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Abstract

We propose a new method to reduce the effects oflinearities such as beam
hardening in Computed Tomography (CT) images. Dae the polychromatic
characteristics of X-ray sources the ratio of atsdad and incoming intensity is not
exactly exponential with the material thicknessthivi CT images this leads to artifacts
like cupping, streaks and blurring. Especially imnltirmaterial objects with highly
different attenuation characteristics these effacéseven more complex. The method
described in this paper allows the correction oarbehardening artifacts in multi-
material objects. The presented approach doesqatire any estimate or knowledge of
the incident X-ray spectrum nor of material chagdstics like mass density or
absorption coefficients. The method uses the ailgprojection images and works
without any reference measurements. Several spesimé miscellaneous material
combinations were measured with CT. Afterwards attidact correction was applied to
show the efficiency of the proposed method.
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1. Introduction

Computed Tomography (CT) is an imaging method usedgenerate three-
dimensional images from a series of two-dimensiofahy projections. Due to the
penetrating quality of the X-rays it is possibleatwalyze interior object structures. The
CT reconstruction algorithm is based on the assiompthat a particular volume
element attenuates all X-rays in the same way iewdl@pnt of the projection angle or
propagation path length. Therefore, the linearnatiéion coefficientn changes non-
linearly along the propagation path. Hence, themstucted image of the specimen
seems to have changing densities depending owmd¢hé&dn in the volume. This effect is
called beam hardening and induces several artifiilatscupping and dark streaks
between regions of high mass density [1-10].

A vast amount of correction approaches has beepopeal since the computed
tomography was introduced in the early 1970s. Twe g¢ short review on beam
hardening corrections, two common methods are ptedesubsequently. The technique
called Linearization is based on the estimatiothefrelation between a propagated path
length within the specimen and an according medsureakened intensity Preprint
submitted to Elsevier 3 January 2008 by means wdws estimation algorithms [1-10].
The characteristic line can be determined by perifog a reference measurement of a



step wedge. Alternatively, the characteristic linan be determined out of the
reconstructed CT image itself [ref]. Afterwardse tartifact reduced CT image can be
reconstructed using the generated characterisiéc This method is only applicable if
the tested object is made of only one material.

Another common beam hardening correction methodased on the use of
reprojections. Unlike X-ray projections reprojecsoare computed X-ray images based
on the material distribution within a CT image. Hoxer, previous knowledge about the
used energy spectrum and all present materialedsssary. Due to the fact that this
technique was conceived for medical CT systems,ghevious knowledge is normally
existent. In industrial CT applications this infation is unavailable in most cases and
doesn’t allow a beam hardening correction.

The scope of this paper is the presentation of ta@dewhich allows performing a
beam hardening correction on CT images of multiemak objects without any
knowledge about the used X-ray spectrum and presatdrials.

2. Method
2.1 Analyzing the Problem

While propagating through matter, X-rays with arcaming intensity 4 are
attenuated according to the specimen material ctarstics. These characteristics are
the mass density, the atomic numbeZ, the used photon enerdyand the length of
the propagation patlk. All material and energy dependencies are exptdebgethe
linear attenuation coefficieni(p,Z,E). This physical effect of attenuation is described
by Beer’s law, which is in case of a mono-energ¥tiay spectrum:

—j,u(p,Z,E)dx
I ono = 10€ % Q)

Theoretically, emitted photons can reach an endrgiweenEn, >0eV and
Emax = Up-€, whereUy is the maximum X-ray tube voltage aaedhe elementary charge.
Additionally the number of emitted photons per gydevel is not constant. Therefore,
each photon is part of a polychromatic X-ray speutiS(E). Furthermore the used
detector system has an energy dependent efficiB{Ey. Both energy dependencies
cannot be obtained separately. Therefore theirymt&®(E)-D(E) can be understood as a
weighting factoW(E) for each present energy and results in the follgvaxpression.
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The difference of equation 1 and 2 equals the redquamount of correction.
Therefore, an uncorrected intendityresults in a beam hardening corrected intersgity
by adding this intensity difference. Hentgcan be used to compute an artifact-free CT
image. The problem is to estimdtgn, andl oy Without any knowledge of the energy

dependencies or the material characteristics.



2.2 Theproposed Correction Approach

The correction method proposed here is based onrdpeojection approach.
Basically, the mono-energetic and poly-energetragctions have to be computed
using previous knowledge of material charactesstas well as the used energy
spectrumW(E). The approach described here, doesn’t requireirtfesmation since it
can be obtained out of the reconstructed CT imagelf.i For that purpose, the
reconstructed CT image has to be segmented intpredentN,, materials. A simple
global threshold algorithm is convenient in mossasa Afterwards, a ray tracing
algorithm is used to compute the propagation pattyths of the X-rays within the
different material sections for each detector pigw, it is possible to form a relation
between propagation path lengths in each mateniclnaeasured intensity. Using this
information allows to compute mono-energetic andy{gemergetic reprojections for
each angular sample. The difference of both reptiojes equals the required amount of
correction. The whole correction process has aratite nature and is charted in
figure 1.
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Figure 1: Flow chart of the proposed beam hardeoimgection method.



A corrected X-ray projection can be computed usiregfollowing expression:

- _Rmono(:uvx) — -R ol (H,X)
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The unknown parameteRmono andRyoy can be approximated by a regression method
based on radial basis functions using the measutedsity images and the previously

computed propagation path lengths [7].

3. Reaults

In order to test to presented method without arfipemce of disturbance variables
like noise, we simulated a virtual test object whtklp of the analytic simulation tool
Scorpius-XLaS. We used approximated parallel beam geometry wWigh source
detector and source object distances, to avoidcang beam artifacts. Additionally we
didn’t simulate any pre-filtering beside the X-raybe window. All simulation

parameters are listed in table 1.

Parameter Value

Trajectory SDD (Source Detector Distance) 10m
SOD (Source Object Distance) 5m

Angular samples / 360° 400
Source Voltage 200 kV
Current 1 mA
Anode angle 0,175 rad
Filter 0,7 mm Beryllium
Detector Type flat panel
Number of Pixels X,Y 512
Pixel Distance X,Y 0,4 mm
Fill Factor 0,7
Exposure Time 1ls
Object Material 1 Aluminum
Material 2 Acrylic glass
Diameter 5cm

Table 1: Simulation parameters.

The simulated object has the shape of the Yin aadgYSymbol. After reconstructing
the object a global threshold was applied to the daorder to perform segmentation.

Two material sections ware segmented.
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Figure 2: Central slice of simulated object Yin afahg and corresponding line profiles.

Using the algorithm described above it is possibleompute the required amount of
correction for each projection by subtracting a oenergetic and a poly-energetic
reprojection. As shown in figure 2(a), a final restruction leads to an almost artifact-
free CT image.

The difference of corrected and uncorrected CT snagshown in figure 2(b). Darker
gray values indicate decreased gray values. Egdlyetiee dark outer edge of the
aluminum section shows that a bigger amount ofembion was necessary to remove
the cupping. In general, object region made of saraterial appear homogeneous.



250
50 8
100
4200
150 4
200 [ 8
4150
o
< 11 E
T 250 . | s
i ti‘
L 5

300 3 s
3503‘ B

400
450 o
500 .
0 100 200
gray value
% 200 Bl
~ "-
5 100+ 4
S ——
0 i i
50 100 150 200 250 300 350 400 450 500
X [pixel]

Figure 3 a): Central slice of beam hardening ceéetobject and corresponding line profiles.
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Figure 3 b): Central slice of difference of beamdeaing corrected and uncorrected object.



4. Conclusion

This paper introduces a method to perform a beamhehang correction on CT images
of multi-material objects. It is based on the rggetion technique. Theoretically, it is
possible to perform a beam hardening correctio@€®drimages measured with any CT
system. No reference measurements are required.md@ns no a priori information
about energy distribution, trajectory of the measwnt system or material
characteristics are needed.
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