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Metal Artifact Reduction for Polychromatic X-ray
CT Based on a Beam-Hardening Corrector

Hyoung Suk Park, Dosik Hwang, and Jin Keun Seo*, Member, IEEE

Abstract—This paper proposes a new method to correct beam
hardening artifacts caused by the presence of metal in polychro-
matic X-ray computed tomography (CT) without degrading the
intact anatomical images. Metal artifacts due to beam-hardening,
which are a consequence of X-ray beam polychromaticity, are be-
coming an increasingly important issue affecting CT scanning as
medical implants become more common in a generally aging pop-
ulation. The associated higher-order beam-hardening factors can
be corrected via analysis of the mismatch between measured sino-
gram data and the ideal forward projectors in CT reconstruction
by considering the known geometry of high-attenuation objects.
Without prior knowledge of the spectrum parameters or energy-
dependent attenuation coefficients, the proposed correction allows
the background CT image (i.e., the image before its corruption by
metal artifacts) to be extracted from the uncorrected CT image.
Computer simulations and phantom experiments demonstrate the
effectiveness of the proposed method to alleviate beam hardening
artifacts.

Index Terms—Beam hardening effect, computerized tomog-
raphy, metal artifact reduction, radon transform.

I. INTRODUCTION

T HIS work aims to improve computed tomography (CT)
by reducing metal artifacts due to beam-hardening. They

are generally generated by medical implants such as orthopedic
implants, dental fillings, surgical clips, and coronary stents.
Therefore, the increasing use of of artificial prostheses and
metallic implants combined with an aging population make the
degradation of CT images by metal artifacts an increasingly
common problem, and numerous research efforts have sought
to reduce them. However, this issue is a major challenge facing
CT imaging due to the difficulty in handling the nonlinearly
varying projection data associated with the complex geometry
of the metallic objects.
The presence of a metallic object in the scan field gener-

ates severe discrepancy between the projection data and the
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Radon transform . The projection data (for a two-dimen-
sional parallel beam system) is given by the Lambert-Beer law
[5], [21]:

(1)

where denotes the attenuation coefficient at position
and at energy level , represents fractional en-

ergy at photon energy in the spectrum of the X-ray source
[16], [33]. The most widely used reconstruction method for CT
is the filtered backprojection (FBP) algorithm [6]:

(2)

where denotes the FBP operator.
Writing as an unknown target image to be recon-

structed, the uncorrected CT image can be decomposed
into

(3)

where indicates the artifacts. In the presence
of metallic objects, beam-hardening artifacts associated with the
mismatch of cause severe bright and dark streaking
artifacts in CT image, which greatly degrade the image quality.
They depend mainly on the geometry of the metallic regions,
the energy dependency of for the metallic objects and the
spectrum of the X-ray beam .
The artifact correction method proposed here uses shape in-

formation of the metallic implants to correct the mismatch
in the FBP. Assuming that the metallic objects in

the imaging slice occupy the region , we propose
a beam hardening corrector expressed by:

(4)

where is an unknown parameter that depends on the en-
ergy-dependent attenuation value of the object in and the
spectrum of the X-ray source. Here, denotes the character-
istic function of ; in and 0 otherwise. Numerical
simulations show that this beam hardening corrector allows the
background CT image (i.e., that which is not corrupted by metal
artifacts due to beam-hardening) to be extracted from the uncor-
rected CT image . (See Fig. 1).
Let us now briefly discuss existing methods to suppress

streaking artifacts due to metals. Examples of beam hardening
correction methods include dual energy correction [2], [22],
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Fig. 1. Illustration of (left), (middle) and corrected image
(right) for the clinical CT image of pelvis containing two

simulated metallic objects (titanium). The and are displayed
with the same window center and width .

[40] and statistical iterative correction [11], [13], [25], [29],
[38]. The former requires a lengthy post-processing and a
higher dose of radiation compared with single-energy CT [9].
The latter requires prior information about the energy spec-
trum of the incident X-ray and energy-dependent attenuation
coefficients of the materials. Kyriakou et al. [20] proposed
empirical beam hardening correction (EBHC), which does not
require such prior information. Various inpainting- based metal
artifact reduction (MAR) methods have been suggested (e.g.
interpolation [1], [4], [19], [23], [34], normalized interpolation
(NMAR) [26], Poisson inpainting [30], wavelet [24], [41], [42],
tissue-class model [3], and total variation (TV) [12], Euler's
Elastica [15]). However, numerous previous studies using
inpainting-based methods have found limited performance;
inaccurate interpolation of the projection data can introduce
additional streaking artifacts to the reconstructed image, and
missing data caused by interpolation deteriorate morphological
information in the region surrounding the metallic objects in
the reconstructed image [26], [28].
The proposed artifact corrector is based on an analysis of

the geometric characteristics of beam-hardening artifacts due to
metals. It considers the geometry of the metal object (e.g., med-
ical implants) and the corresponding artifacts. The performance
of the proposed method is compared in numerical simulations
and phantom experiments with those of other existing methods
such as linear interpolation (LI) [19], NMAR and EBHC.

II. METHOD

The proposed beam hardening corrector (4) takes account of
the geometry of high attenuation materials and the polychro-
matic X-ray beam, which is composed of the number of pho-
tons at different energies. Denoting by the source in-
tensity at energy level E, the detected X-ray intensity passing
through the body along the line

is detected by the Lambert-Beer's law:

(5)

where and denotes the atten-
uation coefficient at position and at energy level . Then
the measured X-ray data for polychromatic X-ray source is ex-
pressed as

(6)

where indicates the normalized
energy spectrum of X-ray beam [35]. Now, we are ready to ex-
plain the main result of this paper.

A. Main Result: Beam Hardening Corrector

Regarding the target image as for an unknown
energy level , the uncorrected CT image in (3) is expressed
as

(7)

Let be a domain occupying the metal regions with
its attenuation coefficient , and we first consider the case
when the metallic subjects , have the same
attenuation coefficient. Then the artifact term in (7) depends
mainly on the geometry of , the normalized energy spectrum
of X-ray beam and the energy dependency of . To
be precise, the mismatch can be expressed as

(8)

The attenuation coefficients of most soft tissues are more or less
independent of X-ray energy, whereas the energy dependency
of is high. For the ease of explanation, we assume that

(energy independent) outside themetal region ; that
is, in the absence of metallic objects, beam hardening artifacts
are assumed to be very small. Then, is supported
approximately in , and (8) can be approximated as

(9)

where depends on the
spectral attenuation coefficient and .
With a suitable choice of number , it is crucial to ob-

serve the following approximation (See Fig. 2):

(10)
where is defined by

if
otherwise

(11)

In the above approximation (10), we use the two properties of
the function as shown in shown in Fig. 2: (i)
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Fig. 2. Illustration of and . is the normalized
X-ray spectrum for tungsten anode generated at a tube voltage of 80 kVp [8],
and in (11) is generated at and .

; (ii) is approximately an even function
with respect to .
From (9) and (10), we have

(12)

where . The parameter is determined by the spectral
attenuation coefficient and X-ray spectrum . Assuming
that is approximately independent of (i.e. is assumed to
be independent of ), the last term in (12) can be approximated
by

(13)

From (12) and (13), the difference between and can be
expressed as

(14)

where denotes the beam hardening corrector given by

(15)

Fig. 1 shows the numerical simulations of and the
corrected image for the pelvis containing two sim-
ulated metallic objects (titanium). In this simulation, the projec-
tion data in (1) is generated at energy range between 20–80
keV based on the experimental findings of attenuation coeffi-
cient in [17] and source spectra described in [8]. As shown in
Fig. 1, the artifact corrector compensates the streaking ar-
tifacts due to beam hardening from .
Fig. 3 shows the comparison between projection in (1) and

model data based on equation (8)–(13), given by

(16)

Fig. 3. Comparison between projection in (1) and model data in (16) at
angle (b) and (c). In this simulation, projection data is generated
at energy range between 20–80 keV for Shepp-Logan phantom containing two
titanium inserts (a).

Fig. 3 shows that closely match with . In this sim-
ulation, projection data is generated at energy range
between 20–80 keV for Shepp-Logan phantom containing
two titanium inserts (Fig. 3(a)). The is computed for

, and
.

B. Artifact Correction Algorithm

Based on the key characterization on the metal artifacts, we
now explain the artifact correction algorithm. According to the
analysis, streaking artifacts due to the presence of metals can be
characterized in term of the geometry of the metallic subject .
The proposed artifacts correction algorithm simply consists

of the following two steps.
1) Segment the metal region in .
2) Determine the best in such a way that alleviates

the streaking artifacts arising from beam hardening in
optimally.

Let us focus on the step 2 since there are various segmen-
tation techniques [3], [36], [39] to extract the metal region

. For step 2, we propose the following misfit func-
tional

(17)

where is the weighting function chosen to impose more
penalty on the streaking artifacts. We choose the weighting
function as

where is the Laplacian operator. This weighting function
is chosen based on the fact that the structure of streaking ar-

tifacts in does not change with , which is the same of
the streaking artifacts in due to the beam hardening asso-
ciated with . Recently, under the assumption that projection
data can be approximated as in (12), Park et al. [31], [32] have
characterized that streaking artifacts due to beam hardening are
straight lines tangent to the boundaries with touching
at least two different points in the boundaries. In the presence of
two disk shaped metallic objects in the field of view of CT (See
the left image in Fig. 1), there are four tangent lines touching two
different points on the boundary of , along which streaking ar-
tifacts are produced in the reconstructed CT image . Here,

highlights the streaking structure more
clearly, so that the weight function gives more penalty on
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Fig. 4. Illustration of objective function of (18) with respect to (top left)
for the Shepp-Logan phantom with two disk shaped metallic objects (gold), and
corresponding corrected image (bottom three figures). The top right
figure depicts the image profile of along the red dotted line. The
streaking and cupping artifacts are significantly reduced at optimal .

these tangent lines. The optimal parameter is determined
by minimizing the functional :

(18)

In our numerical simulations, the simple thresholding method
suffices to extract the metal region from . The nonlinear
problem (18) is solved using the standard Newton's method with
the initial value . The initial value can be determined by
taking account of the energy range of incident X-ray and the
attenuation coefficient of metallic material in the scan slice of
CT. Fig. 4 illustrates the objective function of (18) with respect
to for the Shepp-Logan phantom with two disk shaped
metallic objects (gold). As can be seen, the streaking and cup-
ping artifacts are significantly reduced when , which
is the optimal value of the objective function of (18).
Now, we consider the general case of multiple metallic ma-

terials having the different variation of attenuation coefficients
in the subregion of the metal region . Following the argu-
ment as before, we can derive the following artifact corrector

for multiple metallic objects:

(19)
where is a sequence of parameters de-
pending on the metallic materials and incident X-ray source
spectrum. The optimal parameter in (19) can be
determined by solving the minimization problem (18).
Remark 2.1: In (19), there are unknown parameters

. However, if consists of different type
of materials, then unknown parameter
in (19) can be simplified into unknown parameters. For
example, if are gold and if are
iron, then (19) can be simplified into

(20)

III. RESULTS

The proposedmethod is tested through numerical simulations
and phantom experiments. The simulations consider the pro-
jection data in (1) containing Poisson noise generated using
the attenuation coefficients given in [17] and source spectra de-
scribed in [8]. Other effects such as scattering and photon star-
vation are neglected, in order to focus on beam hardening due
to metallic objects. The is computed by the standard FBP.
The phantom studies use CT images acquired by an industrial
cone-beam CT system (X-eye 7000 PCT, SEC CO., Korea).
Note that the corrected CT images are obtained without using
the projection data (or sinogram) of the CT scan.

A. Numerical simulations

Four different numerical phantoms containing metallic mate-
rials are used to test the proposed method. Fig. 5 illustrates its
performance. First, second, third and fourth row show the ref-
erence, uncorrected, corrected CT images using the proposed
method and difference images between corrected and reference
images, respectively. Here, the reference images (artifact-free
images) were generated by polychromatic simulation in (1) for
segmented tissues and bones. Then, segmented metallic objects
were added to the reference image. The proposed method suc-
cessfully remove the streaking artifacts without losing morpho-
logical information, as shown in Fig. 5 (third row). Some arti-
facts are not completely removed owing to modeling errors in
(14) such as the assumption of being constant and neglect of
the polychromatic attenuation of bone. However, beam hard-
ening artifacts caused by bones (as shown in second column in
Fig. 5) can be removed by applying the proposed method using
segmented bone.
Fig. 6 shows the comparison among LI, NMAR, EBHC and

the proposed method for jaw and pelvis phantom. Following
the method in [26], prior image containing tissue and bone in
NMAR method is obtained by simple thresholding after is
smoothed with the Gaussian filter. In EBHC method, following
the method in [20], we compute the parameter

minimizing the following problem:

(21)

where is the water-precorrected (or first order precorrected)
projection data [18].
As shown in Fig. 6, the proposed method effectively reduces

streaking artifacts in the reconstructed image caused by beam
hardening, while the LI method creates new streaking artifacts
due to the inherent nature of its interpolation technique [27].
The NMAR method also introduce streaking artifacts owing
to the inappropriate normalization of projection data from re-
gions near those containing data frommetal [24]. Unlike both LI
and NMAR, the proposed method preserves information from
around metallic objects in the reconstructed image, because it
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Fig. 5. Numerical simulation results using the proposed correction method. First, second and third row show the reference, uncorrected and corrected CT images
using the proposed method, respectively. Fourth row shows the difference images between corrected and reference images. First column: clinical CT image of
pelvis with the two disk-shaped numerical metallic objects (titanium). Second column: jaw phantom [37] with three disk-shaped metallic objects (gold). Third
column: Shepp-Logan phantom with two different metallic objects (gold and iron). Fourth column: Shepp-Logan phantom with two rectangular metallic objects
(iron). All uncorrected CT images (second row) are simulated at energy range between 20–80 keV ( for both CT images and
difference images). The proposed method successfully reduces the streaking artifacts in the reconstructed images (See third row) without losing morphological
information.

recovers only the region contaminated by beam hardening arti-
facts in the image space. The proposed method eliminates the
streaking artifacts more clearly than the EBHC method, but at
greater computational cost, because it requires backprojection
at each iteration to compute the optimal parameter in (18),
while EBHC requires one additional projection of the metallic
objects and two additional backprojections.

B. Phantom Experiments

Fig. 7 shows experimental results using the proposed correc-
tion method for two experimental phantoms. Top phantom con-
tains four different metallic rods (aluminum (Al), copper (Cu),
molybdenum (Mo) and iron (Fe)), whereas bottom phantom
consists of aluminum only. For the top phantom, we use the

following artifact corrector with the parameter being
chosen to minimize the misfit functional in (17):

(22)
where for aluminum , for copper ,

for molybdenum and for iron . As
shown in Fig. 7, the proposed method substantially enhances the
CT image quality for both phantoms. The remaining streaking
artifacts are mainly due to scattering, noise and our modeling
error in (14).
Fig. 8 compares the proposed method with other existing cor-

rection methods such as NMAR and EBHC method for the ex-
perimental phantom. As shown in Fig. 8, the proposed method
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Fig. 6. Comparison among linear interpolation (LI), normalized metal artifacts reduction (NMAR), empirical beam hardening correction (EBHC) and the pro-
posed method for jaw and pelvis phantom .

Fig. 7. Experimental results using the proposed correction method for two experimental phantoms. First, second, third and fourth column show picture of phantom,
uncorrected images, corrected images and artifact correctors , respectively. Top phantom contains four different metallic rods (aluminum (Al), copper (Cu),
molybdenum (Mo) and iron (Fe)), whereas bottom phantom consists of aluminum only. The uncorrected images are respectively acquired using 150 kVp at 650

( for CT images and for difference image) for top phantom and 100 kVp at 400 (
for CT images and for difference image) for bottom phantom.

reduces the streaking artifacts more clearly than both NMAR
and EBHC, while NMAR produces the new streaking artifacts
resulting from inaccurate prior image.
Error estimation for numerical simulations and phantom ex-

periment are performed. In the numerical simulations, the nor-
malized root mean square difference (NRMSD) [24] between
the corrected and reference image (first row in Fig. 5) is com-
puted on the outside of the metal region (See Table I). The ex-
periment, generally lacking reference image, is analyzed by ref-
erencing the uncorrected image on the region (marked rROI in
Fig. 8) far from the streaking artifacts. The mean absolute devia-

tion (MAD) between the corrected and reference images is com-
puted on the areas ROI1 and ROI2 marked in Fig. 8. In terms of
both NRMSD andMAD, the proposedmethod shows better per-
formance than the LI, NMAR and EBHC methods, as shown in
Table I and Table II.

IV. DISCUSSION AND CONCLUSION
This paper proposes a method of correcting metal artifacts

due to beam hardening based on the observation that streaking
artifacts arise mainly from the geometry of the boundaries of the
metallic objects. The corrector is expressed with respect
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Fig. 8. Comparison among NMAR, EBHC and the proposed method for experimental phantom (marked Phantom1), which is made up of two materials-iron and
aluminum based alloy. The uncorrected images is acquired using 100 kVp at 400 .

TABLE I
QUANTITATIVE EVALUATION OF THE MAR METHODS FOR NUMERICAL

PHANTOMS BASED ON THE NORMALIZED ROOT MEAN SQUARE
DIFFERENCE (NRMSD) (%)

TABLE II
QUANTITATIVE EVALUATION OF THE MAR METHODS FOR EXPERIMENTAL
PHANTOM BASED ON THE MEAN ABSOLUTE DEVIATION (MAD) (HU)

to the geometry of the metallic objects and an unknown pa-
rameter associated with their energy-dependent attenuation
coefficient and the spectrum of the X-ray source. The parameter
is computed by minimizing weighted least squares (18), with
the weight being the Laplacian of the corrector to highlight the
streaking artifacts generated by the metallic objects.
The proposed correction method successfully removes beam-

hardening artifacts without the use of sinogram data. Neither
does it require prior knowledge of energy spectra of the incident
X-ray beam.
The performance of our method depends on segmenting the

metallic objects. If the geometry of a metallic object is known,
we only need to detect the position and orientation of the rigid
object from the CT image (a rigid body in three-dimensional
space has six degrees of freedom). Sparse template-based seg-
mentation [7] can be used to extract the implant region. Hence,
if the shapes of implants in the patient are known, the proposed
method effectively remove the artifacts by incorporating prior
knowledge of the implants and the corresponding artifacts. If the
high-attenuation object has unknown geometry, its shape can be
reconstructed by a threshold-based segmentation [10], [36].
Artifacts can arise in clinical CT from other causes such as

scattering, photon noise, and nonlinear partial volume effects
and further research is necessary to deal with them. Further ex-
perimental work with patients is also needed to establish the
usefulness of the proposed method diagnosis and preoperative
and presurgical assessment.
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