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ABSTRACT

Aims. The purpose of this review includes the fol-
lowing: 1) to identify indications for volumetric
X-ray digital linear tomosynthesis by using a filtered
back projection (FBP) algorithm and 2) to compare
X-ray digital linear tomosynthesis, X-ray digital ra-
diography, conventional tomography, and computed
tomography. Review: The methods include the fol-
lowing: 1) an overview of the tomosynthesis system in
comparison with conventional X-ray imaging tech-
nology; 2) an overview of the properties of diagnogtic
imaging for the cheg, hip joint, and temporomandibular
joint when imaging overlying structures and their
effect of various artificial images; and 3) a review of
each system. Summary: Tomosynthesis is worthy of
further evaluation because of itsflexibility and ability
to suppress streak artifacts through an appropriate
choice of an FBP algorithm. Tomosynthesis may be
considered the imaging technique of choice for inves-
tigation of bone changes and detection of pulmonary
nodules. Under standing the potential of tomosynthe-
sis imaging will improve diagnostic accuracy in clin-
ical applications.

Keywords Tomaosynthesis; Temporomandibular Joint;
Arthroplasty; Pulmonary Nodules; Dual-Energy
Subtraction

1. INTRODUCTION

Interest in tomosynthesis and its clinica applications has
been revived by recent advancesin digital X-ray detector
technology. Conventional tomography technology pro-
vides planar information of an object from its projection
images. In tomography, an X-ray tube and X-ray film
receptor are positioned on either side of the object. The
relative motion of the tube and film is predetermined
based on the location of the in-focus plane [1]. A single
image plane is generated by a scan, and multi-slice
computed tomography (CT) scans are required to pro-
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vide a sufficient number of planes to cover the selected
structure in the object. Tomosynthesis acquires only one
set of discrete X-ray projections that can be used to re-
congtruct any plane of the object retrospectively [2].
This technique has been investigated in angiography and
imaging of the chest, hand joints, lungs, teeth, and
breasts [3-8]. In a review of tomosynthesis by Dobbins
et al. [9], tomosynthesis was demongtrated to outperform
planar imaging to a statistically significant extent.

2. TOMOSYNTHESIS RECONSTRUC-
TION METHODS

Existing tomosynthesis algorithms can be divided into
three categories. 1) backprojection algorithms, 2) filtered
backprojection (FBP) agorithms, and 3) iterative algo-
rithms (Figures 1-3). The backprojection algorithm is
referred to as “shift-and-add” (SAA), whereby projec-
tion images taken at different angles are dectronically
shifted and added to generate an image plane focused at
a certain depth below the surface. The projection shift is
adjusted so that the visibility of features in the selected
plane is enhanced while that in other planes is blurred.
Using a digital detector, image planes at all depths can
be retrospectively reconstructed from one set of projec-
tions. The SAA agorithm is valid only if the motion of
the X-ray focal spot isparallel to the detector.

FBP algorithms are widdly used in CT in which many
projections acquired at greater than 360 degrees are used
to reconstruct cross-sectional images. The number of
projections typically ranges between a few hundred to
about one thousand. The Fourier central dice theorem is
fundamental to the FBP theory. In two-dimensiona (2D)
CT imaging, a projection of an object corresponds to
sampling the object along the direction perpendicular to
the X-ray beam in the Fourier space [10]. For many pro-
jections, information about the object is well sampled
and the object can be restored by combining the infor-
mation from all projections. In three-dimensiona (3D)
cone-beam imaging, the information about the object in
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Figure 1. The first view shown here highlights the diffi-
culty in visualizing 3D information in X-ray radiography.
In the second view it turns an acquisition direction to
avoid superimposition of an object.
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Figure 2. The three resulting projection images may be
shifted and added (SAA) so as to bring either the circles or
triangles to coincide (i.e, focus), with the complementary
object smeared out.
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Figure 3. The basis for filtered back-projection (FBP) is the
back-projection of data acquired in projections acquired over
all angles. This procedure is performed for each pixel in a
projection, and for all possible angles of the projected data,
then one has created a smple back-projected image of the
object.

Fourier space is rdated to the Radon transform of the
object. The reationship between the Radon transform

Copyright © 2011 SciRes.

and cone-beam projections has been well studied and
solutions to the cone-beam reconstruction have been
provided [11,12]. The Feldkamp a gorithm (conventional
FBP) generally provides a high degree of precision for
3D reconstruction images when an exact type algorithm
is employed [13]. Therefore, this method has been
adopted for image reconstruction of 3D tomography and
multi-detector cone-beam CT. A number of improved 3D
reconstruction methods have been derived from the
Feldkamp method.

An iterative algorithm performs the reconstruction in
arecursve fashion [14,15], unlike the one-step operation
in backprojection and FBP algorithms. During iterative
reconstruction, a 3D object mode is repeatedly updated
until the model converges to the solution that optimizes
an objective function. The objective function defines the
criteria of the reconstruction solution. The objective
function in the maximum likdlihood (ML) algorithm is
the likelihood function, which is the probability of get-
ting the measured projections in a given object model.
The solution of the ML algorithm is an object modd that
maximizes the probability of getting the measured pro-
jections.

3.ACQUISITION PARAMETERS

The tomosynthesis system (SonialVision Safire, Shima-
dzu Co., Kyoto, Japan) consisted of an X-ray tube with a
0.4-mm focal spot and a432 "~ 432 mm amorphous sele-
nium digita flat-panel detector. The X-ray collimator
was shifted during the acquisition to allow the detector
to identify the X-ray illumination area. The mation of
the collimator was synchronized with the mation of the
tube. An anti-scatter grid was used. The distance from
the source to the isocenter was 980 mm and that to the
detector was 1100 mm. For detailed estimates of the
acquisition parameters, refer to aTable.

4. CONVENTIONAL FBPVS. MODIFIED
FBP: EVALUATION OF THE COM-
PUTER SIMULATION

A previoudy described modified FBP algorithm pro-
vides a description of filtering that can be used in com-
bination with backprojection to yield tomosynthesis slice
images with desired properties [16]. The following de-
scription of the generalized 3D impulse function was
adapted from this previous work [17]. The 3D version of
the Fourier dice theorem states that when a 2D image of
an object is acquired at a particular orientation to that
object, the 2D Fourier transformation of that projection
image yields a plane through the 3D Fourier space of the
object. Characteristics are estimated in the modified FBP
by low-pass filtering processing. The Fourier space
low-pass filtering unit applies a low-pass filter along the
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Table 1. The detailed estimates of the acquisition paramers.

Digital Linear Tomosynthesis System

(hip joint, temporomandibular joint)
SonialVision Safire (Shima-

Device dzu Co., Kyoto, Japan)
Source-image-distance (SID) 110cm
Source-obyj ect-distance (SOD) 98 cm
1024 x 1024 pixels, direct
Detector flat-panel detector
. 80 kVp, 160 mA,
Exposure setting 200 mFs)/vi ew
Projection and acquisition degree 67 proj e.c“ on, 40 degree
acquisition

(chest)
SonialVision Safire 11 (Shi-

Device madzu Co., Kyoto, Japan)
Source-image-distance (SID) 110cm
Source-obyj ect-distance (SOD) 98 cm
Detector 1280 x 1280 pixels, direct
flat-panel detector
Exposure (single-energy 120 kVp, 200 mA, 25 ms/view
acquisition)
Exposure (dual-energy 60 kVp and 120 kVp, 200 mA,
acquisition) 25 mglview
Projection and acquisition 74 projection, 40 degree
degree acquisition
CT System
LightSpeed Scanner (GE
Device Medical Systems, Milwaukee,
WI, USA)

0.625 mm x 16 colimation
120 kVp, 200 mAgrotation
MPR images (2 mm dice
thickness, 2 mm interval, 580
pum voxel size)

Data acquisition system (DAS)
Exposure setting

Recongtruction

X-Ray Radiographic System
Digital Diagnost (Philips

Device Medica Systems, Hamburg,
Germany)
Indirect flat-panel -detector
Detector (s (T1))
Exposure setting 70 kVp, 200 mA, 100 ms

Panoramic radiograph & Conventional tomography
(for temporomandibular joint)
Verview Epocs (Morita Co.

Device Tokyo, J )
72 kVp, 3 mAs (panoramic
Exposure setting radiograph), 74 kVp, 5 mAs

(conventional tomography)

sectional axis of the Fourier space data that have under
gone a 3D Fourier transformation. This processis effec-
tive in reducing artifacts in the 3D volume data gener-
ated by 3D back Fourier transformation of the Fourier
space data after low-pass filtering (see appendix A).
We performed a computer smulation using a 3D Shepp-
Logan phantom, which is defined by 12 solid ellipsoids.
This phantom is a smplified model of the human head.
The effective X-ray absorption coefficient at any given
point is the sum of the relative parameters of the dlip-
soids containing that point. The plane locations included

Copyright © 2011 SciRes.

the centre and off-centre planes from the location of the
object. In the numerical simulation, the 3D Shepp-Logan
phantom was used for evaluation by comparing the
modified FBP algorithm with the conventional FBP al-
gorithm. The traditional conventional FBP algorithm
suffered from a significant decrease in intensity from the
mid-plane (Figur e 4; see “off-centre”), which is a well-
known drawback of the conventiona FBP algorithm.
However, our modified FBP agorithm improved the
image quality remarkably and yielded better image qual-
ity of both the centre and off-centre planes compared
with the conventional FBP algorithm.

5.ACQUISITION PARAMETERS
5.1. CT vs. Tomosynthesis Using M odified FBP

Imaging by X-ray CT has improved over the last three
decades and is now a powerful tool in medical diagnos-
tics. CT imaging has become an essentia noninvasive
imaging technique since the advent of spiral CT imaging
in the 1990 s, which led to shorter scan times and im-
proved 3D spatial resolution. CT provides high resolu-
tion in the tomographic plane but limited resolution in
the axial direction. However, the quality of images gen-
erated by a CT scanner can till be reduced due to the
presence of metal objectsin thefield of view. Imaging of
patients with metal implants, such as marker pins, dental
fillings, or hip prostheses, is susceptible to artifacts gen-
eraly in the form of bright and dark streaks, cupping and
capping, etc. This artifact susceptibility is mostly due to
guantum noise, scattered radiation, and beam hardening
[18]. Metal artifacts influence image quality by reducing
contrast and by obscuring details, thus impairing the
ability to detect structures of interest and possibly lead-
ing to misdiagnosis. In addition, CT values are impaired,
which can lead to errors when using these data e.g., for

Sweep Sweep
direction direction Ideal -
conventiond FBP

modified FBP

Pixel Value (Rel. Val)

Ideal
conventional FBP
modified FBP

Pixel Vaue (Re. Val.)

Pixel Numbers

ideal phantom

conventional FBP modified FBP

Figure 4. Recongtruction smulation images of the three-
dimensiona (3D) Shepp-Logan phantom at different heights. In
addition, comparison of axia profile plots through the recon-
structed 3D image function in comparison with discretization of
the 3D Shepp-Logan phantom (centre and off-centre planes).

JBISE



446 T. Gomi et al./ J. Biomedical Science and Engineering 4 (2011) 443-453

attenuation correction in PET/CT imaging [19]. The me-
tallic components of arthroplasty devices are high-
contrast objects that generate artifacts when imaged us-
ing CT scans. These artifacts can make it extremely dif-
ficult or impossible to interpret images obtained by de-
vices. The presence of artifacts dong with PVE severdy
limits the potential for objective quantification of total
joint replacement with CT.

Methods for reduction of metal artifacts aim to im-
prove the quality of images affected by these artifacts. In
recent years, modified iterative [20-23] or wavelet re-
congtruction techniques [24] have produced promising
results. However, these methods cannot be combined
with the fast and robust FBP algorithm, which is the
standard reconstruction technique implemented in mod-
ern CT scanners.

Digital linear tomosynthesis using the modified FBP
algorithm shows adequate overall performance, but its
effectiveness depends strongly on the region of the im-
age. Digita linear tomosynthesis using modified FBP
algorithm images gives good results independent of the
type of metal present in the patient and shows good re-
sults for the removal of noise artifacts, especialy at
greater distances from metal objects. Application of dig-
ital linear tomosynthesis to the imaging of hip prostheses
appears promising. In addition, flexibility in the choice
of digital linear tomosynthesis imaging parameters based
on the desired final images and generation of high qual-
ity images may be beneficial (Figure5).

5.2. Metal Artifact Reduction for Prosthesis
I maging

Metal artifacts influence image quality by reducing con-
trast and obscuring detail, thus impairing the ability to
detect structures of interest and making diagnosis im-
possible. The objective of this report is to evaluate the
clinical application of digita linear tomosynthesis in
imaging a phantom and hip prosthesis using a relatively
new tomosynthesis instrument and applying a selection
of recongruction agorithms. Tomosynthesis images
were compared with the results from artifact reduction
processing and a conventional FBP algorithm.

Artifacts caused by high-attenuation features in hip
prostheses were observed in digital linear tomosynthesis
reconstruction as aresult of the small number of projec-
tions and narrow angular range typicaly employed in
tomosynthesis imaging. Gomi et al. [25] developed arti-
fact reduction methods based on a modified Shepp- Lo-
gan reconstruction filter kernd by taking into account
the additional weight of direct current components in the
frequency domain space. Processing leads to an increase
in the ratio of low frequency components in an image
(Figure 6, see appendix B). Artifact reduction process-

Copyright © 2011 SciRes.
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Figure 5. Petient (52-year-old woman,; tota hip arthroplasty;
THA). Anteroposterior (AP) radiographs of the hip and knee
joint prostheses are demonstrated. AP radiograph of these
joints demonstrate the excellent visualization of the prosthe-
ses in this view. AP radiograph is difficult to visualize 3D
information in an AP radiograph as shown. Corona diceim-
ages of the hip prosthesis a center heights on Meta Artifact
Reduction (MAR) CT (MAR-CT) and non MAR-CT scans at
approximately the same level. Remarkable metd artifacts can
be seen occurring in the neighborhood of the hip prosthesis.
However, MAR-CT processing reduced the meta artifacts.
Tomosynthesis images of the prostheses at center heights at
the same level. The new diagnostic information that could
not be acquired from CT images is provided. Reduction in
meta artifacts was obtained in the images as shown here. The
use of tomosynthesis dlowed better visudization of the
prosthesis caused by the blurring of anatomic structures
above and below the visualized planes.

| Image acquistion (projection generation) |

Image reconstruction using FBP and Shift-and-add technique

¥ ﬂ o

Shift-Add image

Modified FBPimage I'I
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— Selection of best artifact reductionimage —
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J
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Figure 6. Concept of the artifact reduction tomosynthesis
method. Artifact reduction tomosynthesis realized by tak-
ing into account additional weighting coefficients (W).

JBISE



T. Gomi et al./ J. Biomedical Science and Engineering 4 (2011) 443-453 447

ing was performed with a basic and modified FBP algo-
rithm. Artifact reduction processing provides a method
of filtering that can be used in combination with the
backprojection algorithm to yield diced images with
desired properties by means of tomosynthesis (Figure
7.

The quality of CT imagesis governed by the strength
of artifacts, which depends on numerous factors such as
size, shape, density, atomic number and position of met-
al objects, patient size, and patient’s cross-section shape.
For smal implants manufactured from relatively light
metals (e.g., titanium), the effects of beam-hardening
and scattering are low. Therefore, the corrupted CT val-
ues as well as noise-induced streaking artifacts that pose
a major problem to image quality can be neglected. In
such cases, the digital linear tomosynthesis approach to
artifact reduction processing appears to be promising for
the reduction of artifacts ssemming from metas with a
relatively high atomic number.

5.3. Temporomandibular Joint | maging

Since the discovery of X-raysin 1895 and their applica-
tion to dentistry, radiographic imaging of oral anatomy
has consisted primarily of viewing 3D gructures pro-
jected onto a 2D plane. This form of imaging, known as
radiography, is characterized by a point source of radia-
tion producing a beam that passes through the patient
and strikes a relatively flat image receptor, which is
usualy a film. This essentialy produces an attenuation
map of the structures through which the beam has been
transmitted. While the dental profession has relied on
this method for obtaining information about the hard
tissues of the oral cavity, it inevitably superimposes
anatomy and metallic restorations, which confound the
problems of identifying and/or localizing diseases or
objectsin 3D.

The temporomandibular joint is a difficult area to in-
vestigate radiographically. A number of imaging tech-
niques have been devel oped. However, there is no tech-
nigque that provides accurate imaging of all components
of the complex anatomy of the joint. Modern imaging

\

Figure 7. Comparison of images obtained from artifact reduc-
tion tomosynthesis (W = 0.06), conventional FBP tomosynthe-
sis, shift-add tomosynthesis, and maximum likelihood tomo-
synthesis (ML, four subsets & 15 iterations) of the center plane.
Artifact reduction tomosynthes's provided better visualization
of the hip prosthesis by eliminating blurring and reducing arti-
facts above and bel ow visuaized planes.

Modified FBP

ML Artifact reduction tomosynthesis

Copyright © 2011 SciRes.

modalities, such as magnetic resonance imaging and CT,
including cone-beam CT, are now being used more fre-
quently for radiographic examination by panoramic ra-
diography, conventional tomography, etc., of the tem-
poromandibular joint.

The digital linear tomosynthesis system used here
showed adequate overall performance, but it is obvious
that its effectiveness is strongly dependent on scan pa-
rameters such as tomographic angle, number of views,
and section thickness [26,27]. Digital linear tomosynthe-
sis images give good results independent of the type of
temporomandibular joint in the patient [28] (Figure 8).
The potentia for application of digital linear tomosyn-
thesis to imaging of the temporomandibular joint ap-
pears promising. In addition, flexibility in the choice of
digital linear tomosynthesis imaging parameters based
on the desired final images and redistic imaging condi-
tions may be beneficial.

The digital linear tomosynthesis images in this sudy
were acquired using linear motion of the X-ray tube and
detector. The type of motion used during data acquisition
dictates the type of blurring of off-focal-plane objects in
the image. Linear motion blurs objects in one dimension
only, which leads to linear streak artifacts caused by
high-contrast off-focal-plane objects.

6. CHEST IMAGING
6.1. Single-Energy Acquisition

Lung cancer is currently the leading cause of cancer
death and continues to be an increasing cause of death
worldwide. Due to its high sensitivity, normal-dose hel-
ical CT is currently considered the gold standard for

2 b

Panoramic radlography Conventional tomography

Tombsynthsis

Figure 8. Patient (56-year-old woman; inflammatory disorder
of the right temporomandibular joint). Panoramic radiograph
(closed and open mouth) showing the mandibular condyle.
Conventional tomography showing the right and left mandibu-
lar condyle. X-ray digital linear tomosynthesis images (differ-
ent level positions) showing the mandibular condyle.
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lung cancer detection. Early reports indicate that low
dose helical CT has the potential to detect early lung
cancer, and thus decrease morbidity [29]. CT solves the
problem of reduced detection caused by overlapping
anatomy. However, there are disadvantages to using CT
compared with chest radiography, such as high radiation
dose and cost. Advantages of chest radiography include
short examination time, low cost, and easy access.
However, there are important disadvantages, such as low
sensitivity and specificity. In chest radiography, the 3D
chest is projected onto a 2D image. Consequently, the
ability to detect pathologic findings is limited by the
overlapping anatomy rather than by quantum noise.
These methods offer much lower senstivity and speci-
ficity than chest radiography as it is practiced currently.
Chest radiography has been shown to havereatively low
sensitivity for detection of pulmonary nodules. The poor
sensitivity for chest radiography precludes its use as a
screening modality, despite its advantages of low cost,
low dose, and wide distribution of devices. With respect
to images of nodules having similar sze, the contrast
was greater when tomosynthesis imaging was used for
processing, as compared with that of radiography [30-
32].

Digital linear tomosynthesis is a method that provides
some of the tomographic benefits of CT but at a reduced
dose and cost and with an approach that is easily imple-
mented in conjunction with chest radiography. Tomo-
synthesis originates from the older technique of geomet-
ric tomography, which has largely fallen out of favor in
chest imaging owing to positioning difficulty, high ra-
diation dose, and residual blur from out-of-plane struc-
tures. Tomosynthesis overcomes the difficulties of geo-
metric tomography by permitting reconstruction of nu-
merous dices of the image from a single low dose ac-
quisition of image data. Although improving detection of
pulmonary masses may be an early area of emphasis for
the application of tomosynthesis, it also has potential for
usein the thorax.

In addition, there are some limitations with chest to-
mosynthesis. For example, patients undergoing tomo-
synthesis have to be able to stand till and hold their
breath firmly. Also, chest tomosynthesis has a limited
depth resolution, which may explain why pathology in
the subpleura region is more difficult to interpret and
artefacts from medical devices may occur [33].

6.2. Dual-Energy Acquisition

In the differentiation of benign and malignant pulmonary
masses, two radiographic findings give indications of a
benign lesion: the presence of calcifications in the mass
and stability of the mass[34-38]. A benign pattern of the
calcifications has been considered necessary to exclude

Copyright © 2011 SciRes.

malignancy [35,39-41]. In the evaluation of diffusey
disseminated pulmonary nodules, identification of dif-
fusdly disseminated pulmonary nodules and cdcifica-
tions in the nodules has been helpful in limiting the dif-
ferential diagnosis [42]. Conventional radiography and
conventiona tomography have been used to detect calci-
fications, but they have been largely replaced by CT
[36-37].

Dual energy subtraction (DES) imaging has been
proposed and investigated by many researchers as a
means of reducing the impact of anatomic “noise” on
disease detection by chest radiography. DES involves
making two radiographic projections of the patient using
different energy X-ray beams. By exploiting the differ-
ence in the energy dependence of attenuation between
bone and soft tissue, the bone contrast can be reduced to
produce a soft tissue image and the contrast of the soft
tissue can be reduced to produce a bone image [43]. Re-
cent computed radiography (CR) systems have been
hampered by poor subtraction effectiveness, workflow
inconveniences, and limitations in detective quantum
efficiency of the CR technology. DES digital radiogra-
phy has been found useful in detecting calcifications
[35,38,44-47]. Projection images acquired using DES
techniques, however, are susceptible to overlap of ana-
tomic features (e.g., calcifications superimposed over the
ribs or spine).

DES digital linear tomosynthesis [48] is a new tech-
nique (Figure 9), and therefore there is no guidance for
its integration into the clinical practice of chest radiog-
raphy. The most reliable signs for discriminating be-
tween benign and malignant masses are the growth rate
of the mass and presence or absence of calcifications
within the mass. Since calcifications are commonly ob-
served in benign masses and no other radiographic char-
acteristic is specific in characterizing a mass, it isim-
portant to detect and characterize calcification within
lesions. Using DES digital linear tomosynthesis, the
presence, distribution, and characteristics of calcifica-
tions in lung nodules can be assessed to an extent that is
not possible with currently available CT imaging and
projection-type DES techniques. In addition, this tech-
nique isnot susceptible to the problems of image overlap,
PVE, or shifting of theimage plane (Figure 10).

7. POTENTIAL ARTIFACTS
7.1. Blurring

Ideally, structures in a given plane of interest should be
clearly displayed in the corresponding tomosynthesis
reconstruction plane, whereas structures located outside
of that plane should not be visible. Essentidly, the lim-
ited angular range of the tomosynthesis image acquisi-
tion geometry dictates that the spatia resolution is lim-
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............. Volume reconstruction —ce—cceceeoy

Figure 9. Illustration of the imaging sequence and processing
of dual-energy acquisition.

X-ray radiography image Tomosynthesis image
(Shift-and-add)

Tomosynthesis image Tomosynthesis image
(FBP) (DES)

Figure 10. Petient (74-year-old man; cacified tuberculous
foci). Comparison of chest images obtained using X-ray radi-
ography, shift-add tomosynthesis, conventional digital tomo-
synthesis, and dual-energy subtraction digita tomosynthesis.
For detection of calcifications in pulmonary nodules, dud-
energy subtraction tomosynthesis proved better than any other
modality imaging methods.

ited in the dimension perpendicular to the detector plane.
As aresult, out-of-plane structures cannot be completely
removed from the recongtruction plane. Out-of-plane
structures are present in every reconstruction plane, but
most are not visible because the various low-amplitude
structures from projections overlap each other in the
reconstruction plane, and therefore are blurred. Out-of-
plane structures from high-attenuation features cannot be
blurred. They appear as multiple replicates of the par-
ticular feature in every reconstruction plane except for
the one in which the actud high-attenuation feature is
located. At one projection angle, these ghosting features
are digributed along the line made by the X-ray source
and actual feature (Figure 11).

7.2. Ripple

Quantum noise plays an important role in the degrada-
tion of contrast resolution of radiographs. It increases
inversely with the X-ray exposure and constitutes the
dominant noise source at low radiation exposure levels.
Because of quantum noise, the technical factors used to
reduce radiation dose in our system are limited to those

Copyright © 2011 SciRes.

levels usually employed in conventional tomography.
However, synthesized tomograms can be obtained with
the same technicd factors used for radiography when the
presence of quantum noise can be tolerated. Any calcifi-
cations are visible in the presence of the overwhelmingly
rippled artifact on DES digital linear tomosynthesis im-
ages (Figure 12). This artifact is a consequence of the
inherent misalignment between the low and high kVp
images because the X-ray tube moves continuoudy.
These features may be amenable to filtration, which may
eliminate desired clinical features.

8. FUTURE DIRECTIONS

The digita linear tomosynthesis images in this review
were acquired using linear motion of the X-ray tube and
detector. The type of motion used during data acquisition
dictates the type of blurring of off-focal-plane objects in
the image. Linear motion blurs objects in one dimension

v v
Sweep
direction
v - [ —

‘-\\N\ \

Phantom (titanium alloy)|

Sweep

Clinical case (THA) direction

in-focusplane

out-focus plane

Figure 11. Blurring occurs along the sweep direction and re-
sults from imaging studies show that a high contrast structure
exists out of the dice plane that is continuoudy perpendicular
to the sweep direction.

A B c D

Figure 12. Dual-energy subtraction digital tomosynthesis im-
ages of a chest phantom obtained different heights above the
dorsal ribs. Blurring changes into ripple as the perpendicular
distance from the dorsal ribs to the plane in focus increases
above a certain threshold.
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only, which leads to linear streak artifacts caused by
high-contrast off-focal-plane objects. On the other hand,
3D recongtruction schemes, such astomosynthesisand CT,
require complete knowledge of the X-ray source projec-
tion geometry prior to exposure. This limitation precludes
much of the potential task-dependent flexibility. This li-
mitation also precludes accurate recongtruction from pro-
jections acquired from a patient who moves unpredictably
between exposures, as this is geometrically equivalent to
not knowing the projection geometry. An aternative ap-
proach to tomosynthess imaging is to determine the
number of views that can be acquired given imaging con-
gtraints (e.g., time restrictions from patient motion, dose
restrictions of the detector). The tomographic angle can be
selected to yield images with an acceptable level of arti-
facts. The tomographic angle then determines the achiev-
able section thickness. This is certainly the case with our
modified FBP agorithm (indicated by results presented
here) and is suspected to be the case with smple backpro-
jection (or the SAA agorithm). It is possible, however,
that this regtriction could be reduced by the use of an al-
ternative recongtruction scheme.

Artifact reduction processing showed an adequate
overall performance, but its effectiveness strongly de-
pended on the imageregion. Digita linear tomosynthesis
images gave good results independent of the type of
metal present in the patient and showed good results for
the removal of noise artifacts, particularly at greater dis-
tances from meta objects. The potential for application
of digital linear tomosynthesis to the imaging of pros-
theses appears promising. Flexibility in the choice of
imaging parameters in artifact reduction processing
based on the desired final images and redlistic imaging
conditions may be beneficial.

Initial data from our study suggest that DES digital lin-
ear tomosynthesis will substantially enhance sengtivity
and specificity of pulmonary nodule detection. Despite its
potential, DES digitd linear tomosynthesis is a new tech-
nique. Therefore, there is no guidance for its integration
into the dlinical practice of chest radiography. The most
reliable signs for discriminating between benign and ma-
lignant masses are the growth rate of the mass and pres-
ence or absence of cadifications within the mass. Since
cacfications are commonly observed in benign masses
and no other radiographic characterigtics is specific in
characterizing masses, it isimportant to detect and charac-
terize calcification within lesons. In addition, this tech-
nique is not susceptible to the problems of image overlap,
PVE, or shifting of theimage plane.
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Appendix A

Modified FBP Algorithm

The 3D Fourier transform of the 3D volume data gener-
ated by the backprojection is based on the following
Eq.l:

F (WX ,Wy,WZ)

= f(xY.2) >exp{- J (W, XX +wy, Xy +w, xz)} dx>dy xdz

D
where f(x,y,z) isthe simple backprojection interme-
diate image, and X, y, and z are real numbers. The mean-
ing of the filtering process performed in 3D Fourier
space is described below, and it is mathematically ex-
pressed by the following Eq.2:
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FM (WX,Wy,WZ) =F (Wx,Wy,WZ)XM (WX,Wy,WZ) 2

where FM (WX,Wy,WZ) is the filtered 3D Fourier distri-
bution image, and M (Wx,Wy,WZ)iS a function repre-
senting filter characteristics. The filtering process carried
out in 3D Fourier space isto weight the 3D Fourier dis-
tribution image of complex data with the real-valued
filter function M dependent on the respective frequency
values. The weighting function M is compressed in the
w, direction. M (WX,Wy,WZ) is expressed by the fol-
lowing Eq.3 as a product of three functions representing
the filter characteristic:

M (WX,Wy,WZ) =H o (W, ) H e (W,

), e (WR)

3

prof spec r inverse
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H,o (W,) has a low-pass filter characteristic, i.e, a
Gaussian characteristic, which is expressed by the fol-
lowing Eq.4:

éw, i 0

SCFDH

®
Hoo (W,) = expg— 0.693 (4)

o}

_1- sin(w, - CFR)/WFR
2

MDD (D> D> D D> D> D> (D~
T
—~
=
N—

However, w, = w,?+w,*+w,” . The function has a

sne wave form with high-frequency components
smoothly attenuated. CFR is the cut-off frequency, and
WFR isthe total transition frequency width of the filter

gcase w, <

where CFD is the frequency with the Gaussian attenua-
tion halved.

Hee (W,) has a filter characteristic which is ex-
pressed by the following Eq.5:

CFR- WFR6
2 g

CFR- WFR <w, < CFR+VVFR9 5)

2 2 2

CFR+WFR o]
———<w, :
2

from the origin of the 3D Fourier space. H; . (WR)

has a filter characterigtic which is expressed by the fol-
lowing Eq.6:

Hoee (0R)=[0R oR={o+0? (6

strength. CRR+WFR is the Nyquist frequency and ’
The 3D back Fourier transforms the Fourier space da-

CFR- WFR . : : ta back to 3D volume data, having undergone Fourier
_— th - f .

'S the no-processing region requency space low-pass filtering. The 3D back Fourier transform
This H. (Wr ) removes high-frequency components is expressed by the following Eq.7:

1 5. .

fm(x,y,z) = 3 P’ GFM (WX,Wy,WZ)>€‘Xp{ j (Wx XX W, XY +W, xz)} dw, dw, dw, (7)
where Eq.7 is the transformation from the frequency We e
domain to the space domain. It isthe inverse of therela WR_norm =
tion described by Eq.1. Rmax

Hinverse (WR) = |WR_norm (8)

APPENDIX B

Metal artifact processing
H e (WR) has afilter characteristic expressed by the
following Eq.8:

— 2 2
WR_temp =W + \/Wx +Wy

Hspec (Wr ) >4—Iinverse (WR) - 2_

H

spec

—_— = —— —

(W, ) e (WR) =0

r H is the Nyquist frequency EMO
[

the no-processing region frequency ?M c.>.
[

and r is
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|WR norm

where W is the addition of a direct current component.
Wg g IS the maximum value of a wg_,,, vaue The
characteristics in the negative direction along the hori-
zontal axis are omitted because these are in linear sym-
metry about the vertical axis with the characteristics in

the positive direction. H . (W, ), 0 (WR) is ex-
pressed by the following Eq.9:
smgi% (r|erH)
9)

(r[>rH)

The 3D back Fourier transforms the Fourier space da-
ta back to 3D volume data, having undergone Fourier
space low-pass filtering.
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