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ABSTRACT

The material identification is a pressing requirement for the sensitive security applications. Dual-energy X-ray computer
tomography (DXCT) has been investigated for material identification in the medical and security fields. It requires two
tomographic images at sufficiently different energies. To discriminate dangerous materials of light elements such as
plastic bombs in luggage, it is needed to measure accurately with several tens of kilo electron volts where such materi-
als exhibit significant spectral differences. However, CT images in that energy region often include artifacts from beam
hardening. To reduce these artifacts, a novel reconstruction method has been investigated. It is an extension of the Al-
gebraic Reconstruction Technique and Total Variation (ART-TV) method that reduces the artifacts in a lower-energy
CT image by referencing it to an image obtained at higher energy. The CT image of a titanium sample was recon-
structed using this method in order to demonstrate the artifact reduction capability.
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1. Introduction

Dual-energy X-ray computer tomography (DXCT) is a
powerful material identification technique in the field of
medical engineering [1-6]. In DXCT, the effective atom-
ic number and electron density of a target object are de-
rived from the attenuation coefficient or CT value at two
different energies [7]. CT systems of this field have dual
sources or the ability to rapidly switch the tube current
and voltage.

DXCT is also expected to be applied to the security
field. For medical use the target object is body tissue, con-
sisting of light elements. However, these medical sys-
tems cannot be directly applied to security inspection,
because the target object is composed of various ele-
ments. In addition, for space and cost reasons, medical
equipment is unsuitable. The applications of DXCT
technology have been applied to material discrimination
in the security field [8]. An X-ray CT system using a
conventional X-ray tube and a photon-counting line sen-
sor has been developed and shown to be feasible for ma-
terial discrimination [9], but one problem was the pres-
ence of artifacts due to beam hardening.
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In DXCT, the effective atomic number and electron
density are derived from the difference between the atte-
nuation coefficients at different energies. Therefore, two
CT images need to be obtained at a significant energy
difference. In addition, the target object in the security
field can include light elements such as plastic bombs.
Thus, the lower X-ray energy needs to be several tens of
kilo-electron volts. Depending on the thickness of the
target, such low-energy X-rays may be completely ab-
sorbed and not reach the detector. In this case the at-
tenuation is not a linear function of absorber thickness
[10,11]. This nonlinear relationship induces artifacts as a
beam- hardening effect, evident as variations in pixel
values even within the same material. An example of an
image showing this artifact [12] is the CT image of a
copper sample at 40 keV, for which a circular hole in it is
blurred in comparison to its image at 90 keV. To identify
the material accurately, it is necessary to reduce such
artifacts and derive the correct attenuation coefficient
from the low-energy CT images.

To reduce such artifacts, an iterative reconstruction
method that uses CT images obtained at different ener-
gies was investigated. Higher energy images have fewer
artifacts than those of lower energy [12]. This iterative
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reconstruction method uses a higher-energy CT image
obtained simultaneously using polychromatic X-rays as
the reference. As the basis for this method, Algebraic
Reconstruction Technique and Total Variation (ART-TV)
was adopted because it has been verified to be capable of
overcoming data insufficiencies [13,14]. As an extension
of ART-TV, we developed an improved method referred
to here as ART-FG-TV, where FG stands for flatten gra-
dient. This method utilizes a CT system that can simul-
taneously image an object at different X-ray energies.
Experimental projection data from a titanium sample
were reconstructed with this method and evaluated in
terms of artifact reduction. Although titanium is a heavier
element than the atoms contained in plastics, it is se-
lected to evaluate the effect of the ART-FG-TV because
it clearly reveals artifacts from beam hardening. Also, as
titanium is often included in electronic products and ca-
meras, it is a key target material in the security field.

2. Reconstruction Method and Experiment
2.1. Reconstruction Method

The FG step is an iterative optimization process added
to the ART-TV method. It flattens the gradient of a CT
image by referencing the gradient of a higher-energy CT
image. Following the notation of the original algorithm
[14], this method can be summarized by the following

four steps:
1) ART reconstruction
—H.
fin=1, +gl—12anl_,,‘:1,...’p (1)
|71
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where f and g respectively denote a reconstructed image
and the projection data, where H is the projection matrix.
The number of projections is P, the TV iteration number
is O, and the FG iteration number is S.

In FG procedure, argument f represents a processed
image vector, whereas / is the gradient vector of the higher-
energy CT image, calculated by applying a Laplacian
filter to the image. @ and a are, respectively, a threshold
and a constant that represents the strength of this proce-
dure, which affect the resulting image and should be
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chosen appropriately. R is a set of vectors of the indices
of f'that the X-ray path crosses, as in Figure 1.

The FG procedure is described below: the image f is
traced, on a pixel by pixel basis, along the X-ray path R,
and focused pixel is increased as to the strength parame-
ter a and the difference s between that pixel and its adja-
cent pixels, if the gradient of the reference image at the
same position is less than the threshold value 6. This it-
erative step modifies the values of the pixels on the im-
age f corresponding to the positions of the flat area, or
the same material area, of the reference image; the de-
cline of CT value, or the artifact mentioned in Section 1
is thereby reduced.

2.2. Experiment

The CT images were reconstructed from the data meas-
ured using the X-ray CT system shown in Figure 2. It
consists of a continuous X-ray tube (running at 150 kV
and 10 pA) and a cadmium telluride (CdTe) X-ray/
gamma-ray detector (Amptek X-123CdTe). The sample
is a titanium cylinder 15 mm in diameter. To avoid pile-
up at the detector, a 30-mm-thick aluminum plate is
placed between the X-ray tube and the sample. The CdTe
detector is wrapped with lead shielding to avoid scattered
rays. Since the X-rays are collimated at the tube window
and by the hole in the lead shield, they are assumed to
constitute a pencil-shaped beam. Assigning the line con-
necting the X-ray tube and the detector to be 0 mm, data
are measured by one second for each 1 mm from —16 to
+16 mm. As the sample shape is cylinder, the measure-
ment is done once and the data were repeated for 36
times to obtain a complete rotation. Examples of spectral
data are shown in Figure 3.

The measured spectrum is divided into energy bands
of 10 keV and the midpoint of each energy band is taken
to define the effective energy [9]. Dual-source CT sys-
tems in the medical field often approximate the mean
photon energy of the spectrum in terms of the total num-
ber of counts in the whole spectrum [1,2]. In contrast,
our method counts the number of photons at the actual
energy.

\f]

Figure 1. Example of an element r of R for the case of a 5 x
5 pixel image f. Element r is a vector that consists of pixel
indices intersected by the ray passing through the image. In
this example, r={1, 6, 7, 8, 9, 14, 15}.
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Figure 2. Schematic diagram of the adopted X-ray CT sys-
tem. To avoid the pile-up phenomenon, a 30-mm-thick alu-
minum plate was placed between the X-ray tube and the
sample.
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Figure 3. Spectra output by the CT system. The solid line
represents the spectrum measured without the sample and
the dashed line represents that with the Ti sample.

3. Results and Discussion

Measured CT data of the sample were reconstructed us-
ing ART-TV and ART-FG-TV at each energy band. The
higher-energy image referenced in the FG procedure was
also reconstructed using ART-TV. In Figure 4, the CT
images of 50 keV and the reference image of 110 keV
are shown; (a) is ART-TV, (b) is ART-FG-TV and (c) is
the referenced image. Profiles along the centers of the
images (dashed line in Figure 4) are plotted in Figure 5.
Since the sample is a uniform titanium cylinder, the CT
value should be uniform. Whereas the CT value obtained
using ART-TV was non-uniform, it became more nearly
uniform with ART-FG-TV. This improvement verifies
that the method reduces artifacts.

In Figure 5, the lowest value in the ART-TV image is
0.098, and the difference between the highest and lowest
values is 0.025, which is 20% of the highest value in the
image. On the other hand, the lowest value in the
ART-FG-TV image is 0.106, and the difference between
the highest and lowest values is 0.011, which is only 9%
of the largest value. Furthermore, the depression in the
CT image in Figure 4, which is displayed in 256 shades
of gray, is barely visible.

The ART-FG-TV image was also compared to one
measured by conventional filtered back projection (FBP).

Copyright © 2012 SciRes.

(a) ART-TV (b) ART-FG-TV (c) Reference image

Figure 4. CT images of a 15-mm-diameter titanium cylinder
using (a) ART-TV at 50 keV; (b) ART-FG-TV at 50 keV;
and (c) ART-TV at 110 keV as the reference. The parame-
ters used for ART-TV were P = 80 and Q = 100. The pa-
rameters used for the FG step were 0 = 0.001, a = 0.05, and
S = 50. A gray circle is evident at the middle of the image
shown in (a), despite the sample being uniform titanium. By
using ART-FG-TV, this artifact was reduced.
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Figure 5. Profiles along the center line (dashed line in Fig-
ure 4) of CT images by ART-TV (dashed lines) and ART-
FG-TV (solid line) methods.

The image in Figure 6(a) is identical to that in Figure
4(b), whereas the image in Figure 6(b) is reconstructed
from the same data by FBP. The image profile along the
center of each image (dashed line) is shown in Figure
6(c). The CT value by FBP is large at the edges of the
cylinder but declines sharply toward the center. Mean-
while, the CT value by ART-FG-TV is fairly flat across
the cylinder, demonstrating how ART-FG-TV can flatten
an artifact.

The influence of a and 8 on the image was investi-
gated. The value of a was varied from 0.01 to 0.10 in
steps of 0.01 and images were reconstructed. The arti-
facts are reduced more by using increasingly larger val-
ues of the parameter o (Figure 7). However, when « is
larger than 0.05, the image does not converge. Changes
in the value of the threshold € did not noticeably affect
the image of this sample.

In this method, the artifact reduction is done by refer-
encing the higher-energy CT image. Measuring the X-ray
with the photon counting detector, the data are obtained
as the spectrums. As previously described, the measured
spectrum is split into the energy bands of 10 keV. This is
enabled by measuring the energy of each photon accu-
rately by photon counting detector. With this accuracy of
measuring the energy of photon, it is possible to evaluate
the reduction of artifacts numerically.
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Figure 6. Comparison of CT image of Ti (diameter: 15 mm)
by (a) ART-FG-TV and (b) FBP. (¢) Is the image profile
along the centers of each image in the horizontal directions.
The image of (a) is same with Figure 4(b).
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Figure 7. Image profile along the center of the images in the
horizontal directions with ART-FG-TV, with varying the
strength a from 0.01 to 0.05.

4. Conclusions

An ART-FG-TV algorithm is proposed as a method of
reducing artifacts in CT images due to the nonlinear re-
lationship between the attenuation and the material thick-
ness. The method uses a high-energy CT image as a ref-
erence, and this CT image is available from arbitrary
energy band of X-ray spectra. The technique relies on
accurate energy measurements using a photon-counting
detector.

The artifact in a CT image of a titanium sample at low
energy was suppressed in CT value from 0.025 to 0.008
(20% to 7%). As a first step, it has been demonstrated
that this method flattens the artifact. In the future, we
will evaluate this method with samples of lighter ele-
ments. We will further evaluate the method using com-
plex samples, and investigate the effects of the chosen
parameters on the attenuation coefficient.

Copyright © 2012 SciRes.
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