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Abstract
Tomosynthesis is a three-dimensional imaging technology developed for use with limited view angle projection data. Because
of effective reduction in the overlapping visibility of the normal tissue and lesion of interest, the detection of pathological lesions
is improved relative to what can be achieved using conventional mammography. However, because of the limited viewing angle,
tomosynthesis is not sufﬁcient for exact tomography reconstruction. To address this problem, we have developed a novel reconstruction algorithm for use with tomosynthesis that incorporates super-resolution and iterative techniques. This article outlines
this new reconstruction technology and uses actual experimental results to demonstrate its utility.

1. Introduction

2. Principle and problems of tomosynthesis

Mammography is in widespread clinical use for early detection and diagnosis of breast cancer. However, if a normal
mammary gland structure overlaps with a lesion, it is difﬁcult
to detect with mammography, and interpretation of diagnostic
information such as sporadic lesions from an image projected
on the plane requires an advanced reading ability. To solve
this problem, a function called tomosynthesis, which reduces
the structural overlapping on the image by taking projected
images from multiple angles and reconstructing slice images,
has been developed. FUJIFILM has launched “AMULET Innovality,” a mammographic unit equipped with this function,
since 2013.
It is shown that the reading using tomosynthesis is more
effective in detecting a legion hidden in an area with many
mammary glands and determining benignancy or malignancy
than using mammography alone 1). In addition, since tomosynthesis and mammography can be simultaneously performed using the same machine, the burden on the examinee
can be reduced. On the other hand, since additional exposure
to mammography is required, there are problems such as
increased exposure to X-rays. This paper ﬁrst describes the
principle and problems of tomosynthesis, and then introduces a reconstruction technology developed to improve those
problems and its effect.

2.1 Principle of the reconstruction method
For the reconstruction method for generating slice images
in tomosynthesis and CT, a method called FBP (Filtered Back
Projection) is widely used. Back projection is a method for
calculating the cross-section of the subject by tracking back
the path of X-rays penetrating the subject. Generation of a
cross-section with a certain height can be achieved by positioning individual projected images according to the slice
height, and then adding the pixel value (Fig. 1). This will

Fig. 1 Tomosynthesis data acquisition and the back projection process
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overlap the structures at the same height and average those
at different heights. An image of the enhanced structures of a
cross-section can be obtained through the process. The FBP
method achieves generation of clear slice images by adding a
ﬁlter that enhances high frequency during back projection 2) 3).
2.2 Problems with tomosynthesis
Although tomosynthesis enables acquisition of information
useful for reading by reducing the overlapping of a normal
mammary gland structure with a legion on the image, it has
some inferiority to standard mammography. The three problems
with tomosynthesis are explained in sequence below.
The ﬁrst problem is a “ghost image” of structures out of the
focal plane. Since the projection angle is restricted, it cannot
reproduce a perfect cross-section in principle, and structures
out of the focal plane appear on the cross-section as a ghost
image. Due to this appearance of structures out of the focal
plane as a ghost image, contrasting density information of a
mammary gland or mass may be reduced. Therefore, it is necessary to take measures to improve reading such as comparing
a standard mammographic image with the slice images, and
supplementing the contrasting density information, which is
reduced at the cross-section 4).
The second problem is a decrease in image sharpness. Since
multiple images are taken while an X-ray tube is moving in
tomosynthesis, the exposure time is long and probability of
occurrence of body motion during the exposure is high. To
prevent this, many machines take images while scanning an
X-ray tube at constant speed instead of stopping the tube every
time an image is taken. In addition, the exposure time is shortened by collectively reading several pixels during an exposure.
However, these measures may result in lower image sharpness
than standard mammography.
The third problem is an increase in exposure dose. Adding
tomosynthesis to standard mammography would increase
exposure dose by that amount. With AMULET Innovality,
the exposure dose measured with tomosynthesis added to
standard mammography is lower than the exposure dose from
mammography recommended by MQSA (Mammography
Quality Standards Act and Program). However, to ensure that
the patients can feel more secure when receiving an examination, it is important to reduce the exposure dose.

3. A reconstruction technology to solve the problems
A reconstruction processing technology that has three technical elements has been developed in order to improve the
problems with tomosynthesis as described in the preceding
section. The following explains the three technical elements
in sequence.
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3.1

Technology for reducing a “ghost image” of structures
out of the focal plane
As described above, using the FBP method will result in
appearance of structures out of the focal plane as a ghost
image on the slice images. To reduce the ghost image,
various studies have been conducted. One of the representative
approaches is reconstructing slice images without being
affected by other structures by identifying an object having a
high contrast in a projected image 5). Although this approach
is effective in reducing the ghost images of high-contrast
structures such as an artifact and calciﬁcation, it cannot
eliminate a ghost image of structures resulting from faint
structures such as the mammary gland structure. Another
representative approach is called iterative reconstruction 6),7).
The concept of this iterative reconstruction can be explained
in the following steps (Fig. 2).

Fig. 2

Iterative reconstruction process

Step 1: Generate initial slice images.
Step 2: Generate projected images from the slice images by
simulating the process of projecting the object onto the
detector.

Step 3:		 Compare the generated projection data with the actually
observed projection data, and calculate the amount of error.

Step 4:		 Estimate slice images so that the amount of error is
decreased, and update them.

Step 5:		Repeat Steps 2 to 4.
Following these steps will sequentially estimate slice images,
and reduce the appearance of structures out of the focal plane
as a ghost image. The iterative reconstruction requires
repetition of slice image estimation many times, and therefore,
enormous processing time is required. However, with the recent
sophistication of computers, this approach is being put into
practical use mainly in the ﬁeld of CT.
The proposed reconstruction technology is based on the
principle of this iterative reconstruction. With tomosynthesis,
which involves a larger data volume with higher resolution
compared to CT, an increase in the processing time resulting
from iterative reconstruction is a major problem. Taking
into account the limited projection angle of tomosynthesis,
the proposed technology substantially reduces the operation
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Fig. 3

The eﬀect of iterative reconstruction

Fig. 4

Image super-resolution process

time by optimizing the coordinate calculation required for the
projection process, and achieves a practical operation time
through massively parallel operation using a GPU. With the
use of the GPU (NVIDIA Quadro K4200), fast operation at
approximately 400 msec per image was achieved in generating
tomography images with a size of 2364 × 2964 pixels.
Fig. 3 shows the result of comparing ghost images of
structures out of the focal plane in a phantom image that
simulates calciﬁcation (high-contrast structure) and a
mammary gland (low-contrast structure). With the focal point
being the reference (0 mm), slice images of different heights
are shown in the ﬁgure. With the FBP method, a structure coming into focus in the focal position (0 mm) appears as a ghost
image even if it is displaced from the focal plane. In case of
the proposed approach, which uses iterative reconstruction, it
is shown that the ghost image in the case it is displaced from
the focal plane is reduced.
A microstructure restoration technology that prevents sharpness from lowering
To improve visibility for microstructures such as calciﬁcation
and mammary gland structure, a super-resolution technology
was applied for reconstruction. Super-resolution is a technology
that generates a higher-resolution image than the observation
image. By preparing multiple observation images each having
slightly different information, it is possible to acquire information that has a practically ﬁner spatial sampling interval 8),9).
The basic principle of super-resolution is explained as follows
using Fig. 4. Multiple observation images (Fig. 4a) taken

from slightly different positions are positioned with ﬁner
accuracy than the sampling interval of the observation images,
and plotted on the same space (Fig. 4b). On this space, even if
pixel grids are deﬁned at ﬁner intervals, information will be
contained in the grids. Therefore, information that cannot be
acquired in simple interpolation can be restored.
In tomosynthesis, multiple images are taken from different
positions, and therefore, the amount of information necessary
to achieve super-resolution is held. However, unlike simple
positioning, it is necessary to accurately consider the displacement for each pixel in the projection process. Fig. 5 shows
an example of a phantom image that simulates calciﬁcation.
The ﬁgure indicates that the visibility of calciﬁcation with
the proposed approach (b), which applies super-resolution,
is substantially higher than that of the slice images reconstructed with the conventional approach (a), which does not
consider slight displacement.
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Fig. 5

The eﬀect of sharpness improvement
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Fig. 6

Fig. 8

The eﬀect of granularity improvement

Study conditions when using a CDMAM phantom

3.3

Technology for improving granularity in low-dose
exposure
Lowering the dose in exposure will relatively increase
quantum noise and the signal will be buried in noise because
less X-rays reach the detector. Therefore, the idea is to
improve granularity by extracting the “structure-less noise”
and reducing it during reconstruction. Fig. 6 shows an outline of the granularity improvement technology. To extract
the noise, ﬁlters tailored to the human body structure such
as points and lines are designed, and the designed ﬁlters are
used to apply ﬁlters having different characteristics according
to the structure pattern to the slice images. This will improve
granularity without deteriorating the image even in an area
where complex patterns such as calciﬁcation and mammary
gland structure are present.
Fig. 7 shows the effect of the ﬁltering according to the
structure. It indicates that in (b), where the ﬁltering according
to the structure was applied, granularity was reduced with the
sharpness of calciﬁcation maintained.

4. Quantiﬁcation based on physics evaluation
The proposed reconstruction technology is evaluated through
physics measurement. In this experiment, AMULET Innovality
is used as the exposure unit to compare the proposed reconstruction technology with a unique reconstruction processing
approach, which has been improved based on the FBP method
adopted in our equipment (hereafter called the “conventional
approach”).
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Fig. 7

Improvement in image granularity

4.1

Signal detectability (result of measurement with
CDMAM)
The image signal detectability based on the proposed reconstruction processing is compared with the conventional
approach. As shown in Fig. 8, in the CDMAM phantom,
discs are embedded in the center and one of the four corners
of a grind point, and the diameter and thickness of a set of
discs vary from grid point to grid point. In visual evaluation,
a curve representing the visibility limit is drawn to quantify the
image quality by answering the disc positions for all grids.
This can be easily calculated using analysis software. For
this experiment, CDMAM type 3.4 and analysis software
(CDMAM analyzer ver.1.5.5) were used 10). The lower the
curve is, the higher the image quality becomes, indicating
that the exposure unit can visualize small-sized and low contrast
signals.
In this experiment, as shown in Fig. 8 the CDMAM phantom
was sandwiched between two acryl boards with a thickness
of 20 mm, and 16 images were taken with a high dose (W/Al
33kV, 40mAs) and a low dose (W/Al 33kV, 25mAs) each.
Slice images with the most focuses were extracted from those
generated, and a calculation was performed using analysis
software.
Fig. 9 shows the results of the analysis with the CDMAM
phantom and the same dose using the conventional approach
and the proposed approach. The results indicate that with
the same dose, a curve calculated with the proposed approach
was always under the conventional approach, and the proposed
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Fig. 9

The result of threshold contrast measurements
at the same dose

Fig. 11

Fig. 10

The result of threshold contrast measurements
at a 40% lower dose

Image comparisons with a CDMAM phantom

approach produced higher detectability. Fig. 10 shows the result
of comparing the conventional approach and the proposed
approach. The exposure dose was 40% lower than that used in
the former approach. The result in this case indicates that
the curve calculated with the conventional approach was
almost consistent with the curve calculated with the proposed
approach with low-dose exposure, and the proposed approach
was not inferior in detectability.
Fig. 11 shows a slice image where the focus of CDMAM
image was present (the conventional approach, and the
proposed approach achieving approximately 40% reduction in
dose). In this example, no decrease in visibility of discs
embedded in grids is observed.
Measuring a ghost image of structures out of the
focal plane
An image of a phantom using an acrylic ball is taken to
quantify the structures appearing out of the focal plane as a ghost
image. A 15mm acrylic ball is placed on a 6cm acrylic board,
and slice images are reconstructed (Fig. 12). The amount of
a ghost image of structure at each height was measured with
the conventional approach and the proposed approach each,

by cutting out the part where the acrylic ball is present with
an area of 3cm×3cm, and measuring the square error with
the background density.
Fig. 13 shows the result of measuring a ghost image of
the acrylic ball structure. The graph was normalized with
the contrast of the focal plane. The vertical axis of the graph
shows the error with the background pixels, while the horizontal axis represents the distance from the focal plane. In
either approach, the more distant the focal plane, the smaller
the ghost image of structure becomes. However, it is shown
that the ghost image of structure is less with the proposed
approach.
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Fig. 12

Study conditions when using an acrylic ball phantom
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Fig. 13

Results of applying contrast to the acrylic ball

Fig. 14

5. Application to clinical practice
Fig. 14 shows the result of applying the conventional
approach and the proposed approach to a human body image.
The images were taken at an oscillation angle of ±7.5°.
The ﬁgure indicates that with the proposed approach, the
contrast is clearer and the visibility for microstructures such
as calciﬁcation is better than the conventional approach. It is
considered that this is because a ghost image of structures out
of the focal plane was reduced to improve the contrast through
iterative reconstruction, and the sharpness was improved
through processing applying the super-resolution processing.
In addition, tomosynthesis reconstructed with the proposed
approach was compared with standard mammography, and
the correlation between detectability and dose reduction in
tomosynthesis was veriﬁed through a clinical study 11). In
this study, it has been reported that even if the dose of
tomosynthesis is lowered to 50% of standard mammography, detectability almost equal to mammography can be
maintained.

Clinical example
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