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The present study was performed to evaluate the
potential for clinical application of digital linear tomosyn-
thesis in imaging hip prostheses. Volumetric x-ray digital
linear tomosysnthesis was used to image hip prosthe-
ses. The tomosynthesis was compared to metal artifact
reduction (MAR) computed tomography (CT), and non-
MAR CT scans of a prosthesis case. The effectiveness
of this method in enhancing visibility of a prosthesis
case was quantified in terms of the signal-to-noise ratio
(SNR), and removal of ghosting artifacts in a prosthesis
case was quantified in terms of the artifact spread
function (ASF). In the near in-focus plane, the contrast is
greater in the MAR CT or tomosynthesis relative to the
non-MAR CT. The order of ASF performance of the
algorithm was as follows: (1) tomosynthesis; (2) MAR-
CT; (3) non-MAR CT. The potential usefulness of digital
linear tomosynthesis for evaluation of hip prostheses
was demonstrated. Further studies are required to
determine the ability of digital linear tomosynthesis to
quantify the spatial relationships between the metallic
components of these devices as well as to identify bony
changes with diagnostic consequences.
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INTRODUCTION

I nterest in tomosynthesis and its clinical appli-

cations has increased with recent advances in

digital x-ray detector technology. Conventional

tomography technology provides planar informa-

tion of an object from its projection images. In

tomography, an x-ray tube and an x-ray film

receptor move in opposite directions alongside the

object. The relative motion of the tube and the

film is predetermined based on the location of

the in-focus plane.1 Only one image plane is

generated by a scan and multiple scans are needed

to provide a sufficient number of planes to cover

the selected structure in the object. In contrast,

tomosynthesis acquires only one set of discrete

x-ray projections, which can be used to recon-

struct any plane of the object retrospectively.2

Tomosynthesis has been investigated in applica-

tions, such as angiography, chest imaging, hand

joint imaging, pulmonary imaging, dental imag-

ing, and breast imaging.3Y8 Dobbins et al. pre-

sented a review of tomosynthesis techniques.9

Analogous to geometric tomography, simple

backprojection is the most basic tomosynthesis

reconstruction method. Unfortunately, backpro-

jection alone leads to significant contrast-reducing

tomographic blur from distant structures, imposed

upon the reconstructed plane of interest. More

sophisticated tomosynthesis reconstruction meth-

ods attempt to correct for the overlying tomo-

graphic blur and/or poor depth resolution, and

include filtered backprojection (FBP),10Y17 iterative

deblurring, 18Y22 and iterative reconstruction.22Y24

On the other hand, X-ray computed tomogra-

phy (CT) has matured over the last three decades,

and it now constitutes a powerful tool in medical

diagnostics. As a noninvasive imaging technique,

the use of CT has become essential, especially

1From the School of Allied Health Sciences, Kitasato

University, 1-15-1 Kitasato, Sagamihara, Kanagawa,

228-8555, Japan.
2From the Department of Radiology, Shinshu University

Hospital, 3-1-1 asahi, Matsumoto, Nagano, 390-8621, Japan.

Correspondence to: Tsutomu Gomi, tel: +81-427789700;

fax: +81-427789628; e-mail: gomi@kitasato-u.ac.jp

Copyright * 2007 by Society for Imaging Informatics in

Medicine

Online publication 8 June 2007

doi: 10.1007/s10278-007-9040-9

312 Journal of Digital Imaging, Vol 21, No 3 (September), 2008: pp 312Y322



since the advent of spiral CT in the 1990s, which

led to shorter scan times and improved 3-

dimensional (3D) spatial resolution. CT provides

high resolution in the tomographic plane, but

limited resolution in the axial direction. There-

fore, the partial-volume effect may make it

difficult to evaluate structures that are not

oriented with the direction of the CT tomographic

plane. However, the quality of images generated

with a CT scanner can still be reduced by the

presence of metal objects in the field of view

(FOV). Imaging of patients with metal implants

such as marker pins, dental fillings, or hip

prostheses suffer from artifacts, generally in the

form of bright and dark streaks, cupping, and

capping; these artifacts are caused mostly by
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Fig 1. Illustration of a SonialVision Safire tomosynthesis system (Shimadzu Co., Kyoto, Japan). This system acquires 3D projection
data by linear motion in the y-axis direction (tomographic angle is b degrees). The detector uses a direct conversion-type flat-panel
detector (FPD).
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Fig 2. Fourier transform of the 3D volume data generated by backprojection, performing a predetermined filtering process on
frequency domain space, which resulted from the 3D Fourier transform, and a 3D reverse Fourier transform of the filtered data in the
frequency domain space. The data is then put back to a 3D volume data set. The X-ray tube and flat-panel X-ray detector are first driven
to revolve along the circular tracks to scan and pick up images of the region of interest of the object. The operation acquires a group of
projection data of the region of interest detected in varied scan positions. Next, the projection data are subjected to a filtering process
described below. The filtering process is performed in the Fourier domain space.
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quantum noise, scattered radiation, and beam

hardening.25 Metal artifacts influence image qual-

ity by reducing contrast and by obscuring details,

thus impairing the detectability of structures of

interest; in the worst case, this can make a

diagnosis impossible. In addition, CT values are

impaired, which can lead to errors in using these

data, as for example for attenuation correction in

positron emission tomography (PET)/CT.26 The

metallic components of arthroplasty devices are

such high-contrast objects, and therefore generate

artifacts when imaged using CT scans. These

artifacts can make it extremely difficult or

impossible to interpret images of these devices.

These artifacts, along with the partial-volume

effect, severely limit the potential for objective

quantification of total joint replacements with CT.

Methods for reduction of metal artifacts aim to

improve the quality of images affected by this

type of artifacts. In recent years, modified iter-

ative27Y31 or wavelet reconstruction techniques32

have produced promising results, but these meth-

ods cannot be combined with the fast and robust

filtered backprojection (FBP) algorithm, which

constitutes the standard reconstruction technique

implemented in modern CT scanners.

In this report, we focus on the potential

application of linear motion digital linear tomo-

synthesis using a modified FBP33,34 (Gomi et al.,

2006; presented at the annual meeting of the

Radiological Society of North America) algorithm

for enhanced performance, which is used for

imaging of hip prostheses. The present study was

performed to evaluate the clinical application of

digital linear tomosynthesis in imaging hip pros-

theses using the relatively new commercial tomo-

synthesis from Shimadzu SonialVision Safire with

a modified FBP algorithm. Tomosynthesis was
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Fig 3. Diagram of constrained tomosynthesis showing how the projections were modified 3D filtered backprojection (FBP). The
Fourier domain space low-pass filtering is characterized by applying a low-pass filter in the direction of the sectional axis (wz-axis) to
lessen the fluence of the data from the missing wedges.
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compared with metal artifact reduction (MAR) CT

and non-MAR CT scans of a hip prosthetic case.

MATERIALS AND METHODS

Tomosynthesis System

To examine the potential usefulness of digital

linear tomosynthesis (Fig. 1) in replacing the CT,

data were collected using a digital linear tomosyn-

thesis system (SonialVision Safire; Shimadzu Co.,

Kyoto, Japan). This system consists of an x-ray

tube (0.4-mm focal spot) and a 432�432 mm

digital flat-panel detector (1,024�1,024 pixels,

amorphous selenium) with 421-mm pixel size. The

x-ray collimator is shifted during acquisition to

conform the x-ray illumination area to the detector.

The motion of the collimator is synchronized with

the motion of the tube. A data set with 67

projection images and a tomographic angle of 40-
was obtained. X-rays of 80 peak kilovoltage (kVp)

and 160 mA were used, with an exposure time of

200 ms per view. An antiscatter grid was used. The

source to isocenter distance was 980 mm, and the

source to detector distance was 1,300 mm. Images

were transferred to a personal computer with a

2.4-GHz Intel Xeon CPU, 2,096 MB of RAM,

and running Windows 2000 for tomosynthesis

reconstruction.

Reconstruction Algorithm

We evaluated the use of the Shimadzu Sonial-

Vision Safire reconstruction algorithm (modified

FBP33,34 [Gomi et al., 2006 Radiological Society

of North America (RSNA) meeting]) in this study.

This modified FBP provides a description of
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Fig 4. Single projection of prosthetic case. Areas of measurement for the SNR and ASF metric are shown.
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filtering that can be used in combination with

backprojection to yield tomosynthesis slice

images with desired properties (Fig. 2).

Here, we will describe the Fourier domain

space low-pass filtering in greater detail. The

Fourier domain space low-pass filtering has a

Gaussian low-pass filter characteristic as

expressed in Figure 3. This low-pass filtering

applies a low-pass filter in the direction of the

sectional axis (wz-axis) of the Fourier domain

space data (3D Fourier distribution image). The

necessity for this low-pass filtering will be

discussed below. The Fourier domain space data

having undergone 3D Fourier transform have

missing wedges centering on the wz-axis, the

vertices of which meet at the origin of the Fourier

domain space coordinates. The missing wedges

are void of data. The missing wedges are different

in size (volume) from one row of pixels to another

of flat panel detector. That is, the missing wedges

have a central angle and volume enlarging in

proportion to an angle of inclination of a point-to-

point path extending between the center of the

cone beam x-rays emitted from the x-ray tube and

each of pixel rows arranged in the scan axis

(z-axis) of flat panel detector, with respect to a

straight line extending from the center point of the

cone beam x-rays through the center point of a

particular slice of patient to the row of pixels at

the center of flat panel detector. These wedges

result from the non-CT type radiography in which

resolving scans are made about the sectional axis

and in the planes opposed to each other across the

patient. That is, radiography is carried out without

driving the x-ray tube and flat panel detector to

make more than a half revolution about the body

axis of the patient. This results in low resolution

in the direction of the sectional axis (z-axis),

thereby generating the Bmissing wedges.^ Thus,

the Fourier domain space low-pass filtering is

characterized by applying a low-pass filter in the

direction of the sectional axis (wz-axis) to lessen

the influence of the data from the missing wedges.

Evaluation of a Signal-to-Noise Ratio (SNR)
and Artifact

To demonstrate the potential benefits of digital

tomosynthesis compared with CT in imaging hip

prostheses, we used one clinical case, a 52-year-

old female with total hip arthroplasty. The digital

linear tomosynthesis images were reconstructed

Fig 5. Signal-to-noise ratio (SNR) versus distance from the in-focus plane for each algorithm.
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using the following parameters: reconstruction

interval, 2 mm; limited frequency (Fig. 3),

0.07Y0.7 cycles/mm. CT scans were performed

on a multislice CT scanner (16-slice LightSpeed

scanner; GE Medical Systems, Milwaukee, WI,

USA), with 120 kVp, 200 mAs, 0.625 mm�16

collimation, and 0.75-s gantry rotation time (900

views/rotation) at a beam-pitch of 0.93. Multi-

planar reformations (MPR) of images (MPR

images; 2-mm slice thickness, 2-mm reconstruc-

tion interval, 580-mm voxel size) of the CT scan

were compared with the tomosynthesis images.

MAR processing was performed using the itera-

tive reconstruction algorithm (four subsets, 15

iterations).31

The signal-to-noise ratio (SNR) in the prosthet-

ic case was determined. The SNR is defined as
N1�N0

�0
; where N1 is the mean pixel value in the

region of interest (ROI) within the object, N0 is

the mean pixel value in the ROI in a background

area, and s0 is the standard deviation of pixel

values in the background ROI (Fig. 4). Through-

out these results, s0 includes structure noise that

can obscure the object, in addition to photon

statistics and electronic noise.

Wu et al. proposed an artifact spread function

(ASF) metric to quantify artifacts observed in

planes outside the focus image plane.35 The

artifacts are generated from real features located

in the focus image plane, and resemble the real

feature. The artifacts exhibited in image planes

are defined by the ASF as:

ASF zð Þ ¼ Nartifact zð Þ � NBG zð Þ
Nartifact z0ð Þ � NBG z0ð Þ ;

where z0 is the location of the in-focus plane of the

real feature, z is the location of the off-focus plane,

and Nartifact z0ð Þ and NBG z0ð Þ are the average pixel

intensities of the feature and the image background

in the in-focus plane, respectively, Nartifact zð Þ and

NBG zð Þ are the average pixel intensities of the

artifact and the image background in the off-focus

plane, respectively (Fig. 4).

RESULTS

The SNR for tomosynthesis, MAR-CT, and

non-MAR CT were investigated, as shown in

Figure 5. Tomosynthesis of the clear contrast

Fig 6. Artifact spread function (ASF) versus distance from the in-focus plane for each algorithm.
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detectability prosthetic case produced an increase in

the in-focus plane SNR values, but a reduction in the

off-focus plane SNR values. The discrete blur

structure shadows in the off-focus plane images

were smoothed in the in-focus plane images. In the

in-focus plane, the contrast was greater in MAR-CT

and tomosynthesis relative to non-MAR CT. In the

off-focus plane, the contrast was greater in the

MAR-CT and non-MAR CT relative to tomosyn-

thesis. However, tomosynthesis demonstrated its

greatest advantages in the modified FBP algorithm.

The chart in Figure 6 presents the ASF results

for the prosthetic case. This chart shows the ASF

versus the distance from the in-focus slice in

millimeters. The number of reconstructed slices

was 12. The ASF chart shown in Figure 6

demonstrates that tomosynthesis results in the

greatest degree of removal of ghosting artifacts.

By examining Figure 5 through the entire thick-

ness of the specimen, the order of ASF perfor-

mance of the algorithm was as follows: (1)

tomosynthesis; (2) MAR-CT; (3) non-MAR CT.

In Figures 5 and 6, the SNR showed a tendency

to improve, narrowing the band of limited frequency

with variation. The artifacts resulted in a widening

of the band of limited frequency with variation. The

ASF that yielded little difference with variation over

a limited frequency range and the greatest SNR was

0.07 cycles/mm. Therefore, this value was used as

the algorithmic optimal cutoff.

As shown in Figure 7, the hip prostheses that

lay outside the reconstruction plane were blurred

on the digital linear tomosynthesis images. The

use of digital linear tomosynthesis improved

visualization of the underlying tissue detail by

blurring the overlying structures. CT provided

information (MPR of images) about the hip

prostheses, as shown in Figures 8 and 9. The

MPR of CT images suffered from string artifacts

in all regions. In addition, because of strong beam

hardening and scatter effects, the region of the

femur was poorly displayed. The artifacts in the

CT images produced by FBP were realistic and

resembled actual patient images. The more metal

Fig 7. Tomosynthesis images of the hip prostheses at different heights at the same level as in Figures 8 and 9 (40- tomographic angle, with
67 views; limited frequency is 0.07 cycles/mm). The top row shows soft-tissue information, and the bottom column shows bone information. The
new diagnostic information that could not be acquired in CT images is provided. Reduction of the artifacts in the images obtainedwith show view.
The use of tomosynthesis allowed better visualization of the hip prosthesis caused by the blurring of the anatomic structures above and below the
visualized planes. However, in the off-focus plane, the section thickness is too large to result in adequate blurring of overlying structures.
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present in the field of view (metal backed and

bilateral prostheses), the more the metal artifact

that was produced. Reconstruction of the incom-

plete projection data using iterative deblurring

produced an essentially metal-artifact-free image

for bone and soft tissues and had performance that

was superior to the FBP methods. The hip

prostheses present on the CT images could be

removed effectively by blurring in the 67-projec-

tion digital linear tomosynthesis image. This

allowed better visualization of the tissue detail

directly below the hip prostheses structures.

DISCUSSION

Digital linear tomosynthesis shows adequate

overall performance, but its effectiveness

depends strongly on the region of the image.

Digital linear tomosynthesis images give good

results independent of the type of metal present

in the patient and show good results for the

removal of noise artifacts, especially at greater

distances from metal objects. Application of

digital linear tomosynthesis to imaging of the

hip prostheses appears promising. In addition,

the flexibility in the choice of digital linear

tomosynthesis imaging parameters based on the

desired final images and generated of high-

quality images may be beneficial.

Image reconstruction schemes may be selected

taking the metric outcome into consideration.

MAR-CT with in-focus plane is best for SNR

optimization, whereas MAR-CT with off-focus

plane is best for SNR optimization. It seems that

the number of the projection, total exposure dose,

and pixel size of detector are great results in

comparison with tomosynthesis. The information

contained in a tomosynthesis voxel can be

obtained from the 67 projections. Ideally, the

number of x-ray quanta for reconstruction of this

voxel equals that from a single projection ac-

quired with the same amount of total exposure.

Considering the detector noise from the acquisi-

tion of each projection, the SNR is reduced in

tomosynthesis imaging, which distributes the total

exposure over 67 projections. The effect of

projection angle, which decreases the photon

transmission and reduces the effective detector

pixel size, also further reduces the SNR.

Fig 8. Coronal slice images of the hip prostheses at different heights from MAR-CT and non-MAR CT scan at approximately the same
level in Figure 9 (MPR images: 2-mm slice thickness, 2-mm reconstruction interval). The top row shows non-MAR CT images, and the
bottom row shows MAR-CT images. Display level (soft tissue information) is a window at 250 HU, window level at 25 HU. Remarkable
metal artifacts can be seen occurring in the neighborhood of the hip prosthesis. However, MAR processing reduced the metal artifacts.
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At a given projection angle, a high-attenuation

feature can create artifacts in any voxel along the

lines between the x-ray source and the feature pix-

els in the projection. Artifact reduction becomes

more difficult as the size of the high-attenuation

feature increases or the distance between the voxel

and the high-attenuation feature decreases. The

ASF metric gauges the effectiveness of each

reconstruction technique for reducing the ghosting

artifact in planes outside the focus plane. It is also

a measure of the effectiveness of the techniques

for reducing ghosts in the focus plane caused by

interfering, overlying structures in planes outside

the focus plane.

CT images depend on numerous factors, such as

size, shape, density, atomic number, and position

of the metal objects, patient size, and the shape of

the patient’s cross-section. Especially for small

implants manufactured from relatively light met-

als (eg, titanium), the impact of beam hardening

and scatter effects is low, so that corrupted CT

values can be neglected and noise-induced streak-

ing artifacts pose the main problem to image

quality. In these cases, digital linear tomosyn-

thesis appears to be a promising approach for the

reduction of artifacts stemming from metals with

relatively high atomic numbers (Figs. 7, 8 and 9).

The digital tomosynthesis images presented in

this report were acquired using a 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.

CONCLUSIONS

In summary, use of digital linear tomosyn-

thesis in imaging of hip prostheses appears

promising. The results of the hip prosthesis

study suggest that digital linear tomosynthesis

can improve image quality compared with

Fig 9. Coronal slice images of the hip prostheses at different heights from MAR-CT and non-MAR CT scans at approximately the same
level in Figure 8 (MPR images: 2-mm slice thickness, 2-mm reconstruction interval). The top row shows non-MAR CT images, and the
bottom row shows MAR-CT images. Display level (bone information) is the window at 1,000 HU, window level at 300 HU. Remarkable
metal artifacts can be seen occurring in the neighborhood of the hip prosthesis.
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conventional radiography by removing overlying

structures and providing limited 3D information.

In addition, the digital linear tomosynthesis

method appears to allow for significant im-

provement of images corrupted by metal arti-

facts. Digital linear tomosynthesis provided

higher quality images than CT. Tomosynthesis

is the best solution for cases in which the high-

attenuation feature causing the artifacts can be

segmented accurately from the projection.
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