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Abstract: Over the past few decades, X-ray computed tomography (CT) has been introduced as one of the main
cross-sectional imaging methods in a wide range of clinical applications in diagnostic radiology, oncology, and mul-
timodality molecular imaging. Despite the acknowledged value of this imaging method, in some cases, the quality
of CT images is affected by the presence of metallic implants. The presence of metal objects such as dental fillings,
hip or knee prostheses, pacemakers, war shrapnel, and spinal cages cause and exacerbate image artifacts. These
types of artifacts appear in the image as black and white lines that obscure the structures and tissues surround-
ing the metal implant and destroy the diagnostic value of CT images. These artifacts also affect the accuracy of
radiotherapy treatment planning, which relies on CT images to characterize electron density and estimate the rela-
tive stopping power of particles. Therefore, to solve this problem, over the past 4 decades, algorithms called Metal
Artifact Reduction (MAR) have been proposed. The objective of this study was to assess the five MAR algorithms
using simulation and clinical studies. The algorithms include linear interpolation (LI-MAR) of degraded data in si-
nograms, normalization metal artifact reduction (NMAR), metal removal method (MDT), metal artifact reducer for
orthopedic implants (OMAR), and a method based on iteration-based algorithms (MAP). Clinical images in different
body regions, with different dimensions and types of metal implants, have been studied to evaluate the perfor-
mance of MAR algorithms. To quantitatively assess the quality of images modified with MAR algorithms, the nor-
malized root mean square error (NRMSE) criterion has been calculated and evaluated. The results of the algorithm
evaluation showed that the NMAR algorithm was more efficient than other algorithms in reducing metal artifacts in
most cases. Also, the algorithm processing time parameter demonstrated the clinical value of the NMAR algorithm.
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Introduction Metal artifacts are mainly caused by beam
hardening, scattering, and photon noise. These
artifacts are especially important in situations
such as chest CT imaging of COVID-19 patients,
where accurate assessment of lung tissue is
essential [4]. Metal implants near the lungs

can create star-shaped linear artifacts, which

Computed tomography (CT) has become an
essential imaging modality in modern medi-
cine, offering high-resolution imaging for diag-
nosis and treatment planning. Despite advanc-
es in scanner technology that have improved

image quality and reduced imaging time, the
presence of metal objects in the field of view
remains a major challenge [1]. Metal implants,
surgical instruments, or foreign bodies severely
attenuate X-rays and cause faulty projections,
which ultimately lead to severe artifacts in
the reconstructed images [2]. These artifacts
usually appear as elongated lines or light and
dark bands, reducing diagnostic accuracy and
obscuring clinically important structures [3].

complicates the detection of lesions or tumors
and potentially affects dose estimates in radia-
tion therapy planning [5].

To address these challenges, metal artifact
reduction (MAR) algorithms have been devel-
oped and widely used. It is notable to say that
MAR acts in projection space and replace cor-
rupted projections caused by metal with inter-
polation from neighboring uncorrupted projec-
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tions [5, 6]. MAR methods are generally divided
into two categories: interpolation-based and
iteration-based [6]. Interpolation-based meth-
ods repair corrupted projections by estimating
missing data from neighboring healthy areas,
while iteration-based methods improve image
reconstruction incrementally to increase accu-
racy [7]. Commercial implementations, such
as the Orthopedic Metal Artifact Reduction
(OMAR) system, offer practical solutions for
clinical applications. A thorough understanding
of these algorithms and their relative strengths
is crucial for optimizing the quality of CT images
in both research and clinical settings [8].

Methods

In the past four decades, numerous efforts
have been made to introduce methods to
reduce and eliminate the effects of metal
artifacts in CT images. In this context, MAR
methods are generally divided into two main
categories: 1. Interpolation-based methods; 2.
Iteration-based methods.

Most MAR techniques have advantages and
disadvantages, including computational sim-
plicity, accuracy, and effectiveness in reducing
artifacts caused by a variety of metal objects,
as well as the possibility of creating new arti-
facts. Therefore, the diverse features and
potential performance of these algorithms re-
quire a comprehensive comparative evaluation
to better understand the strengths and weak-
nesses of each method [9].

In this study, five common MAR methods we-
re investigated-specifically, two interpolation-
based sinogram correction methods and th-
ree iteration-based methods, which will be ex-
plained in the following sections [10].

Interpolation-based methods

These methods are widely used due to their
simplicity, ease, and speed of execution of
computer programs based on them. In gene-
ral, such methods consist of two main steps:
1. Identifying metal regions and their corre-
sponding projections in the sinogram matrix.
2. Removing the corrupted projections and
replacing them through interpolation from the
intact neighboring data.

In most of these methods, the metallic region
is identified in the original image using thresh-

olding or other segmentation techniques. The
identified metallic region is then transferred
into the sinogram domain, and the projections
associated with this region are isolated [11]. In
other approaches, the projections correspond-
ing to the metallic region are directly separated
from the sinogram generated from the original
image using segmentation methods. These
separated data are treated as missing data
[12].

As part of the research background, Kalender
and colleagues (1987) proposed a MAR al-
gorithm based on simple linear interpolation.
Linear interpolation methods can introduce
new artifacts in the reconstructed image,
which, in some cases, may be even more severe
than those in the original image [6]. The main
reason for these artifacts is the improper recov-
ery of corrupted data in the sinogram matrix,
due to the discontinuity of interpolated data
along the second dimension of the sinogram
matrix [13].

Efforts to improve the performance of the
simple linear interpolation method by Meter
and colleagues led to the development of a
new approach. This approach, known as Nor-
malized Metal Artifact Reduction (NMAR), em-
ploys so-called background images to enhan-
ce the reconstruction of corrupted images.
Background images are generated by classify-
ing the image into air, soft tissue, and bone
categories [14].

Iteration-based methods

Alongside MAR approaches that use interpola-
tion techniques to correct artifacts, a number
of algorithms have been investigated with the
aim of correcting corrupted projections throu-
gh iteration-based methods [15, 16].

Another algorithm classified under iteration-
based methods, which has been evaluated in
several studies, is known as the Metal Deletion
Technique (MDT). This method addresses the
limitations of interpolation by applying image
filtering, replacing corrupted projections with
corrected ones, and repeating this process
iteratively [17].

A further iteration-based algorithm, which is a
commercially available clinical solution imple-
mented on Philips systems, is known as Or-
thopedic Metal Artifact Reduction (OMAR). In
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the present study, this algorithm was selected
and evaluated as an example of an existing
commercial method for addressing metal arti-
facts in CT images, which has been reviewed in
multiple studies [18].

In this study, five common metal artifact re-
duction methods were used, including MDT,
OMAR, MAP, NMAR, and LI-MAR. In MDT, sino-
gram profiles are reconstructed using multi-
domain modeling and distorted areas are filled
in [6]. OMAR attenuates artifacts by identifying
metal-induced saturation regions and perform-
ing adaptive filtering on the sinogram. MAP
uses a posterior maximization framework to
estimate the optimal image considering the
noise model and metal scattering [8-10]. NMAR
first normalizes the original image and then
replaces the distorted values with reference
projections. In LI-MAR, linear interpolation is
performed in the damaged areas of the sino-
gram and then the final image is reconstructed.
These methods were evaluated on both simu-
lated and clinical image sets [14].

Simulation

For the study and evaluation of the perfor-
mance of the aforementioned methods (MDT,
OMAR, MAP, NMAR, LI-MAR), both simulated
and clinical images were used. In clinical imag-
es, it is impossible to obtain a slice that is
simultaneously affected by metal artifacts and,
at the same time, available in a metal-free form
[19]. To achieve such a condition, a simulation
algorithm was employed. In this simulation,
a CT image of a patient without metallic im-
plants was acquired, and the CT numbers of
each pixel were then converted into the corre-
sponding attenuation coefficients [10]. To simu-
late projections generated by X-rays passing
through multiple metals, the material composi-
tion of each pixel must be known. Therefore, a
threshold-based weighting method was applied
to segment the image into bone and soft tissue
(water equivalent) [20].

Findings

All the algorithms under study were implement-
ed in MATLAB based on previously evaluated
algorithms reported in the literature. To qua-
litatively assess the performance of the intro-
duced MAR algorithms, five clinical images
from different regions of the body were ac-

quired, encompassing metallic implants of
varying sizes and compositions. The clinical
images, corrupted by metal artifacts, were
processed using the five MAR algorithms. The
results of this evaluation are shown in Figure 1
[21].

Overall, all algorithms introduced some new
artifacts in the form of bright and dark streaks
in the corrected images. The magnitude of
these secondary artifacts varied depending on
the type of algorithm and the size and density
of the metallic implants. The intensity of sec-
ondary artifacts in images corrected with the
NMAR algorithm was lower compared to other
algorithms. Column 2 corresponds to head
coils, where the artifact intensity was relatively
low. Consequently, almost all algorithms pro-
vided satisfactory correction for this image. In
this case, the NMAR and MDT algorithms per-
formed better than the other methods.

The evaluation indices included quantitative
measurements of metal-induced distortion,
preservation of texture details, and the degree
of contrast improvement in areas adjacent to
the implant. For quantitative evaluation, met-
rics such as RMSE, PSNR, and SSIM were cal-
culated between the reference and corrected
images. Additionally, for clinical images lacking
a metal-free reference, a quality assessment
was performed by a radiologist based on arti-
fact reduction, edge clarity, and tissue natu-
ralness. The intensity profile in the paths pass-
ing through the metal area was also examined
to assess the stability and uniformity of the
reconstruction. This set of indicators allowed
for a fair comparison of the performance of dif-
ferent MAR methods.

In Column 3, filled teeth produced severe arti-
facts in the image, due to the high number of
fillings and the high density of the restorative
materials. Almost none of the algorithms were
able to recover the corrupted data in this sce-
nario. A comparative analysis indicates that
the NMAR algorithm generally outperformed
the other methods. Column 4 corresponds to
the pelvis and spinal vertebrae, where the
image was heavily corrupted by metallic arti-
facts. In this case, due to the severity of the
artifacts, the MAR algorithms were unable to
effectively reduce the metal-induced distor-
tions. Column 5 shows metal artifacts of low
intensity, caused by the presence of small
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Figure 1. Visual comparison of metal artifact reduction (MAR) performance across different algorithms applied to
CT images with metallic implants. Each row corresponds to a different MAR method and each column shows a dif-
ferent anatomical region affected by metallic implants: (from left to right) pelvis, brain, head and neck, abdomen,
and chest. A. Original (uncorrected): prominent streaking artifacts and distortions are observed due to the presence
of high-density metal objects, severely compromising image quality and obscuring anatomical details. B. LI-MAR: re-
duces some of the major artifacts but introduces new distortions and fails to fully restore soft tissue contrast, espe-
cially in the abdominal and brain regions. C. NMAR: the most effective artifact suppression overall, with significantly
improved anatomical visibility and minimal introduction of secondary artifacts. It preserves structural continuity in
soft tissue and bone regions, particularly in the pelvis and chest. D. MAP: offers partial artifact reduction but leaves
residual streaks and exhibits some image smoothing, which may obscure fine anatomical details.

metallic components near soft tissue. Due to
the low artifact intensity, almost all algorithms
performed well on this image, and NMAR and
MDT did not introduce additional artifacts.
As the size and density of metallic implants
increase, the resulting artifacts become more
severe, making their removal progressively
more challenging.

Figure 2A shows the sinogram of the simulat-
ed image, where the bright bands correspond
to projections related to the metallic region.
Figure 2B illustrates the sinogram after correc-
tion, where the bright bands are completely
removed and continuity is restored in the sino-
gram. In Given the low contrast of the brain in
X-ray CT imaging, a metal-free image is expect-
ed to exhibit a flat line profile. Comparing the
line profiles of images reconstructed using
different algorithms, it is observed that NMAR
produces the flattest output relative to the

other methods. Therefore, the NMAR algorithm
demonstrates superior performance in reco-
vering corrupted brain tissue in CT images.

Discussion

The data presents the quantitative evaluation
of the MAR algorithms using the normalized
root-mean-square error (NRMSE) calculated on
the simulated image (Figure 1), along with the
processing time of each algorithm. Based on
the NRMSE values, the NMAR algorithm has
the lowest error (NRMSE = 0.175) among all the
algorithms, indicating the best overall perfor-
mance. Another important parameter is the
processing time. The LI-MAR algorithm is the
fastest algorithm; however, qualitative and
quantitative evaluations of its output images
indicate lower image quality. In contrast, the
NMAR algorithm offers balanced performance,
with an NRMSE of 0.175 and a processing time
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Figure 2. Before and after correction of Sinogram. (A) The sinogram of the
simulated image before applying MAR methods is shown. The very bright and
saturated bands, seen as vertical or diagonal lines, represent the paths of
the rays that have passed through the metal region. The presence of these
saturated areas causes severe discontinuities in the sinogram pattern and
creates irregular dark and light areas around them. These irregular patterns
indicate distortion of the projection data and lead to stretched artifacts and
false fills in the reconstructed image. (B) The sinogram is shown after apply-
ing the artifact correction method. The bright bands associated with metal
have either been completely eliminated or their intensity has been signifi-
cantly reduced. In contrast to view (A), the sinogram patterns in this image
are more continuous, and the intensity lines are visible with a natural slope
and no breaks. The overall structure of the sinogram has become smoother
and more uniform, and areas that were previously distorted due to metal

Future improvements could
include the use of advanc-
ed segmentation techniques,
higher-order interpolation me-
thods, and GPU-accelerated
processing to increase both
accuracy and speed. Overall,
the NMAR algorithm shows
great potential for clinical
application, providing reliable
image correction and support-
ing accurate detection in CT
imaging with the presence of
metallic implants [24].

The results of this study are
also consistent with the find-
ings of several previous stud-
ies; for example, some stud-
ies have reported that NMAR
performs better than linear
re-filling-based methods in re-
ducing severe artifacts caus-
ed by dense implants and
usually provides a more uni-
form intensity profile [18]. It
has also been noted in other
research that LI-MAR and OM-

saturation have now been restored.

of 12.49 seconds, which represents the best
balance between accuracy and efficiency
among the evaluated MAR algorithms.

This study systematically evaluated five com-
mon metal artifact reduction (MAR) algorithms,
including LI-MAR, NMAR, MDT, MAP, and OMAR,
using clinical and simulated CT images. The
results show that while all algorithms are capa-
ble of reducing metal artifacts to some extent,
the NMAR algorithm consistently outperforms
other methods in terms of artifact suppression
and accurate recovery of corrupted projections.
The NMAR algorithm not only minimizes sec-
ondary artifacts but also preserves the struc-
tural integrity of anatomical regions, especially
in brain imaging [22]. The findings also show
that the severity and density of metal implants
significantly affect the performance of MAR
algorithms, with larger and denser implants
posing greater challenges. While the LI-MAR
algorithm offers faster processing, it reduces
image quality, whereas NMAR achieves the
best balance between accuracy and computa-
tional efficiency [23].

AR methods perform accept-
able in images with mild arti-
facts, but in the presence of
large implants, they produce secondary arti-
facts [23]. This was also observed in the results
of this study. Other comparative studies have
also shown that MDT helps preserve textural
details in low-contrast scenarios (such as the
brain region) which was confirmed in the head
coil images in this study [18, 20].

Overall, the agreement between the present
findings and existing reports indicates that the
severity and type of artifact is the determining
factor in choosing the appropriate MAR method
and no algorithm has the same performance in
all conditions.

Conclusion

This study shows that the NMAR algorithm is
the best MAR algorithm and offers a good bal-
ance between accuracy and efficiency. Althou-
gh the LI-MAR algorithm processes images
faster, its quality is not as good as NMAR. The
performance of all algorithms depends on the
size and density of the implant, highlighting
the need for flexible methods. Future improve-
ments should aim to increase accuracy and
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speed to make these algorithms more applica-
ble in complex imaging situations.
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