixel value projecting unit may
correct, based on a positional relationship between a certain
radiation source position and each coordinate position of
interest on the projection image corresponding to the certain
radiation source position, a coordinate position on the slice
plane on which a pixel value at the coordinate position of
interest on the projection image is projected such that two-
dimensional coordinates of the coordinate position of interest
on the projection image corresponding to the certain radiation
source position agrees with two-dimensional coordinates of
the coordinate position on the slice plane on which the pixel
value at the coordinate position of interest on the projection
image is projected, and may project the pixel values of the
projection images on the corrected coordinate positions on
the slice plane to obtain the slice plane projection images.
[0052] In this case, the image obtaining unit may obtain a
radiographic image ofthe subject taken by applying the radia-
tion to the subject from the certain radiation source position,
the pixel value calculating unit may generate the tomographic
image by calculating the pixel value at the coordinate position
of interest on the slice plane with the pixel values of the
projection images being projected on the corrected coordi-
nate positions, and the tomographic image generation device
may further comprise a display unit for displaying the radio-
graphic image and the tomographic image.

[0053] The “radiographic image of the subject” as used
herein refers to an image including a transmission image of a
structure included in the subject, which image being obtained
by imaging the subject under imaging conditions for obtain-
ing a transmission image of the subject with the radiation
source position being fixed at the certain radiation source
position.
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[0054] Inthetomographic image generation device accord-
ing to the disclosure, the pixel value projecting unit and the
pixel value calculating unit may generate the tomographic
image for each of a plurality of slice planes of the subject, and
the tomographic image generation device may further com-
prise a pseudo image generating unit for generating a pseudo
image from the tomographic images.

[0055] The “pseudo image” as used herein refers to a
pseudo image that appears as an image of a type different
from the tomographic image. An example thereof is an addi-
tion tomographic image that is generated by simply adding up
pixel values at corresponding pixel positions of the tomo-
graphic images so that it appears as a transmission image
obtained by ordinary radiographic imaging. Besides the addi-
tion tomographic image, a maximum projection image that
appears as a three-dimensional image obtained by an MIP
(Maximum Intensity Projection) method that extracts maxi-
mum values from corresponding pixel positions of the tomo-
graphic images, and a minimum projection image that
appears as a three-dimensional image obtained by a minIP
(Minimum Intensity Projection) method that extracts mini-
mum values from corresponding pixel positions of the tomo-
graphic images can be used as the pseudo image.

[0056] Inthetomographic image generation device accord-
ing to the disclosure, the pixel value calculating unit may
calculate weighting factors based on a difference between the
pixel value at the coordinate position of interest and the pixel
value at the coordinate position of each projection image
corresponding to the coordinate position of interest, and may
calculate the pixel value at the coordinate position of interest
again based on the plurality of pixel values of the projection
images and the weighting factors to calculate a new pixel
value at the coordinate position of interest.

[0057] In this case, the pixel value calculating unit may
iterate calculating new weighting factors using the new pixel
value at the coordinate position of interest, and calculating a
new pixel value at the coordinate position of interest again
based on the plurality of pixel values of the projection images
and the new weighting factors.

[0058] As the “weighting factor”, for example, a smaller
value may be used for a larger difference between the pixel
value at the coordinate position of interest and each pixel
value at the coordinate position of each projection image
corresponding to the coordinate position of interest.

[0059] The number of iterations of the process of calculat-
ing new weighting factors using the new pixel value at the
coordinate position of interest, and calculating a new pixel
value at the coordinate position of interest again based on the
plurality of pixel values of the projection images and the new
weighting factors may be set in advance, or the process may
be iterated until a given convergence condition, such that a
difference between the new pixel value at the coordinate
position of interest and each pixel value at the coordinate
position of each projection image corresponding to the coor-
dinate position of interest is not greater than a predetermined
threshold value, is satisfied.

[0060] An aspect of a tomographic image generation
method according to the disclosure comprises the steps of:
[0061] obtaining a plurality of projection images corre-
sponding to different radiation source positions, the projec-
tion images being taken by moving a radiation source relative
to a detecting unit and applying radiation to a subject from the
different radiation source positions to which the radiation
source is moved;
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[0062] projecting pixel values of the projection images on
coordinate positions on a desired slice plane of the subject
based on a positional relationship between the radiation
source position with which each of the projection images is
taken and the detecting unit, while preserving the pixel values
of the projection images, to obtain slice plane projection
images corresponding to the individual projection images;
[0063] correcting positional misalignment between the
slice plane projection images; and

[0064] calculating a pixel value of each coordinate position
of interest on the slice plane from the slice plane projection
images having been subjected to the correction of the posi-
tional misalignment to thereby generate a tomographic image
of the slice plane.

[0065] The tomographic image generation method accord-
ing to the disclosure may be provided in the form of a program
for causing a computer to execute the tomographic image
generation method.

[0066] According to the disclosure, pixel values of the pro-
jection images are projected on coordinate positions on a
desired slice plane of the subject based on the positional
relationship between the radiation source position with which
each of the projection images is taken and the detecting unit,
while preserving the pixel values of the projection images, to
generate slice plane projection images corresponding to the
individual projection images. Then, positional misalignment
between the slice plane projection images is corrected, and
the pixel value of each coordinate position of interest on the
slice plane is calculated from the slice plane projection
images having been subjected to the correction of the posi-
tional misalignment, to thereby generate a tomographic
image of the slice plane. As described above, in the disclo-
sure, positional misalignment between the slice plane projec-
tion images projected on the slice plane for which the tomo-
graphic image is generated is corrected. Thus, influence of a
three-dimensional mechanical error and a three-dimensional
body motion can be handled as two-dimensional positional
misalignment on the slice plane. This allows effectively
removing positional misalignment due to a mechanical error
and a body motion on the slice plane, thereby improving
image quality of the tomographic image.

BRIEF DESCRIPTION OF THE DRAWINGS

[0067] FIG. 1 is a diagram illustrating the schematic con-
figuration of a radiographic imaging apparatus to which a
tomographic image generation device according to a first
embodiment of the disclosure is applied,

[0068] FIG. 2 is a diagram illustrating the radiographic
imaging apparatus viewed from the direction of arrow A in
FIG. 1,

[0069] FIG. 3 is a diagram illustrating the schematic con-
figuration of the tomographic image generation device of the
first embodiment implemented by installing a tomographic
image generation program on a computet,

[0070] FIG. 4 is a diagram for explaining how projection
images are obtained,

[0071] FIG. 5 is a diagram for explaining how pixel values
are projected in the first embodiment,

[0072] FIG. 6 is a diagram for explaining how a pixel value
of a projection image is interpolated,

[0073] FIG. 7 shows pixel values projected on a slice plane
in the first embodiment,

[0074] FIG. 8 shows a plurality of slice plane projection
images without positional misalignment,
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[0075] FIG. 9 shows a plurality of slice plane projection
images with positional misalignment,

[0076] FIG.101is adiagram for explaining how a regression
curve (regression surface) including outliers is generated,
[0077] FIG.111is adiagram for explaining how a regression
curve (regression surface) from which outliers are removed is
generated,

[0078] FIG. 12 is a flow chart illustrating a process per-
formed in the first embodiment,

[0079] FIG. 13 is a diagram for explaining how pixel values
are projected in a second embodiment,

[0080] FIG. 14 is a diagram showing pixel values projected
on a slice plane in the second embodiment,

[0081] FIG. 15 is a diagram showing a positional relation-
ship between the position of a structure on a slice plane and
the position of the structure projected on a radiation detector,
[0082] FIG. 16 is a diagram showing a difference between
the position of a structure on a tomographic image and the
position of the structure on a radiographic image,

[0083] FIG. 17 is a diagram illustrating the schematic con-
figuration of a tomographic image generation device of a
fourth embodiment implemented by installing a tomographic
image generation program on a computer,

[0084] FIG. 18 is a diagram for explaining positional mis-
alignment correction performed in a fifth embodiment,
[0085] FIG. 19 is a flow chart illustrating a process per-
formed in the fifth embodiment,

[0086] FIG. 20 shows a state where a slice plane is divided
into local areas, and

[0087] FIG. 21 shows a state where an enlarged image of an
area of interest is displayed on a display unit.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0088] Hereinafter, embodiments of the present disclosure
will be described with reference to the drawings. FIG. 1 is a
diagram illustrating the schematic configuration of a radio-
graphic imaging apparatus to which a tomographic image
generation device according to a first embodiment of the
disclosure is applied, and FIG. 2 is a diagram illustrating the
radiographic imaging apparatus viewed from the direction of
arrow A in FIG. 1. The radiographic imaging apparatus 1 is a
mammographic apparatus that images a breast M (which may
hereinafter also be referred to as “subject M) with different
radiation source positions, which correspond to different
imaging directions, and obtains a plurality of radiographic
images, i.e., projection images, to generate a tomographic
image of the breast by performing tomosynthesis imaging. As
shown in FIG. 1, the radiographic imaging apparatus 1
includes an imaging unit 10, a computer 2 connected to the
imaging unit 10, and a display unit 3 and an input unit 4
connected to the computer 2.

[0089] The imaging unit 10 includes an arm 12, which is
coupled to a base (not shown) via a rotatable shaft 11. An
imaging table 13 is attached to one end of the arm 12, and a
radiation applying unit 14 is attached to the other end of the
arm 12 so as to face the imaging table 13. The arm 12 is
configured such that only the end to which the radiation
applying unit 14 is attached can be rotated, and this allows
only the radiation applying unit 14 to be rotated while the
imaging table 13 is fixed. Rotation of the arm 12 is controlled
by the computer 2.

[0090] The imaging table 13 includes therein a radiation
detector 15 (detecting unit), such as a flat panel detector. The
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imaging table 13 also includes therein a circuit board, etc.,
which includes a charge amplifier for converting an electric
charge signal read out from the radiation detector 15 into a
voltage signal, a correlated double sampling circuit for sam-
pling the voltage signal outputted from the charge amplifier,
an AD converter for converting the voltage signal into a
digital signal, etc.

[0091] The radiation detector 15 is of a type that is repeat-
edly usable to record and read out a radiographic image on
and from it. The radiation detector 15 may be a so-called
direct-type radiation detector, which directly receives the
radiation and generates electric charges, or may be a so-called
indirect-type radiation detector, which once converts the
radiation into visible light, and then converts the visible light
into electric charge signals. As the reading system to read out
the radiographic image signal, it is desirable to use a so-called
TFT reading system, which reads out the radiographic image
signal with turning on and off TFT (thin film transistor)
switches, or a so-called optical reading system, which reads
out the radiographic image signal by applying reading light.
However, this is not intended to limit the invention and any
other type of radiation detector may be used.

[0092] The radiation applying unit 14 contains therein a
x-ray source 16 (radiation source). Timing of application of
radiation from the x-ray source 16 and x-ray generation con-
ditions (such as tube current, time, tube current time product,
etc.) of the x-ray source 16 are controlled by the computer 2.
[0093] To the arm 12, a compression paddle 17 disposed
above the imaging table 13 for compressing the breast M, a
support 18 for supporting the compression paddle 17, and a
moving mechanism 19 for moving the support 18 in the
vertical direction as in FIGS. 1 and 2 are attached.

[0094] Thedisplay unit 3 is a display device, such as a CRT
or a liquid crystal monitor. The display unit 3 displays pro-
jection images which are obtained as described later, a gen-
erated tomographic image, and messages necessary for
operation, etc. The display unit 3 may include a built-in
speaker for outputting sound.

[0095] The input unit 4 is formed by a keyboard, a mouse,
and/or a touch-panel input device. The input unit 4 receives
operation by the operator of the radiographic imaging appa-
ratus 1. The input unit 4 also receives input of various infor-
mation, such as imaging conditions, necessary for performing
tomosynthesis imaging, and instructions to modify the infor-
mation. In this embodiment, the individual units of the radio-
graphic imaging apparatus 1 operate according to the infor-
mation inputted by the operator via the input unit 4.

[0096] A tomographic image generation program is
installed on the computer 2. In this embodiment, the com-
puter may be a work station or a personal computer which is
directly operated by the operator, or may be a server computer
connected to the work station or the personal computer via a
network. The tomographic image generation program is dis-
tributed with being recorded on a recording medium, such as
a DVD or a CD-ROM, and is installed on the computer from
the recording medium. Alternatively, the tomographic image
generation program is stored in a storage device of a server
computer connected to a network or a network storage such
that it is externally accessible, and is downloaded and
installed on the computer as necessary.

[0097] FIG. 3 is a diagram illustrating the schematic con-
figuration of the tomographic image generation device imple-
mented by installing the tomographic image generation pro-
gram on the computer 2. As shown in FIG. 3, the tomographic

Mar. 24, 2016

image generation device includes a CPU 21, a memory 22,
and a storage 23, as the configuration of a standard computer.
[0098] The storage 23 is formed by a storage device, such as
ahard disk or SSD. The storage 23 stores various information
including programs for driving the individual units of the
radiographic imaging apparatus 1, and the tomographic
image generation program. The storage 23 also stores projec-
tion images obtained by tomosynthesis imaging, and a tomo-
graphic image which is generated as described later.

[0099] The memory 22 temporarily stores the programs
stored in the storage 23 for the CPU 21 to execute various
operations. The tomographic image generation program
defines, as the operations to be executed by the CPU 21: an
image obtaining operation for causing the radiographic imag-
ing apparatus 1 to perform tomosynthesis imaging to obtain a
plurality of projection images of the breast M; a pixel value
projecting operation for projecting pixel values of the projec-
tion images on coordinate positions on a desired slice plane of
the breast M, which is the subject, based on the positional
relationship between the position of the x-ray source 16 with
which each projection image is taken and the radiation detec-
tor 15, while preserving the pixel values of the projection
images, to obtain slice plane projection images correspond-
ing to the individual projection images; a positional misalign-
ment correcting operation for correcting positional misalign-
ment between the slice plane projection images; and
tomographic image generating operation for calculating the
pixel value of each coordinate position of interest on the slice
plane from the slice plane projection images having been
subjected to the correction of the positional misalignment to
thereby generate a tomographic image of the slice plane.
[0100] When the CPU 21 executes the above-described
operations according to the tomographic image generation
program, the computer 2 functions as an image obtaining unit
31, apixel value projecting unit 32, a positional misalignment
correcting unit 33, and a pixel value calculating unit 34. It
should be noted that the computer 2 may include CPUs for
executing the image obtaining operation, the pixel value pro-
jecting operation, and the pixel value calculating operation,
respectively.

[0101] The image obtaining unit 31 causes the arm 12 to
rotate about the rotatable shaft 11 to move the x-ray source 16,
applies an x-ray to the breast M, which is the subject, from
different radiation source positions to which the x-ray source
16 is moved, and detects the x-ray transmitted through the
breast M with the radiation detector 15 to obtain a plurality of
projection images Gi (i=1 to n, where n is the number of
radiation source positions) corresponding to the different
radiation source positions. FIG. 4 is a diagram for explaining
how the projection images Gi are obtained. As shown in FIG.
4, the x-ray source 16 is moved to each of radiation source
positions S1, S2, .. ., Sn, and the x-ray source 16 is activated
at each radiation source position to apply an x-ray to the
breast M. Then, the x-ray transmitted through the breast M is
detected with the radiation detector 15 to obtain projection
images G1, G2, ..., Gn corresponding to the radiation source
positions S1 to Sn. The obtained projection images Gi are
stored in the storage 23. It should be noted that the projection
images Gi may be obtained and stored in the storage 23
according to a program separate from the tomographic image
generation program. In this case, the image obtaining unit 31
reads out the projection images Gi, which are stored in the
storage 23, from the storage 23 for the pixel value projecting
operation and the pixel value calculating operation.
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[0102] In this embodiment, all the projection images Gi
stored in the storage 23 may be read out to be used for the
pixel value projecting operation and the pixel value calculat-
ing operation, or a predetermined number of (two or more)
projection images Gi among the projection images Gi stored
in the storage 23 may be read out to be used for the pixel value
projecting operation and the pixel value calculating opera-
tion.

[0103] The pixel value projecting unit 32 projects pixel
values of the projection images obtained by the image obtain-
ing unit 31 on coordinate positions on a desired slice plane of
the breast M while preserving the pixel values of the projec-
tion images. FIG. 5 is a diagram for explaining how the pixel
values are projected in the first embodiment. It should be
noted that FIG. 5 explains a case where a projection image Gi
obtained with a radiation source position Si is projected on a
desired slice plane Tj (j=1 to m, where m is the number of
slice planes) of the breast M.

[0104] Each of the projection image Gi and the tomo-
graphic image of the slice plane Tj, which is generated as
described later, is formed by a plurality of pixels which are
two-dimensionally and discretely arranged at a given sam-
pling interval, where the pixels are located at grid points
corresponding to the given sampling interval. In FIG. 5 and
FIG. 13, which will be described later, the short line segments
orthogonally crossing the projection image Gi and the slice
plane Tj represent boundary positions between the pixels. In
FIG. 5 and FIG. 13, which will be described later, each center
position between the pixel boundary positions is a pixel posi-
tion, which is the grid point. As shown in FIG. 5, in the first
embodiment, pixel values at positions on the projection
image Gi intersecting with the straight lines that connect the
radiation source position Si and the individual pixel positions
on the slice plane Tj are projected as pixel values at the pixel
positions on the slice plane Tj on the corresponding straight
lines.

[0105] Assuming that coordinates of the radiation source
position Si are (sxi, syi, szi), and coordinates of a pixel posi-
tion on the slice plane Tj are Tj(tx, ty, tz), coordinates (pxi,
pyi) of the corresponding coordinate position Pi on the pro-
jection image Gi are expressed by the equations (1) below. In
this embodiment, the z-axis is set in the direction perpendicu-
lar to the detection surface of the radiation detector 15, the
y-axis is set in the direction parallel to the direction in which
the position of the x-ray source 16 on the detection surface of
the radiation detector 15 is moved, and the x-axis is set in the
direction orthogonal to the y-axis.

pxi=(txxszi—sxixtz)/(szi-1z),

pyi=(tyxszi—syixiz)/(szi—tz) (1).

[0106] It should be noted that the coordinate position Pi on
the projection image Gi may not be a pixel position on the
projection image Gi. For example, as shown in FIG. 6, a
coordinate position Pi on the projection image Gi may be
between four pixel positions O1 to O4 on the projection
image Gi. In this case, interpolation calculation is performed
using pixel values at the four pixel positions O1 to O4, which
are nearest to the coordinate position Pi of the projection
image Gi, as shown in FIG. 6, to calculate the pixel value at
the coordinate position Pi, and the calculated pixel value is
projected on the pixel position Tj(tx, ty, tz) on the slice plane
Tj. As the interpolation calculation, any technique, such as
linear interpolation calculation where the pixel values at the
four pixel positions are weighted depending on the distance

Mar. 24, 2016

between the coordinate position Pi and each of the four pixel
positions, non-linear bicubic interpolation calculation using
pixel values at more pixel positions around the coordinate
position Pi, or B-spline interpolation calculation, may be
used. In place of performing the interpolation calculation, the
pixel value at the pixel position which is nearest to the coor-
dinate position Pi may be used as the pixel value at the
coordinate position Pi.

[0107] The pixel value projecting unit 32 projects, for each
radiation source position Si, the pixel values of the corre-
sponding projection image Gi on the slice plane Tj. As a
result, n pixel values corresponding to the number of projec-
tion images are projected on each pixel position on the slice
plane Tj, as shown in FIG. 7. FIG. 7 shows a state where pixel
values of five projection images are projected on each pixel
position. On the slice plane Tj, an image formed by pixel
values of each projection image Gi is generated correspond-
ingly to each of the projection images Gi projected thereon. In
this embodiment, each image on the slice plane Tj formed by
pixel values of each projection image Gi is referred to as a
slice plane projection image TGi. In FIG. 7 and FIGS. 8, 9, 10,
11, 14, and 18, which will be described later, the short line
segments orthogonally crossing the slice plane Tj represent
boundary positions between pixels, and the center positions
between the pixel boundary positions are the pixel positions,
which are the grid points.

[0108] The positional misalignment correcting unit 33 cor-
rects positional misalignment between the slice plane projec-
tion images TGi. If there is no mechanical error and no body
motion of the breast M during the imaging operation with
moving the x-ray source 16 to different radiation source posi-
tions Si, the pixel values of the slice plane projection images
TGi substantially agree with one another, as shown in FIG. 8.
On the other hand, if there is a mechanical error or a body
motion, a slice plane projection image corresponding to a
projection image that is taken when the mechanical error or
the body motion occurs has pixel positions that are shifted
from the corresponding pixel positions of the other slice plane
projection images, as shown in FIG. 9. The positional mis-
alignment correcting unit 33 corrects the positional misalign-
ment between the slice plane projection images TGi such that
the positions of the slice plane projection images TGi agree
with one another. Specifically, the positional misalignment
correcting unit 33 detects feature points, such as an edge, an
intersection point between edges, an corner of an edge, etc.,
included in each slice plane projection image TGi by using an
algorithm such as SIFT (Scale-Invariant Feature Transform)
or SURF (Speeded Up Robust Features), and transforms the
slice plane projection images TGi such that the detected fea-
ture points agree among them, to thereby correct the posi-
tional misalignment. Thus, the positional misalignment
between the slice plane projection images TG is corrected, as
shown in FIG. 8, and the distributions of pixel values of the
slice plane projection images TGi substantially agree with
one another.

[0109] It should be noted that the SIFT is a technique that
describes feature quantities which are invariant to rotation
and/or scaling of an image at feature points, and aligns the
positions of a plurality of images based on the described
feature quantities. The SURF is a technique for more quickly
achieving the above-described alignment by substituting the
operation performed in the SIFT with approximation. It
should be noted that the operation performed to correct posi-
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tional misalignment in this embodiment is not limited to the
SIFT or SURF, and any other suitable technique may be used.
[0110] After the positional misalignment between the slice
plane projection images TGi is corrected, the pixel value
calculating unit 33 generates a tomographic image of the slice
plane Tj by calculating each pixel value on the slice plane Tj.
Specifically, the pixel value at each coordinate position of
interest is calculated based on a plurality of pixel values of the
projection images projected in a predetermined range relative
to the coordinate position of interest for which the pixel value
is calculated. The coordinate position of interest may be a
pixel position on the slice plane Tj. While the pixel values of
the projection images Gi are projected on the pixel positions
on the slice plane Tj in the first embodiment, the pixel value at
each coordinate position of interest may be calculated using
the pixel values projected on the coordinate position of inter-
est, or without using the pixel values projected on the coor-
dinate position of interest. Now, how the pixel value at each
coordinate position of interest is calculated is described.
[0111] The pixel values of the projection images Gi pro-
jected on the slice plane Tj by the pixel value projecting unit
32 tend to be more similar when they are nearer to each other.
Therefore the pixel value calculating unit 34 performs an
operation to change the sharpness such that the pixel values
projected on the slice plane Tj are smoothly continuous. In
this embodiment, the pixel values projected on the slice plane
Tj are filtered with a smoothing filter. Specifically, pixel val-
ues at pixel positions in a predetermined range, such as 3x3 or
5%5, with the coordinate position of interest being the center
are filtered with a Gaussian filter, for example. With this, the
pixel values of pixels at and around the coordinate position of
interest become smoothly continuous, thereby suppressing
noise, such as quantum noise, which is originally included in
the projection images Gi, in the pixel values projected on the
slice plane Tj.

[0112] A value defining the size of the predetermined range
may be stored as a fixed value in the storage 23. Further, the
value may be changed arbitrarily according to input by the
operator via the input unit 4. In this case, the value defining
the size of the predetermined range stored in the storage 23 is
rewritten according to input by the operator via the input unit
4 and the size of the predetermined range is changed.

[0113] The level of smoothness, i.e., the level of noise
suppression can be changed by changing the filter size of the
Gaussian filter. Specifically, increasing the filter size to
increase the range of filtering with the coordinate position of
interest being the center allows higher level of noise suppres-
sion. It should be noted that a lower amount of x-ray reaching
the radiation detector 15 when the projection images Gi are
taken results in more noise in the projection images Gi, which
in turn results in more noise in the pixel values projected on
the slice plane Tj. The amount of noise in the projection
images Gi also varies depending on the radiation quality of
the x-ray, i.e., whether the x-ray is a high voltage x-ray or a
low voltage x-ray. The amount of noise in the projection
images Gi also varies depending on the type of the radiation
detector 15 used to take the projection images. Further, in
some cases, a scattered ray removing grid may be disposed
between the radiation detector 15 and the subject M when the
projection images Gi are taken in order to prevent influence of
scattered ray of the x-ray on the subject M. The amount of
noise in the projection images Gi also varies depending on the
type of the scattered ray removing grid, or the presence or
absence of the scattered ray removing grid.
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[0114] For this reason, in this embodiment, properties of
the smoothing filter are changed based on the imaging con-
ditions, such as the amount of x-ray reaching the radiation
detector 15, the radiation quality of the x-ray, the type of the
radiation detector 15, the type of the scattered ray removing
grid, and the presence or absence of the scattered ray remov-
ing grid. For example, for the imaging conditions which result
in more noise in the projection images Gi, the filter size is
increased so that higher level of noise suppression is
achieved.

[0115] WhenaGaussian filteris used for the filtering, edges
which are structures of the subject M included in the tomo-
graphic image, which is generated as described later, may be
blurred. For this reason, the filtering may be performed using
a bilateral filter which weights neighboring pixels around the
coordinate position of interest depending on the distance
between the pixels, and also weights the neighboring pixels
around the coordinate position of interest with normally dis-
tributed weights such that the weight is smaller when the
difference between pixel values is greater. Alternatively, the
filtering may be achieved using a non-local means filter which
performs weighting based on similarity between a neighbor-
ing area around the coordinate position of interest on the slice
plane Tj and a neighboring area around an arbitrary pixel on
the slice plane Tj. This allows suppressing noise while pre-
serving edges, thereby preventing lowering of the sharpness
of the tomographic image which is generated as described
later.

[0116] Further, the pixel values projected on the slice plane
Tj may be filtered with a differential filter, for example, to
detect an edge which is the structure of the subject, where
there is a sudden change in the pixel value exceeding a pre-
determined threshold value, and the filter properties may be
changed such that the filtering is applied along the direction in
which the edge extends, to thereby change the level of change
of'the sharpness. Still further, the filtering may be performed
such that, with respect to pixel values along a boundary of an
edge, pixel values at positions beyond the edge are not used.
This allows preventing the edge from being smoothed,
thereby preventing lowering of the sharpness of the distribu-
tion of the pixel values projected on the slice plane Tj while
suppressing noise.

[0117] Inplaceoforin addition to the smoothing, an opera-
tion to emphasize the sharpness may be performed to empha-
size edges. In this case, it is preferred to perform the operation
to emphasize the sharpness along the direction in which each
edge extends.

[0118] After the filtering is performed as described above,
the pixel value calculating unit 34 performs regression analy-
sis on the pixel values of the projection images projected on
the slice plane Tj to generate a curved surface, or a regression
surface, that represents a tomographic image of the slice
plane Tj. In the following description, the regression surface
is considered as a regression curve for ease of explanation.
The regression analysis is a statistical technique for analyzing
a multivariate relationship. It is assumed here that observed
values observed at observation points include noise added to
the true values. The regression analysis is a technique to solve
an inverse problem to find the true value at every observation
point by regression using a least squares method, a moving
average method, a kernel function, etc. In the first embodi-
ment, a pixel value rm at each coordinate position of interest
urn is calculated by the regression analysis with assuming that
each coordinate position on the slice plane Tj with the pixel
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values of the projection images Gi projected thereon is an
observation point uk, each pixel value of the projection
images projected on the observation point uk is an observed
value gk, and the pixel value calculated for the coordinate
position of interest um is a true value rm.

[0119] Inthe case where a least squares method is used, itis
assumed that the true value follows a function whose distri-
bution is defined by y parameters a, i.e., r=f(ulal, a2, . .., ay).
Then, the function f can be determined by finding the param-
eters al, a2, . . ., ay which minimize squared errors between
the true values and the observed values. Specifically, the pixel
value rm at each coordinate position of interest is calculated
by determining the parameters of the function f such that the
total sum of errors of the observed values at the observation
points is minimized, according to the equation (3) below, to
generate the regression curve (regression surface). It should
be noted that, as shown by the equation (4) below, a weight wk
may be set for each observation point uk, and the regression
curve (regression surface) may be generated by calculating
the pixel value rm at each coordinate position of interest um
by the weighted least squares method.

rm= ) = F)) ®
k
'm =ZW/<{£1/< - fluP (&)
k
[0120] Inthe case where a moving average method is used,

the regression surface is generated by calculating the pixel
value at each coordinate position of interest by the moving
average method. Specifically, considering the regression sur-
face as aregression curve for ease of explanation, for the pixel
value at each coordinate position of interest urn, an average
value {(gk-1)+qk+(gk+1)}/3 of pixel values of the projection
images Gi projected on three coordinate positions adjacent to
the coordinate position of interest um, i.e., coordinate posi-
tions uk-1, uk, and uk+1, for example, is calculated, and the
calculated average value is used as the pixel value at the
coordinate position of interest um. It should be noted that a
weight may be set for each pixel value. For example, weights
may be set such that the weight is smaller as the distance from
the coordinate position of interest um is greater.

[0121] Inthe case where regression using a kernel function
is used, the regression curve (regression surface) is calculated
by determining a kernel function, according to the equation
(5) below, for each coordinate position of interest um and the
observation point uk on the slice plane Tj on which the pixel
values of the projection images are projected. The “argmin”
in the equation (5) means that the value of r(um) that mini-
mizes the right side is calculated.

rlitn) = arg,?;iﬁ; g = P K (b s G ) ®)
[0122] The above-described filtering for smoothing can be

integrated into the regression analysis. In the case where the
least squares method is used, using a low-dimensional func-
tion as the function fresults in a higher level of smoothing of
the generated regression surface. In contrast, using a high-
dimensional function as the function f results in a higher level
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of sharpness of the generated regression surface. In the case
where the moving average is used, the level of smoothing can
be changed by changing the number of pixels for which the
average is calculated, or changing the level of weighting.
Namely, increasing the number of pixels for which the aver-
age is calculated results in a higher level of smoothing. Also,
the level of smoothing may be changed by changing the level
of weighting depending on the imaging conditions, as
described above.

[0123] With the regression technique using a kernel func-
tion, the level of smoothing can be changed depending on the
design of the kernel function. In particular, the regression
technique using a kernel function allows obtaining an effect
similar to that of the weighted least squares method and
emphasizing edges depending on the design of the kernel
function. For example, when the kernel function expressed by
the equation (6) below is used, the regression surface is gen-
erated such that a pixel value closer to the observed value gk
at the observation point uk is calculated when the distance
between the coordinate position of interest um and the obser-
vation point uk is smaller. This allows obtaining a smoothing
effect similar to that obtained by using a Gaussian filter. The
“hx” in the equation (6) is a bandwidth parameter.

—lletg = thall? ©)
Ky, ) = exp T

[0124] In FIG. 7, two pixel values among the five pixel
values projected on the rightmost pixel position on the slice
plane Tj are largely different from the pixel values at the
adjacent pixel positions. If there are pixel values that are
largely different from the pixel values of the adjacent pixels,
the value of the generated regression surface at the pixel
position which includes the outliers is largely different from
the value at the adjacent pixel position, as shown in FIG. 10.
Then, when a tomographic image is generated from the cal-
culated regression surface, as described later, the tomo-
graphic image includes an artifact at the pixel position corre-
sponding to the outliers.

[0125] For this reason, after the positional misalignment
correction, the pixel value calculating unit 34 determines a
pixel value which is largely different from the adjacent pixel
values among the pixel values projected on the slice plane Tj,
i.e., among the pixel values of the slice plane projection
images TGi, as an outlier, and calculates the pixel value at
each coordinate position of interest with removing the outlier
pixel value. For example, the pixel value calculating unit 33
calculates a difference between each of the pixel values pro-
jected on the coordinate position of interest and an average
value of pixel values at pixel positions adjacent to the coor-
dinate position of interest on the slice plane Tj, and deter-
mines a pixel value whose difference from the average value
exceeds a predetermined threshold value as an outlier to
remove the outlier pixel value when the regression analysis is
performed. In place of removing the outlier, the outlier pixel
value may be weighted with a small weight.

[0126] When the regression curve (regression surface) is
calculated with removing the outliers or weighting the outli-
ers with a small weight, the value at the pixel position includ-
ing the outliers does not differ largely from the value at the
adjacent pixel position, as shown in FIG. 11. This allows
preventing the tomographic image from including an artifact.
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[0127] The operation to remove an outlier can be integrated
into the regression analysis. In the case where the least
squares method is used, the weighted least squares method
shown by the equation (4) above may be used with weighting
the outlier pixel values with O or a small weight. In the case
where the moving average is used, a weighted average may be
calculated with weighting the outlier pixel values with O or a
small weight.

[0128] Alternatively, the outliers can be removed or
weighted with a small weight during the positional misalign-
ment correction. Removing the outliers or weighting the out-
liers with a small weight during the positional misalignment
correction allows preventing such situations where the outli-
ers which are highly likely to be artifacts are detected as
feature quantities, or the positional misalignment correction
is performed with being influenced by the outliers. This
allows more accurate correction of positional misalignment
between the slice plane projection images TGi.

[0129] After the regression surface is generated, the pixel
value calculating unit 34 samples the regression surface at a
desired sampling interval to generate a tomographic image.
The sampling interval may be stored in the storage 23 as a
fixed value. The sampling interval may be changeable to an
arbitrary value according to an instruction made via the input
unit 4. For example, if the same sampling interval as that of
the projection images is set, the tomographic image has the
same resolution as that of the projection images Gi. If the
sampling interval is set smaller than that of the projection
images G1, the tomographic image has a higher resolution
than that of the projection images Gi. In contrast, if the sam-
pling interval is set greater than that of the projection images
(i, the tomographic image has a lower resolution than that of
the projection images Gi. In this case, the value of the sam-
pling interval stored in the storage 23 is rewritten according to
input by the operator via the input unit 4 and the sampling
interval is changed. Alternatively, the sampling interval may
be adjusted depending on the resolution of the display unit 3.
[0130] Next, aprocess performed in the first embodiment is
described. FIG. 12 is a flow chart showing the process per-
formed in the first embodiment. In response to an instruction
to start the process made by the operator and received by the
input unit 4, the tomosynthesis imaging is performed, and the
image obtaining unit 31 obtains a plurality of projection
images Gi (step ST1). Then, the pixel value projecting unit 32
projects pixel values of the projection images Gi on coordi-
nate positions on a desired slice plane Tj of the breast M,
while preserving the pixel values of the projection images
obtained by the image obtaining unit 31 (step ST2). Further,
the positional misalignment correcting unit 33 corrects posi-
tional misalignment between the slice plane projection
images TGi (step ST3).

[0131] Subsequently, the pixel value calculating unit 34
performs the regression analysis on the pixel values of the
projection images Gi projected on the slice plane Tj (step
ST4) to generate a regression surface that represents a tomo-
graphic image of the slice plane Tj (step ST5). Further, the
pixel value calculating unit 34 samples the regression surface
at a given sampling interval to generate a tomographic image
(step ST6), and the process ends. It should be noted that, when
another tomographic image at a different slice plane is to be
generated, the operations in steps ST1 to ST6 are performed
with changing the position of the slice plane.

[0132] As described above, in the first embodiment, pixel
values of each of the projection images Gi are projected on

Mar. 24, 2016

coordinate positions on a desired slice plane Tj of the breast
M, which is the subject, based on the positional relationship
between the position of the x-ray source 16 with which each
projection image Gi is taken and the radiation detector 15,
while preserving the pixel values of the projection images Gi,
to generate the slice plane projection image TGi for each of
the projection images Gi, and positional misalignment
between the slice plane projection images TGi is corrected.
Thus, the influence of a three-dimensional mechanical error
and a three-dimensional body motion can be handled only as
atwo-dimensional positional misalignment on the slice plane
Tj. This allows effectively removing positional misalignment
due to amechanical error and a body motion on the slice plane
Tj, thereby improving the image quality of the tomographic
image.

[0133] Further, in the first embodiment, the tomographic
image is generated by calculating the pixel value of each
coordinate position of interest by generating a regression
surface by regression analysis, for example, from the slice
plane projection images TGi having been subjected to the
positional misalignment correction. When compared with the
conventional techniques where only the pixel values of the
projection images Gi projected on each coordinate position of
interest are used to calculate the pixel value at the coordinate
position of interest, this embodiment allows taking influence
of pixel values around the coordinate position of interest into
account, thereby reducing artifacts to allow generation of a
tomographic image with even higher image quality. Further,
since it is not necessary to repeat projecting the pixel values
again and again, which is necessary in the iterative approxi-
mation reconstruction method, significant reduction of the
calculation time can be achieved.

[0134] Further, a tomographic image with a desired reso-
Iution can be generated by calculating the pixel value at each
coordinate position of interest by sampling the regression
surface at a desired sampling interval.

[0135] Next, a second embodiment of the disclosure is
described. It should be noted that the configuration of the
tomographic image generation device according to the sec-
ond embodiment is the same as the above-described configu-
ration of the tomographic image generation device according
to the first embodiment, and only the process performed is
different. Therefore detailed description of the device is omit-
ted in the following description. In the above-described first
embodiment, pixel values of each of the projection images Gi
at positions intersecting with the straight lines that connect
the radiation source position and the individual pixel posi-
tions on the slice plane Tj, as shown in FIG. 5, are projected
as pixel values at the pixel positions on the slice plane Tj on
the straight lines. Whereas, in the second embodiment, for
each of the different radiation source positions Si, pixel val-
ues at pixel positions on the corresponding projection image
Gi on straight lines that connect the radiation source position
Si and the individual pixel positions on the projection image
Gi are projected on coordinate positions on the slice plane Tj
intersecting with the straight lines.

[0136] FIG. 13 is a diagram for explaining how the pixel
values are projected in the second embodiment. It should be
noted that FIG. 13 explains a case where a projection image
(i obtained at a radiation source position Si is projected on a
desired slice plane Tj (j=1 to m, where m is the number of
slice planes) among slice planes of the breast M. As shown in
FIG. 13, in the second embodiment, pixel values at pixel
positions of the projection image Gi on the straight lines that



US 2016/0081645 Al

connect the radiation source position Si and the individual
pixel positions on the projection image Gi are projected as
pixel values at coordinate positions on the slice plane Tj
intersecting with the straight lines. The relationship among
the coordinates (sxi, syi, szi) of the radiation source position
atthe radiation source position Si, the coordinates Tj(tx, ty, 1)
of a pixel position on the slice plane Tj, and the coordinates
(pxi, pyi) of a coordinate position Pi on the projection image
Gi are as shown by the equations (1) above. Therefore the
coordinate position on the slice plane Tj on which the pixel
value at each pixel position on the projection image Gi is
projected can be calculated by solving the equations (1) for tx
and ty, where pxi and pyi in the equations (1) are the pixel
position on the projection image Gi. In this manner, each pixel
value of each projection image Gi is projected on the calcu-
lated coordinate position on the slice plane Tj.

[0137] Inthiscase, as shown in FIG. 13, intersection points
Tjx between the slice plane Tj and the straight lines that
connect the radiation source position Si and the individual
pixel positions on the projection image Gi may not be pixel
positions on the slice plane Tj. In this case, in the second
embodiment, the pixel values of the projection image Gi are
projected on coordinate positions between the pixel positions
on the slice plane Tj. This means that, in the second embodi-
ment, the pixel values of the projection image are projected
also on coordinate positions other than the pixel positions on
the slice plane Tj.

[0138] In the second embodiment, the pixel value project-
ing unit 32 projects, for all the radiation source positions Si,
the pixel values of all the projection images G1 to Gn on the
slice plane Tj. Thus, pixel values corresponding to the number
of pixels of all the projection images Gi are projected on
coordinate positions including the pixel positions on the slice
plane Tj, as shown in FIG. 14.

[0139] Similarly to the first embodiment, the positional
misalignment correcting unit 33 in the second embodiment
corrects positional misalignment between the slice plane pro-
jection images TG1, and the pixel value calculating unit 34 in
the second embodiment performs the filtering on the pixel
values of the projection images Gi having been subjected to
the positional misalignment correction and projected on the
slice plane Tj, and performs the regression analysis to gener-
ate a regression surface. The filtering is performed with set-
ting each coordinate position on the slice plane on which the
pixel values are projected as the center.

[0140] Inthe second embodiment, since the pixel values of
the projection images Gi are projected on coordinate posi-
tions on the slice plane Tj, as described above, it is not
necessary to perform interpolation of the pixel values of the
projection images Gi, which is necessary in the first embodi-
ment. When compared with the first embodiment, image
quality of the projection images is not degraded when they are
projected. This allows achieving even higher image quality of
the generated tomographic image.

[0141] Further, in the second embodiment, a spacing
between the coordinate positions on the slice plane Tj on
which the pixel value are projected is smaller than a spacing
between the pixel positions on the slice plane Tj, and coordi-
nate positions other than the pixel positions on the slice plane
Tj also have pixel values. This allows generating a highly
accurate regression surface based on the actually obtained
pixel values of the projection images, even in a frequency
band higher than the Nyquist frequency, which is determined
by the spacing between the pixel positions on the slice plane
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Tj. Therefore, in the second embodiment, degradation of
image quality can be suppressed even when a small sampling
interval of the regression surface is set, thereby allowing
generation of a tomographic image with even higher image
quality.

[0142] Next, a third embodiment of the disclosure is
described. It should be noted that the configuration of the
tomographic image generation device according to the third
embodiment is the same as the above-described configuration
of'the tomographic image generation device according to the
first embodiment, and only the process performed is different.
Therefore detailed description of the device is omitted in the
following description. The difference between the third
embodiment and the first embodiment lies in that, in the third
embodiment, the image obtaining unit 31 further obtains a
radiographic image by ordinary x-ray imaging, and the pixel
value projecting unit 32 corrects projection positions on a
slice plane Tj on which pixel values of the projection images
are projected. It should be noted that the “ordinary x-ray
imaging” as used herein refers to x-ray imaging where the
x-ray source 16 is not moved and is fixed at a certain radiation
source position, and the x-ray is applied to the subject under
imaging conditions for obtaining a transmission image of the
subject.

[0143] As shown in FIG. 15, the x-ray emitted from the
x-ray source 16 is a cone beam, which spreads as it travels
away from the x-ray source 16. The position of the surface of
the radiation detector 15, at which the projection images Gi
are obtained, is farther from the x-ray source 16 than the slice
plane Tj. Therefore when the breast M is imaged with a
certain radiation source position among different radiation
source positions Si, the position of a structure B0, such as a
mammary gland and a calcification, included in the breast M
on the projection image Gi detected by the radiation detector
15 is different from the position of the structure B0 in a
tomographic image TGj of the slice plane Tj, as shown in FI1G.
16.

[0144] When a radiographic image is obtained by the ordi-
nary X-ray imaging, the position of the x-ray source 16 is fixed
at a certain radiation source position, and the breast M is
imaged under imaging conditions for obtaining a transmis-
sion image of the breast M. Therefore the geometrical posi-
tional relationship of the projection image obtained with the
certain radiation source position is the same as that of the
radiographic image. In this case, when the obtained radio-
graphic image and the tomographic image are displayed side
by side for diagnosis, the position of the structure B0 in the
radiographic image differs from the position of the structure
B0 in the tomographic image. In the third embodiment, the
pixel value projecting unit 32 corrects the coordinate position
on the slice plane Tj on which the pixel value at each coordi-
nate position of interest on the projection image Gi is pro-
jected based on the positional relationship between the radia-
tion source position Si with which the projection image Gi is
taken and the coordinate position of interest on the projection
image Gi, such that the coordinate position of interest on the
projection image Gi agrees with the coordinate position on
the slice plane Tj on which the pixel value at the coordinate
position of interest is projected. It should be noted that the
positional misalignment correction is performed on the pixel
values of the projection images Gi projected on the corrected
coordinate positions.

[0145] Now, how the projection positions are corrected is
described. As shown in FIG. 15, assuming that coordinates of
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the radiation source position at the radiation source position
Si are (sxi, syi, szi), and coordinates of the structure B0 on the
slice plane Tj are Tj(tx, ty, tz), coordinates Pi(pxi, pyi) of the
projection position on the radiation detector 15 on which the
structure B0 is projected are expressed by the equations (1)
above.

[0146] Assuming that Pi is the coordinate position of inter-
est, if the coordinate positions are not corrected, the coordi-
nate position of interest Pi is projected on a coordinate posi-
tion Tj on the slice plane Tj, and the coordinate position on the
slice plane Tj on which the pixel value at the coordinate
position of interest Pi is projected can be calculated by solv-
ing the equations (1) for tx and ty.

[0147] On the other hand, as shown in FIG. 15, when the
x-ray source 16 is present on a line which is orthogonal to the
detection surface of the radiation detector 15 and crosses the
coordinate position Pi(pxi, pyi), the coordinate position of
interest Pi is projected at the intersection point on the tomo-
graphic image of the slice plane Tj between the slice plane Tj
and the straight line that connects the radiation source posi-
tion Sc and the coordinate position Pi. In this case, the posi-
tion of the structure B0 on the tomographic image of the slice
plane Tj is at the same two-dimensional coordinates as those
on the projection image Gi taken with the radiation source
position Sc, and the position of the structure B0 on the pro-
jection image Gi agrees with the position of the structure B0
on the tomographic image of the slice plane Tj. Therefore the
coordinate position on the slice plane Tj on which the pixel
value at the coordinate position of interest is projected is
corrected by changing the radiation source position which
serves as the reference when the pixel value of the projection
image is projected on the slice plane Tj to the radiation source
position Sc, which is present on the straight line that is
orthogonal to the coordinate position of the pixel value to be
projected on the projection image. Assuming that the coordi-
nate position of the radiation source position Sc serving as the
reference for the correction is (sxc, syc, szc), the relationship
between the coordinate position of interest Pi and the coor-
dinate position (tx,ty) on the slice plane Tj after the correction
is expressed by the equation (7) below.
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[0148] In the equation (7), (sz.~tz)/sz,. in the first term of
the equation expressing each of pxi and pyi represents the
enlargement factor at the coordinate position, and the third
term represents the amount of shift of the coordinate position
in the x direction or the y direction. Therefore the corrected
coordinate position on the slice plane Tj on which the pixel
value at the coordinate position of interest Pi is projected can
be calculated by solving the equation (7) for tx and ty.

[0149] By correcting the coordinate positions on the slice
plane Tj on which the pixel values of the projection images Gi
are projected in this manner, the position of a structure, such
as a tumor, included in the tomographic image can be made
the same as the position of the corresponding structure
included in the projection image, i.e., the radiographic image.
This allows more accurate diagnosis using the radiographic
image and the tomographic image.
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[0150] Next, a fourth embodiment of the disclosure is
described. FIG. 17 is a diagram illustrating the schematic
configuration of a tomographic image generation device
according to the fourth embodiment. It should be noted that
the elements shown in FIG. 17 that are the same as those
shown in FIG. 3 are denoted by the same reference numerals,
and a detailed description thereof is omitted. The difference
between the fourth embodiment and the first embodiment lies
in that the tomographic image generation device according to
the fourth embodiment includes a pseudo image generating
unit 35 for generating a pseudo image from a plurality of
tomographic images of a plurality of slice planes of the breast
M.

[0151] The pseudo image generating unit 35 generates as
the pseudo image an addition tomographic image by adding
up corresponding pixel positions of a plurality of tomo-
graphic images TGj generated for a plurality of slice planes
Tj. The thus generated addition tomographic image shows a
pseudo transmission image of the subject, which appears as
the same as a radiographic image obtained by the ordinary
x-ray imaging. In this embodiment, the tomographic images
have high image quality with reduced noise. By adding up
such tomographic images, a high quality transmission image,
i.e., a high quality pseudo radiographic image, can be gener-
ated.

[0152] In the fourth embodiment, when the pixel values of
the projection images are projected on coordinate positions
on each slice plane, the coordinate positions on the slice plane
Tj are corrected similarly to the third embodiment to make the
position of a corresponding structure the same among the
tomographic images. This facilitates determining corre-
sponding pixel values to perform the addition, thereby allow-
ing generation of a radiographic image with even higher
image quality.

[0153] Itshould be noted that, in place of an addition tomo-
graphic image, the pseudo image generating unit 35 may
generate as the pseudo image a maximum projection image
which is obtained by an MIP method that extracts maximum
values from the corresponding pixel positions of the plurality
of tomographic images. Alternatively, the pseudo image gen-
erating unit 35 may generate as the pseudo image a minimum
projection image which is obtained by a minlP method that
extracts minimum values from the plurality of tomographic
images.

[0154] Next, a fifth embodiment of the disclosure is
described. It should be noted that the configuration of the
tomographic image generation device according to the fifth
embodiment is the same as the above-described configuration
of'the tomographic image generation device according to the
first embodiment, and only the process performed is different.
Therefore detailed description of the device is omitted in the
following description. In the fifth embodiment, before per-
forming the positional misalignment correction between the
slice plane projection images TGi, the pixel value calculating
unit 34 generates a temporary tomographic image (uncor-
rected tomographic image), and the positional misalignment
correcting unit 33 performs the positional misalignment cor-
rection between the slice plane projection images TGi using
the temporary tomographic image.

[0155] FIG. 18 is a diagram for explaining the positional
misalignment correction performed in the fifth embodiment.
FIG. 18 includes, in addition to the pixel values of the slice
plane projection images TGi, which are similar to those
shown in FIG. 9, pixel values of a temporary tomographic
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image, shown by the dashed line, generated by the pixel value
calculating unit 34 before the positional misalignment cor-
rection. In the fifth embodiment, the positional misalignment
correcting unit 33 corrects positional misalignment between
the slice plane projection images TGi such that the positions
of'the slice plane projection images TGi agree with the posi-
tion of the temporary tomographic image generated before
the positional misalignment correction.

[0156] Specifically, for each of the slice plane projection
images TGi, an index, such as normalized cross correlation or
mutual information, representing positional misalignment
relative to the temporary tomographic image is calculated,
and the positions of the slice plane projection images TGi are
corrected such that the indices are maximized (or minimized).
Alternatively, for each of the slice plane projection images
TGi, squared errors or absolute errors of difference values
from the tomographic image are calculated as an index rep-
resenting the positional misalignment and the positional mis-
alignment of the slice plane projection images TGi is cor-
rected such that the indices are minimized. The minimization
of'the squared errors between the tomographic image and the
slice plane projection images TGi can be achieved by calcu-
lating affine transformation parameters 6, i.e., an amount of
shift, an angle of rotation, and a scaling factor, that minimize
the energy function E expressed by the equation (8) below. In
the equation (8), r represents a set of pixel values of the
tomographic image, gj represents a set of pixel values of each
projection image projected on the slice plane Tj, and Wj(0) is
an affine transformation matrix.

E=arg ming (- 7,(0)q,” ®)

[0157] In the fifth embodiment, the pixel value calculating
unit 34 generates a tomographic image by performing the
regression analysis similarly to the first embodiment based on
the slice plane projection images TGi having been subjected
to the positional misalignment correction as described above.
After the tomographic image is generated, the positional mis-
alignment correcting unit 33 performs further positional mis-
alignment correction between the newly generated tomo-
graphic image and the slice plane projection images TGi
having been subjected to the positional misalignment correc-
tion. Then, the pixel value calculating unit 34 generates a new
tomographic image from the slice plane projection images
TGi having been subjected to the further positional misalign-
ment correction. Then, the positional misalignment correct-
ing unit 33 and the pixel value calculating unit 34 calculates
an amount of positional misalignment between the generated
new tomographic image and each of the slice plane projection
images TGi having been subjected to the further positional
misalignment correction. As the amount of positional mis-
alignment, two-dimensional distances between correspond-
ing feature points of the new tomographic image and of the
slice plane projection images T'Gi can be used. Alternatively,
the value of the energy function E of the equation (8) above or
an index of positional misalignment, such as normalized
cross correlation or mutual information, can be used as the
amount of positional misalignment. The operations of cor-
recting positional misalignment and generating a tomo-
graphic image are repeated until the calculated amounts of
positional misalignment converge, to thereby generate a final
tomographic image. Determination as to whether or not the
amounts of positional misalignment have converged can be
achieved by determining whether or not the amount of posi-
tional misalignment calculated for each slice plane projection
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image TGi is equal to or smaller than a predetermined thresh-
old value Thl. Alternatively, the determination as to whether
or not the amounts of positional misalignment have con-
verged can be achieved by determining whether or not an
average value of the amounts of positional misalignment
calculated for the slice plane projection images TG is equal to
or smaller than the threshold value Th1.

[0158] Next, a process performed in the fifthembodiment is
described. FIG. 19 is a flow chart illustrating the process
performed in the fifth embodiment. In response to an instruc-
tion to start the process made by the operator and received by
the input unit 4, the tomosynthesis imaging is performed, and
the image obtaining unit 31 obtains a plurality of projection
images Gi (step ST11). Then, the pixel value projecting unit
32 projects pixel values of the projection images Gi on coor-
dinate positions on a desired slice plane Tj of the breast M,
while preserving the pixel values of the projection images
obtained by the image obtaining unit 31 (step ST12). Further,
the pixel value calculating unit 34 generates a tomographic
image (step ST13). It should be noted that the operations
performed to generate the tomographic image are the same as
those in steps ST4 to ST6 in the first embodiment and detailed
description thereof is omitted in the following description.
[0159] Subsequently, the positional misalignment correct-
ing unit 33 calculates an amount of positional misalignment
between the generated tomographic image and each of the
slice plane projection images TGi (step ST14), and deter-
mines whether or not the amount of positional misalignment
is equal to or smaller than the predetermined threshold value
Th1 (step ST15). If a negative determination is made in step
ST15, the positional misalignment correcting unit 33 corrects
positional misalignment between the slice plane projection
images TGi (step ST16), and the pixel value calculating unit
34 generates a new tomographic image based on the slice
plane projection images TGi having been subjected to the
positional misalignment correction (step ST17), and the pro-
cess returns to step ST14. It should be noted that, in step
ST14, an amount of positional misalignment between the
newly generated tomographic image and each of the slice
plane projection images TGt is calculated. On the other hand,
if an affirmative determination is made in step ST15, the pixel
value generating unit 33 determines the currently generated
tomographic image as the final tomographic image (step
ST18), and the process ends.

[0160] As described above, in the fifth embodiment, detec-
tion of new positional misalignment based on a new tomo-
graphic image, correction of positional misalignment
between the slice plane projection images TGi based on the
detected new positional misalignment, and generation of a
new tomographic image from the slice plane projection
images having been subjected to the correction of the new
positional misalignment are repeated until the amounts of
positional misalignment become equal to or smaller than the
threshold value Thl. This allows appropriately and more
effectively remove positional misalignment due to a
mechanical error and a body motion, thereby obtaining a
tomographic image with even higher image quality.

[0161] It should be noted that, in the above-described
embodiments, the slice plane Tj may be divided into a plu-
rality of local areas, as shown in FIG. 20, and positional
misalignment between the slice plane projection images TGi
may be corrected for each local area. In this case, the posi-
tional misalignment is corrected such that the slice plane
projection images TGi are smoothly continuous at the bound-
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aries between the local area or similar amounts of correction
of positional misalignment are applied to the adjacent local
areas so that there is no sudden change of the amount of
positional misalignment between the adjacent local areas. For
example, in the case where the affine transformation param-
eters 0 that minimize the energy function E are calculated, as
in the above-described fifth embodiment, a constraint that
provides similar values of the parameters 6 for the adjacent
local areas may be added, or a constraint that provides the
parameters 6 having a value of 0 for the adjacent local areas
may be added, as shown in the equation (9) below. In the
equation (9), changing the value of the coefficient o allows
changing the level of constraint.

E=arg mingS,(r-W(0)g,)>+a6’0 ©)

[0162] By correcting the positional misalignment between
the slice plane projection images TGi for each local area in
this manner, non-linear positional misalignment on the slice
plane can be handled as linear positional misalignment in
each local area, and this allows effectively removing non-
linear positional misalignment due to a mechanical error and
a body motion.

[0163] It should be noted that the amount of positional
misalignment may be calculated for each local area, and
based on the amount of positional misalignment calculated
for each local area, a global amount of positional misalign-
ment of the entire image may be calculated for each of the
slice plane projection images TGi. Then, based on the global
amount of positional misalignment, the positional misalign-
ment between the slice plane projection images TGi may be
globally corrected.

[0164] Further, after the global positional misalignment is
corrected, an amount of positional misalignment for each
local area may further be calculated, and the positional mis-
alignment between the slice plane projection images TGi
having been subjected to the correction of the global amount
of positional misalignment may be corrected for each local
area based on the amount of positional misalignment calcu-
lated for each local area. This allows more accurately remov-
ing positional misalignment.

[0165] When the generated tomographic image is dis-
played on the display unit 3 in the above-described embodi-
ments, an instruction to change the size of an area of interest
on the tomographic image may be received to display an
enlarged image of the area of interest for which the instruction
to change the size is received. In this case, an area of the
regression surface corresponding to the area of interest for
which the instruction to change the size has been received is
extracted, and a sampling interval which is smaller than the
sampling interval of the tomographic image is set to sample
the extracted area. This allows displaying an enlarged image
A2 of the area of interest Al specified on the tomographic
image TGj, as shown in FIG. 21. The sampling interval here
is preferably a sampling interval that is determined by the
resolution of the display unit 3. While the enlarged image A2
shown in FIG. 21 is superimposed on the tomographic image
TGj, the enlarged image A2 may be displayed in place of the
tomographic image TGj, or the enlarged image A2 may be
displayed side by side with the tomographic image TGj. In a
case where an instruction to reduce an area of interest is made,
a sampling interval that is greater than the sampling interval
of'the tomographic image is set to sample an extracted area of
the regression surface corresponding to the area of interest.
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[0166] Itshould benoted that, in the tomographic images of
adjacent slice planes, the corresponding pixel positions tend
to have the same pixel value. For this reason, in the above-
described embodiments, a plurality of regression surfaces at a
plurality of slice planes of the breast M may be generated, and
the regression surface of a slice plane of interest may be
smoothed using the regression surfaces of the adjacent slice
planes. Specifically, for a regression surface of a slice plane
Tj, a correlation among pixel values at corresponding pixel
positions on regression surfaces of three adjacent slice planes
Tj-1, Tj, and Tj+1 is calculated. Then, if the correlation
exceeds a predetermined threshold value, smoothing is per-
formed for the pixel position on the slice plane Tj by calcu-
lating an average of the pixel values of the three slice planes
Tj-1, Tj, and Tj+1, for example. As the correlation, absolute
difference values between the pixel values at the correspond-
ing pixel positions can be used, for example. This allows
taking the influence of pixel values at adjacent slice planes
into account, thereby allowing generation of a high image
quality tomographic image with further reduced noise.

[0167] Further, after the regression surface is generated in
the above-described embodiments, the regression surface
may be modified by calculating an absolute difference value
between each pixel value projected on each coordinate posi-
tion on the slice plane Tj and the value of the regression
surface at the corresponding coordinate position, determining
a pixel value whose absolute difference value exceeds a pre-
determined threshold value as an outlier, and removing the
outlier or weighting the outlier with a small weight. For
example, in the case where the regression curve as shown in
FIG. 10 is generated, an absolute difference value between
each of'the five pixel values projected on the rightmost pixel
position on the slice plane Tj and the value of the regression
curve at the corresponding pixel position is calculated. In this
case, the absolute difference values of the two pixel values
having the large values exceed the threshold value. Then, the
two pixels having the large values are removed as outliers or
weighted with a small weight to modify the regression curve.
This allows generating a regression curve, as shown in FIG.
11, where the value at the pixel position including the outliers
does not largely differ from the value at the adjacent pixel
position.

[0168] Further, while the regression surface is generated
after all the pixel values of the projection images Gi are
projected on the slice plane Tj in the above-described
embodiments, the regression surface may be generated for
each projection image Gi. In this case, a correlation at corre-
sponding coordinate positions among the regression surfaces
calculated for the individual projection images Gi is calcu-
lated. As the correlation, absolute difference values can be
used. Then, if there is a regression surface having a small
correlation, i.e., having a pixel value whose absolute difter-
ence value exceeds a predetermined threshold value, the pixel
value of the regression surface at the coordinate position with
the small correlation is determined as an outlier and is
removed or weighted with a small weight, and then a regres-
sion surface is generated based on pixel values of all the
projection images Gi projected on coordinate positions on the
slice plane Tj.

[0169] When the tomosynthesis imaging is performed, the
amount of x-ray reaching the radiation detector 15 varies
between when the x-ray orthogonally enters the radiation
detector 15 and when the x-ray obliquely enters the radiation
detector 15, and the image quality of the projection images Gi
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varies depending on the radiation source position with which
each projection image Gi is taken. Specifically, comparing a
projection image that is obtained when the x-ray orthogonally
enters the radiation detector 15 with a projection image thatis
obtained when the x-ray obliquely enters the radiation detec-
tor 15, the latter has a lower density and thus is whiter due to
a smaller amount of radiation reaching the radiation detector
15. Further, there may be density irregularity among the pro-
jection images due to influence of characteristics of the radio-
graphic imaging apparatus, etc. It is therefore preferred to
project the pixel values of the projection images Gi on coor-
dinate positions on the slice plane Tj after the variation of
image quality and the density irregularity among the projec-
tion images Gi are corrected.

[0170] The variation of density based on the amount of
radiation reaching the detector and the density irregularity are
included in low frequency components of the projection
images Gi. It should be noted that the low frequency refers to
frequencies that are appropriately set to be 50% or less of the
Nyquist frequency, which is determined by the spacing
between the pixel positions of the projection images Gi. It is
therefore preferred to remove the low frequency components
from the projection images Gi and project the pixel values of
the projection images Gi from which the low frequency com-
ponents are removed on coordinate positions on the slice
plane Tj. This allows correcting the variation of image quality
among the projection images Gi, thereby allowing generation
of'a tomographic image with even higher image quality. The
removal of the low frequency components can be achieved by
performing frequency decomposition on the projection
images, for example, to calculate the low frequency compo-
nents, and subtract the calculated low frequency components
from the projection images. Alternatively, the removal of the
low frequency components may be achieved by generating a
blurred image of each projection image, and subtracting the
blurred image from the projection image.

[0171] Further, in the above-described embodiments, the
process to generate the regression surface may be sequen-
tially iterated. For example, in the above-described method
for calculating the regression surface using the weighted least
squares method, after the regression surface is generated, the
weight wk for each observation point uk is calculated accord-
ing to the equation (10) below, where f(uk) is the value of the
calculated regression curve at the observation point uk:

wh=e~ @) (10)

[0172] According to the equation (10), a smaller value of
the weight k is calculated for a larger difference between each
observed value gk and the value of the regression curve at the
observation point uk. Then, when a regression curve is gen-
erated according to the equation (4) above using the thus
calculated weights wk, influence of values that are largely
different from the previously generated regression curve is
reduced in the newly generated regression curve. In particu-
lar, if there are outliers, the outliers are weighted with smaller
weights, thereby reducing artifacts at pixel positions of the
outliers in a generated tomographic image. It should be noted
that the number of iterations of the process to generate the
regression surface may be set in advance, or the process to
generate the regression surface may be iterated until a prede-
termined convergence condition is satisfied. The convergence
condition may, for example, be that the difference, i.e., the
value of qk—f(uk), resulting from the iterative calculation is
not greater than a threshold value.
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[0173] It should be noted that the process to generate the
regression surface may be sequentially iterated also in the
case where the regression curve is generated using the mov-
ing average method or using a kernel function. In the case
where the moving average method is used, the weight for each
observation point uk may be calculated similarly to the equa-
tion (10) above, and calculation of the weighted moving
average may be iterated. In the case where the technique using
akernel functionis used, a term for calculating the weight wk,
as shown by the equation (10), may be combined into the
equation for determining the kernel function, and the regres-
sion curve may be generated by iterating the technique using
the kernel function.

[0174] While the tomographic image is generated by gen-
erating the regression surface by the pixel value calculating
unit 34 in the above-described embodiments, the tomo-
graphic image may be generated by calculating the pixel
values at the pixel positions on the slice plane Tj by regression
analysis, without generating a regression surface. In this case,
the sampling interval of the tomographic image to be gener-
ated is set in advance, and each coordinate position corre-
sponding to the sampling interval is set as the pixel position of
interest on the slice plane Tj to calculate the pixel value at the
pixel position of interest by the regression analysis.

[0175] Further, while the pixel value calculating unit 34
performs the regression analysis to generate the tomographic
image in the above-described embodiments, this is not
intended to limit the invention, and any other technique that
allows generating a tomographic image of the slice plane Tj
from the slice plane projection images TGi having been sub-
jected to the positional misalignment correction can be used.
For example, the tomographic image of the slice plane Tj may
be generated by simply using representative values, such as
average values, maximum values, or medians, of the slice
plane projection images TGi as pixel values at the pixel posi-
tions of the tomographic image. Using the maximum values
as the pixel values facilitates preserving fine structures in the
generated tomographic image. Using the medians as the pixel
values allows reducing influence of outliers.

[0176] Further, while the subject of the tomosynthesis
imaging in the above-described embodiments is the breast M,
the disclosure is also applicable to tomosynthesis imaging
with a subject other than a breast.

[0177] While only the x-ray source 16 is moved in the
above-described embodiments, some imaging apparatuses
allow moving the x-ray source 16 and the radiation detector
15 synchronously with each other. In this case, the x-ray
source 16 and the radiation detector 15 may be moved syn-
chronously with each other. Alternatively, the x-ray source 16
may be fixed and only the radiation detector 15 may be
moved.

[0178] While the disclosure is applied to an imaging appa-
ratus that performs tomosynthesis imaging in the above-de-
scribed embodiments, the disclosure is applicable to any
imaging apparatus that obtains a plurality of projection
images by imaging a subject with different radiation source
positions. For example, the disclosure is applicable to a CT
imaging apparatus, where the radiation source and the radia-
tion detector are disposed to face each other with the subject
being the center, and the set of the radiation source and the
radiation detector is rotated around the subject to obtain a
plurality of projection images while applying radiation from
different angles.
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[0179] While the trajectory of the x-ray source 16 is a
circular arc in the above-described embodiments, the trajec-
tory of the x-ray source 16 may be a straight line.

[0180] Now advantageous effects of the embodiments of
the disclosure are described.

[0181] In the case where positional misalignment between
the uncorrected tomographic image and each of the slice
plane projection images is detected, and positional misalign-
ment between the slice plane projection images is corrected
based on the detected positional misalignment, positional
misalignment due to a mechanical error and a body motion
can be effectively removed.

[0182] In the case where detection of new positional mis-
alignment based on a new tomographic image, correction of
positional misalignment between the slice plane projection
images based on the detected new positional misalignment,
and generation of a new tomographic image from the slice
plane projection images having been subjected to the correc-
tion of the new positional misalignment are repeated until the
new positional misalignment converges, positional misalign-
ment due to a mechanical error and a body motion can be
more effectively removed, thereby obtaining a tomographic
image with even higher image quality.

[0183] In the case where positional misalignment is
detected for each local area on the slice plane, and positional
misalignment between the slice plane projection images is
corrected for each local area based on the detected positional
misalignment, non-linear positional misalignment on the
slice plane can be handled as linear positional misalignment
in each local area, and this allows effectively removing non-
linear positional misalignment due to a mechanical error and
a body motion.

[0184] In the case where positional misalignment between
the slice plane projection images is corrected with removing
an outlier pixel value among pixel values of the slice plane
projection images or weighting the outlier pixel value with a
small weight, influence of a pixel value which is highly likely
to be an artifact can be reduced, thereby more effectively
removing positional misalignment due to a mechanical error
and a body motion.

[0185] Inthe case where, for each of the different radiation
source positions, pixel values at pixel positions on the corre-
sponding projection image on straight lines that connect the
radiation source and the individual pixel positions on the
projection image are projected as pixel values at coordinate
positions on the slice plane at which the slice plane intersects
with the straight lines, it is not necessary to perform interpo-
lation of the pixel values when the pixel values are projected.
This allows generating a tomographic image with even higher
image quality. In particular, since the pixel values are also
projected on coordinate positions on the slice plane that are
different from coordinate positions corresponding to pixel
positions of the tomographic image, a high resolution and
high image quality tomographic image can be generated.
[0186] In the case where the pixel values at the pixel posi-
tions on the slice plane are calculated by performing the
regression analysis to generate a regression surface that rep-
resents a tomographic image of the slice plane, and sampling
the regression surface at a desired sampling interval, a tomo-
graphic image with a desired resolution can be generated.
[0187] Further, when the regression analysis is performed,
changing the sharpness of the pixel value at the coordinate
position of interest allows emphasizing the sharpness of the
pixel value at the coordinate position of interest or reducing
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the sharpness to achieve smoothing to suppress noise. This
allows generating a tomographic image having a desired
image quality.

[0188] In the case where the level of change of the sharp-
ness is changed depending on information about at least one
of'the imaging conditions under which the projection images
are taken and a structure of the subject included in the pro-
jection images, a tomographic image having a desired image
quality depending on at least one of the imaging conditions
and the structure of the subject can be generated.

[0189] In the case where the pixel value at the coordinate
position of interest is calculated with removing an outlier
pixel value among pixel values of the projection images pro-
jected in a predetermined range relative to the coordinate
position of interest or weighting the outlier pixel value with a
small weight, influence of the pixel value which is highly
possible to be an artifact can be reduced, thereby allowing
generation of a tomographic image with even higher image
quality.

[0190] Itshould be noted that the difference of the radiation
source position may cause low frequency irregularity among
the projection images. In this case, influence of the low fre-
quency irregularity can be reduced by removing the low fre-
quency components of the projection images, and projecting
pixel values of the projection images from which the low
frequency components are removed on coordinate positions
on the slice plane, thereby allowing generation of a tomo-
graphic image with even higher image quality.

[0191] The radiation emitted from the radiation source is a
cone beam, which spreads as it travels away from the radia-
tion source. Since the position of the surface of the detecting
unit, at which the projection images are obtained, is farther
from the radiation source than the slice plane, the two-dimen-
sional coordinate position of a structure included in the sub-
ject in each projection image differs from the position of the
structure in the tomographic image of the slice plane.

[0192] In this case, the two-dimensional coordinate posi-
tion of the structure included in the subject in the tomographic
image can be made agree with the two-dimensional coordi-
nate position of the structure in the projection image obtained
with a certain radiation source position by correcting the
coordinate position on the slice plane on which the pixel value
at each coordinate position of interest is projected based on
the positional relationship between the certain radiation
source position and the coordinate position of interest, such
that the two-dimensional coordinates of the coordinate posi-
tion of interest on the projection image obtained with the
certain radiation source position agrees with the two-dimen-
sional coordinates of the coordinate position on the slice
plane on which the pixel value at the coordinate position of
interest is projected, and projecting the pixel values of the
projection images on the corrected coordinate positions on
the slice plane.

[0193] In this case, if a radiographic image is obtained by
imaging the subject with the certain radiation source position,
a tomographic image is generated by calculating the pixel
value at each coordinate position of interest on the slice plane
with the pixel values of the projection images being projected
on the corrected coordinate positions, and the radiographic
image and the tomographic image are displayed, the two-
dimensional coordinate position of a structure included in the
subject in the displayed radiographic image agrees with the
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two-dimensional coordinate position of the structure in the
displayed tomographic image. This allows more appropriate
diagnosis.

[0194] Inthe case where a plurality of tomographic images
at a plurality of slice planes of the subject are generated, and
an addition tomographic image is generated by adding up the
tomographic images, a pseudo transmission image having
even higher image quality can be generated.

What is claimed is:

1. A tomographic image generation device comprising:

an image obtaining unit for obtaining a plurality of projec-
tion images corresponding to different radiation source
positions, the projection images being taken by moving
a radiation source relative to a detecting unit and apply-
ing radiation to a subject from the different radiation
source positions to which the radiation source is moved;

a pixel value projecting unit for projecting pixel values of
the projection images on coordinate positions on a
desired slice plane of the subject based on a positional
relationship between the radiation source position with
which each of the projection images is taken and the
detecting unit, while preserving the pixel values of the
projection images, to obtain slice plane projection
images corresponding to the individual projection
images;

a positional misalignment correcting unit for correcting
positional misalignment between the slice plane projec-
tion images; and

apixel value calculating unit for calculating a pixel value of
each coordinate position of interest on the slice plane
from the slice plane projection images having been sub-
jected to the correction of the positional misalignment to
thereby generate a tomographic image of the slice plane.

2. The tomographic image generating device as claimed in
claim 1, wherein

the pixel value calculating unit generates an uncorrected
tomographic image based on the slice plane projection
images before the correction of the positional misalign-
ment, and

the positional misalignment correcting unit detects posi-
tional misalignment between the uncorrected tomo-
graphic image and each of the slice plane projection
images, and corrects positional misalignment between
the slice plane projection images based on the detected
positional misalignment.

3. The tomographic image generating device as claimed in

claim 2, wherein

the positional misalignment correcting unit detects new
positional misalignment between a tomographic image
generated from the slice plane projection images having
been subjected to the correction of the positional mis-
alignment and each of the slice plane projection images
having been subjected to the correction of the positional
misalignment, and corrects positional misalignment
between the slice plane projection images based on the
detected new positional misalignment, and

the pixel value calculating unit generates a new tomo-
graphic image from the slice plane projection images
having been subjected to the correction of the new posi-
tional misalignment.

4. The tomographic image generating device as claimed in
claim 3, wherein the positional misalignment correcting unit
and the pixel value calculating unit repeat the operations of
detecting new positional misalignment based on the new
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tomographic image, correcting positional misalignment
between the slice plane projection images based on the
detected new positional misalignment, and generating a new
tomographic image from the slice plane projection images
having been subjected to the correction of the new positional
misalignment, until the new positional misalignment con-
verges.

5. The tomographic image generating device as claimed in
claim 1, wherein the positional misalignment correcting unit
detects the positional misalignment for each local area on the
slice plane, and corrects the positional misalignment between
the slice plane projection images for each local area based on
the detected positional misalignment.

6. The tomographic image generating device as claimed in
claim 1, wherein the positional misalignment correcting unit
detects the positional misalignment for each local area on the
slice plane, detects global positional misalignment between
the slice plane projection images based on the local positional
misalignment, and corrects the positional misalignment
between the slice plane projection images based on the global
positional misalignment.

7. The tomographic image generating device as claimed in
claim 6, wherein the positional misalignment correcting unit
detects further positional misalignment for each local area on
the slice plane after the correction of the global positional
misalignment, and corrects the positional misalignment
between the slice plane projection images for each local area
based on the further positional misalignment.

8. The tomographic image generating device as claimed in
claim 1, wherein the positional misalignment correcting unit
corrects the positional misalignment between the slice plane
projection images with removing an outlier pixel value
among pixel values of the slice plane projection images or
weighting the outlier pixel value with a small weight.

9. The tomographic image generation device as claimed in
claim 1, wherein the pixel value projecting unit projects, for
each of the different radiation source positions, pixel values at
coordinate positions on the corresponding projection image
intersecting with straight lines that connect the radiation
source position and individual pixel positions on the slice
plane as pixel values at the pixel positions on the slice plane
on the straight lines.

10. The tomographic image generation device as claimed
in claim 1, wherein the pixel value projecting unit projects,
for each of the different radiation source positions, pixel
values at pixel positions on the corresponding projection
image on straight lines that connect the radiation source posi-
tion and the individual pixel positions on the projection image
as pixel values at coordinate positions on the slice plane
intersecting with the straight lines.

11. The tomographic image generating device as claimed
in claim 1, wherein the pixel value calculating unit calculates
the pixel value at the coordinate position of interest on the
slice plane based on a plurality of pixel values of the projec-
tion images having been subjected to the correction of the
positional misalignment and projected in a predetermined
range relative to the coordinate position of interest on the slice
plane, to thereby generate a tomographic image of the slice
plane.

12. The tomographic image generating device as claimed
in claim 11, wherein the pixel value calculating unit calcu-
lates the pixel value at the coordinate position of interest by
performing regression analysis on the pixel values of the slice
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plane projection images having been subjected to the correc-
tion of the positional misalignment.

13. The tomographic image generation device as claimed
in claim 12, wherein the pixel value calculating unit calcu-
lates pixel values at pixel positions on the slice plane by
performing the regression analysis to generate a regression
surface that represents a tomographic image of the slice
plane, and sampling the regression surface at a desired sam-
pling interval to thereby generate the tomographic image.

14. The tomographic image generation device as claimed
in claim 13, wherein the sampling interval is different from a
sampling interval of the projection images.

15. The tomographic image generation device as claimed
in claim 13, wherein, if an instruction to change the size of an
area of interest in the tomographic image being displayed is
received, the pixel value calculating unit generates a tomo-
graphic image of the area of interest with changing, according
to the instruction to change, the sampling interval of an area of
the regression surface corresponding to the area of interest.

16. The tomographic image generation device as claimed
in claim 12, wherein the pixel value calculating unit changes
sharpness of the pixel value at the coordinate position of
interest when the regression analysis is performed.

17. The tomographic image generation device as claimed
in claim 16, wherein the pixel value calculating unit changes
a level of change of the sharpness depending on information
of at least one of imaging conditions under which the projec-
tion images are taken and a structure of the subject included in
the projection images.

18. The tomographic image generation device as claimed
in claim 11, wherein the pixel value calculating unit calcu-
lates the pixel value at the coordinate position of interest with
removing an outlier pixel value among the pixel values of the
projection images projected in the predetermined range rela-
tive to the coordinate position of interest or weighting the
outlier pixel value with a small weight.

19. The tomographic image generation device as claimed
in claim 1, wherein the pixel value projecting unit removes
low frequency components of the projection images, and
projects pixel values of the projection images from which the
low frequency components are removed on coordinate posi-
tions on the slice plane.

20. The tomographic image generation device as claimed
in claim 1, wherein the pixel value projecting unit corrects,
based on a positional relationship between a certain radiation
source position and each coordinate position of interest on the
projection image corresponding to the certain radiation
source position, a coordinate position on the slice plane on
which a pixel value at the coordinate position of interest on
the projection image is projected such that two-dimensional
coordinates of the coordinate position of interest on the pro-
jection image agrees with two-dimensional coordinates of the
coordinate position on the slice plane on which the pixel value
at the coordinate position of interest on the projection image
is projected, and projects the pixel values of the projection
images on the corrected coordinate positions on the slice
plane to obtain the slice plane projection images.

21. The tomographic image generation device as claimed
in claim 20, wherein the image obtaining unit obtains a radio-
graphic image of the subject taken by applying the radiation
to the subject from the certain radiation source position,

the pixel value calculating unit generates the tomographic

image by calculating the pixel value at the coordinate
position of interest on the slice plane with the pixel
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values of the projection images being projected on the
corrected coordinate positions, and

the tomographic image generation device further com-

prises a display unit for displaying the radiographic
image and the tomographic image.

22. The tomographic image generation device as claimed
in claim 1, wherein the pixel value projecting unit and the
pixel value calculating unit generate the tomographic image
for each of a plurality of slice planes of the subject, and

the tomographic image generation device further com-

prises a pseudo image generating unit for generating a
pseudo image from the tomographic images.

23. The tomographic image generation device as claimed
in claim 1, wherein the pixel value calculating unit calculates
weighting factors based on a difference between the pixel
value at the coordinate position of interest and a pixel value at
a coordinate position of each projection image corresponding
to the coordinate position of interest, and calculates the pixel
value at the coordinate position of interest again based on the
plurality of pixel values of the projection images and the
weighting factors to calculate a new pixel value at the coor-
dinate position of interest.

24. The tomographic image generation device as claimed
in claim 23, wherein the pixel value calculating unit iterates
calculating new weighting factors using the new pixel value at
the coordinate position of interest, and calculating a new pixel
value at the coordinate position of interest again based on the
plurality of pixel values of the projection images and the new
weighting factors.

25. A tomographic image generation method comprising
the steps of:

obtaining a plurality of projection images corresponding to

different radiation source positions, the projection
images being taken by moving a radiation source rela-
tive to a detecting unit and applying radiation to a subject
from the different radiation source positions to which
the radiation source is moved,

projecting pixel values of the projection images on coor-

dinate positions on a desired slice plane of the subject
based on a positional relationship between the radiation
source position with which each of the projection
images is taken and the detecting unit, while preserving
the pixel values of the projection images, to obtain slice
plane projection images corresponding to the individual
projection images;

correcting positional misalignment between the slice plane

projection images; and

calculating a pixel value of each coordinate position of

interest on the slice plane from the slice plane projection
images having been subjected to the correction of the
positional misalignment to thereby generate a tomo-
graphic image of the slice plane.

26. A non-transitory recording medium containing a tomo-
graphic image generation program for causing a computer to
execute the steps of:

obtaining a plurality of projection images corresponding to

different radiation source positions, the projection
images being taken by moving a radiation source rela-
tive to a detecting unit and applying radiation to a subject
from the different radiation source positions to which
the radiation source is moved,

projecting pixel values of the projection images on coor-

dinate positions on a desired slice plane of the subject
based on a positional relationship between the radiation
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source position with which each of the projection
images is taken and the detecting unit, while preserving
the pixel values of the projection images, to obtain slice
plane projection images corresponding to the individual
projection images;

correcting positional misalignment between the slice plane
projection images; and

calculating a pixel value of each coordinate position of
interest on the slice plane from the slice plane projection
images having been subjected to the correction of the
positional misalignment to thereby generate a tomo-
graphic image of the slice plane.
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