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Abstract

Three commercial metal artifact reduction methods were evaluated for use in computed
tomography (CT) imaging in the presence of clinically realistic metal implants: Philips O-MAR,
GE's monochromatic Gemstone Spectral Imaging (GSI) using dual-energy CT, and GSI
monochromatic imaging with metal artifact reduction software applied (MARs). Each method was
evaluated according to CT number accuracy, metal size accuracy, and streak artifact severity
reduction by using several phantoms, including three anthropomorphic phantoms containing metal
implants (hip prosthesis, dental fillings, and spinal fixation rods). All three methods showed
varying degrees of success for the hip prosthesis and spinal fixation rod cases, while none were
particularly beneficial for dental artifacts. Limitations of the methods were also observed. MARs
underestimated the size of metal implants and introduced new artifacts in imaging planes beyond
the metal implant when applied to dental artifacts, and both the O-MAR and MARs algorithms
induced artifacts for spinal fixation rods in a thoracic phantom. Our findings suggest that all three
artifact mitigation methods may benefit patients with metal implants, though they should be used
with caution in certain scenarios.
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1. Introduction

Patients requiring computed tomography (CT) imaging routinely have metal implants, and
these implants cause well-known imaging artifacts. These artifacts, when severe, not only
degrade diagnostic image quality, but also complicate the radiation therapy treatment
process. In radiation therapy treatment planning, CT images are used for delineating targets
and critical organs, defining the treatment geometry, and assigning densities for
heterogeneous dose calculations. For treatment planning, CT imaging artifacts make it
difficult for the physician to confidently delineate the tumor and surrounding organs and
cause errors in CT numbers (expressed in Hounsfield units [HU]), which can propagate to
density assignment errors and subsequently dose calculation errors (Chu et al., 2000; Kilby
et al., 2002; Papanikolaou et al., 2004).

CT streak artifacts are caused by a combination of beam hardening, photon starvation,
scatter, edge effects, and patient motion (Barrett and Keat, 2004; Boas and Fleischmann,
2011; Bushberg, 2012). Various metal artifact reduction algorithms have been investigated
in an effort to overcome these the various causes of metal artifacts (Zhao et al., 2000;
Mahnken et al., 2003; Wei et al., 2006; Bazalova et al., 2007; Boas and Fleischmann, 201;
Verburg and Seco, 2012; Spadea et al., 2014). Recently, commercial metal artifact reduction
options have become available for CT imaging of patients with metal implants. This study
focuses on three artifact mitigation methods: the algorithm for orthopedic implants (O-
MAR) developed by Philips Healthcare (Cleveland, OH), monochromatic Gemstone
Spectral Imaging (GSI) using dual-energy CT data without any additional metal artifact
reduction post-processing applied, and GSI monochromatic imaging with metal artifact
reduction software applied (MARS).

The Philips O-MAR algorithm is an iterative projection modification solution, whereby the
data corrupted by streak artifacts are identified and corrected based on uncorrupted
projection data. The O-MAR algorithm segments the original reconstructed image into metal
and tissue pixels and uses these data to calculate a correction image (Li et al., 2012). O-
MAR was designed primarily for orthopedic implants but has also been found to be effective
for non-orthopedic metals, such as dental fillings (Philips White Paper, 2012). Although O-
MAR has begun to be implemented in radiation oncology clinics, few published studies
have evaluated its performance for treatment planning (Hilgers et al., 2014). Li et al. (2012)
found that CT number accuracy, noise, and image quality were improved with the use of O-
MAR; however, their study was limited in that it focused solely on patients with hip
prostheses receiving radiation therapy for prostate cancer. Glide-Hurst et al. (2013)
investigated the O-MAR algorithm, in conjunction with extended-bit depth, for several
patient cases with various types of orthopedic implants.

Unlike the Philips O-MAR algorithm, which is a software-only approach for conventional
CT data, GSI monochromatic imaging is a fundamentally different approach to metal artifact
reduction that uses dual-energy CT data. The HD750 Discovery system (GE Healthcare,
Milwaukee, WI) uses a single X-ray source that rapidly switches between two kilovoltage
settings (80 and 140 kVp) to acquire projections using alternating high and low energy X-
ray spectra (Hsieh, 2009; Pessis et al., 2013). With projection data acquired at two different
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energies, it is then possible to generate synthesized virtual monochromatic images that
depict how an object would look if it were imaged using a monoenergetic X-ray source
(Goodsitt et al., 2011). Although they are not truly monochromatic images, these virtual
monochromatic images show reduced beam hardening artifacts in comparison to
conventional polyenergetic images (Li et al., 2011; Silva et al., 2011; Yu et al., 2012). The
GSI dual-energy CT system has shown promise in diagnostic imaging for patients with
orthopedic prostheses (Lee et al., 2012), spinal screws (Wang et al., 2013), and fiducial
markers (Brook et al., 2012). Although there has been some interest in using GSI dual-
energy CT for radiation therapy treatment planning (Yagi et al., 2013), no studies to the
authors' knowledge have to date performed a thorough evaluation of this dual-energy CT
system as an artifact mitigation method for treatment planning purposes.

To further reduce artifacts, GE has developed metal artifact reduction software (MARS)
specifically for use with GSI monochromatic imaging that addresses the photon starvation
aspect of metal streak artifacts (Lee et al., 2012). It should be noted that for this study GSI
virtual monochromatic imaging and GSI imaging with MARs will be evaluated separately as
two different metal artifact reduction methods. Although GSI images and MARs images can
be reconstructed from the same acquired projection data, it is the authors' opinion that the
two methods are sufficiently different and should be considered separately. GSI virtual
monochromatic imaging shows reduced beam hardening artifacts without MARs, while
application of MARs is a post processing step on the monochromatic images that can further
reduce artifacts but can also affect the appearance of metal implants (Lee et al, 2012; Wang
et al. 2013).

Although studies of these artifact mitigation methods have been published, these have
typically focused on only a single type of implant, such as a hip prosthesis, have evaluated
only a single metal artifact mitigation method, or have evaluated only those metrics that are
important for diagnostic imaging. Therefore, a more extensive evaluation of these
commercial methods would be valuable, especially one that includes the various implants
that are commonly encountered in radiation therapy and criteria that are relevant for
treatment planning and dose calculation accuracy. This would provide users with
information about the merits and pitfalls of each method. Thus, the purpose of this study was
to evaluate the success of these three commercial artifact mitigation methods based on
several criteria: the accuracy of CT numbers in regions of interest, accuracy in the
representation of the size of metal objects, and reduction in the severity of streak artifacts.
To perform this evaluation, we used four different phantoms: a geometric tissue
characterization phantom and three anthropomorphic phantoms equipped with metal
implants, including a hip prosthesis, dental fillings, and spinal fixation rods.

2. Methods and materials

2.1. Imaging protocol

Several phantoms were used to evaluate the artifact mitigation methods. All phantoms were
scanned using both the Philips Brilliance (Cleveland, OH) and the Discovery™ CT750 HD
(GE Healthcare, Milwaukee, WI) scanners. Each phantom was scanned without metal to
acquire an artifact-free image (“baseline scan”) and with metal (“metal scan™). For the
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Philips scanner, each phantom was scanned using 120kVp and then reconstructed with and
without the O-MAR algorithm. For the GE scanner, each phantom was scanned using
polyenergetic imaging, i.e., 120kVp, and with dual-energy mode, which allows for
monochromatic image reconstruction. For the GSI dual-energy scans, monochromatic
images were generated at two different energies, 70keV and 140keV. 70keV was chosen
because it closely matches the contrast-to-noise ratio of the conventional 120kVp scans
(Zhang et al., 2011); 140keV was chosen because it is the highest energy available and thus
allowed us to evaluate the GSI system at a wide range of reconstruction energies. Image sets
were generated at both monochromatic energies (70keV and 140keV) with and without the
MARs algorithm. CT protocols were matched between the two different vendors as closely
as possible based on various acquisition and reconstruction parameters; these parameters are
listed in table 1 for all the phantom scans in this study. All reconstructed images were 12-bit
depth images. In summary, phantom images were obtained using conventional imaging
protocols (“Philips 120kVp” and “GE 120kVp”) and the three artifact mitigation methods
that we investigated: O-MAR, GSI monochromatic imaging (“GSI 70keV” and “GSI
140keV™), and GSI monochromatic imaging with MARs (“MARs 70keV” and “MARs
140keV™).

2.2. RMI phantom

The RMI 467 tissue characterization phantom (Gammex, Middleton, WI) contains several
interchangeable plugs that mimic various heterogeneous tissues, including adipose, solid
water, liver, cortical bone, and lung. To mimic a range of prostheses materials, several
custom-made metal cylindrical plugs were also used with this phantom: aluminum, stainless
steel, titanium, and Cerrobend. The titanium plug is actually a bundle of 7 smaller rods.
Metal and tissue substitute plugs were 2.8 cm in diameter. The phantom was scanned with a
single metal plug in a peripheral location (for each of the four materials) and with two metal
plugs in a bilateral configuration (figure 1). For the bilateral configuration, titanium and
stainless steel plugs were chosen because these materials are commonly used for hip
prostheses (Reft et al., 2003). Data analysis was performed using the central slice of the
RMI phantom image set, and all scans were repeated three times to investigate the
reproducibility of the various imaging techniques and artifact mitigation methods. The RMI
phantom images were analyzed for all three evaluation criteria: CT number accuracy, metal
diameter accuracy, and severity of streak artifacts.

2.3. Anthropomorphic phantoms

Because the results of the RMI phantom were dependent on the arrangement of metals and
tissue substitute plugs in the phantom, more clinically applicable results were desired.
Therefore, anthropomorphic phantoms were also used to evaluate the artifact mitigation
methods in a geometry that more closely represented actual clinical conditions. Three
anthropomorphic phantoms were chosen to represent common metal implants encountered
in radiation oncology, as described below. For these anthropomorphic phantoms, each
method was evaluated on the basis of its ability to reduce the severity of streak artifacts.

2.3.1. Pelvic phantom with hip prosthesis—This anthropomorphic pelvic phantom
was designed by the Radiological Physics Center (RPC; Houston, TX) and contains
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structures mimicking the prostate, bladder, and rectum contained in a centrally located
water-filled imaging insert (Followill et al., 2007). The outer portion of the phantom, which
is also water-filled, contains structures mimicking the femoral heads. For this study, the
phantom was modified to hold a cobalt-chromium hip prosthesis (6.84 g/cm3). The phantom
was imaged with and without the hip prosthesis.

2.3.2. Head phantom with dental fillings—To investigate the effectiveness of the
metal artifact reduction methods on artifacts caused by dental work, a CIRS Model 606 head
phantom (Computerized Imaging Reference Systems, Inc, Norfolk, VA) with articulating
lower jaw, tongue, teeth, and air cavities was used. Two teeth in the lower jaw could be
removed and interchanged with teeth containing dental restoration materials. In addition, a
metal crown was taped on top of one of the original non-metal teeth. This phantom was
scanned both with metal (with two fillings and crown) and without metal.

2.3.3. Thoracic phantom with spine stabilization rods—This anthropomorphic
phantom was designed by the RPC and contains lung and heart structures, as well as a target
structure in the left lung. A spine insert is usually included that contains structures
representing the spinal cord, bone, and esophagus. For this study, the spinal insert was
replaced with a high impact polystyrene insert. This insert included two titanium rods (9.5
mm diameter), mimicking spinal fixation rods. This phantom was scanned both with and
without metal rods. For the baseline scan without the rods, the holes in the rectangular insert
were filled in with high impact polystyrene rods.

2.4. Data analysis

2.4.1. CT number accuracy—CT number accuracy was quantified for the various
artifact mitigation methods by using scans of the RMI phantom. The mean CT number of
select tissue substitute plugs, chosen for their location within regions of streak artifacts, was
obtained by using a 14 mm diameter region of interest (ROI) centered on the plug. The mean

CT number over the ROI was measured on the baseline scan (no metal; HU qseiine image)

and on every scan that included metal ( HU ,,,ct41 image), iNCluding both uncorrected and
corrected metal images. The CT number error A 7777 Was then calculated for each metal scan
using Eq. (2).

AHU:HUmetal image HUbaseline image (1)

2.4.2. Metal diameter accuracy—The diameters of the stainless steel plug scanned with
the RMI phantom and of the titanium rods scanned with the anthropomorphic thoracic
phantom were calculated by identifying the metal pixels in the CT image using a threshold
HU value (half the maximum metal HU value) and calculating the metal area in the image.
For both metals, the metal area was obtained from five images, and the average metal area
was used to calculate the diameter of the metal plug/rod. This calculated diameter was then
compared to the physical diameter of the plug/rod obtained by electronic caliper
measurements.
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2.4.3. Severity of streak artifacts—The severity of streak artifacts was quantified for
all four phantoms. The analysis included the entire phantom in the image plane (excluding
any regions of air and the metal implant). For the RMI phantom, the analysis was performed
for a central slice in the phantom image set, whereas for the anthropomorphic phantoms,
multiple slices spanning the metal implant were analyzed. To quantify the severity of streak
artifacts, the baseline image was registered to the metal image using rigid, intensity-based
image registration in MATLAB. After image registration, an HU error map was created by
subtracting the baseline image from the metal image. All pixels with an HU error of >40 HU
were considered to be “bad pixels,” i.e., pixels in which the HU accuracy was negatively
affected by the presence of streak artifacts. This 40 HU threshold was chosen because it
corresponds to approximately a 0.03 g/cm? density assignment error for water. This density
assignment error was found to result in approximately 1%-2% dose calculation errors for
6MYV photon treatments and is the electron density tolerance level recommended by Kilby et
al. (2002). For each phantom image set analyzed, the percentage of bad pixels (pixels with
HU error > 40 HU) was calculated. In addition, to take into account the magnitude of the
HU errors of the bad pixels, an error metric Mg ror Was also calculated using Eq. (2), where

AHU padpizels 1S the mean absolute CT number error of the bad pixels in the image.

Zibad pizels

]\Ierror = 100

* AHUbadpizels (2

For example, an Mo Of 40 could correspond to 50% of the phantom pixels being bad (HU
error >40), where the mean absolute CT number error of these bad pixels was 80 HU. For
the anthropomorphic phantoms, for which several image planes were analyzed, average
values for % bad pixels and Mo across the slices analyzed are reported.

3.1. RMI phantom

3.1.1. CT number accuracy—Mean HU errors (‘A z777) due to streak artifacts for
conventional CT imaging as well as the artifact mitigation methods can be seen in figure 1
for select tissue substitute regions of interest and various metal configurations of the RMI
phantom. The mean HU errors are grouped by imaging technique. In each case, three tissue
equivalent inserts were evaluated. These inserts were selected due to their position within
the area most strongly affected by the streak artifacts. A decreased absolute value of X 7777,
i.e., decreased bar height, indicates an improvement in CT number accuracy. In general, the
standard deviation of A 7777 for three repeated scans was low (<10 HU) for all of the artifact
mitigation methods for all scan configurations of the RMI phantom, indicating good
reproducibility of the artifact mitigation methods. This reproducibility is depicted by the
tight error bars in figure 1.

For Philips O-MAR, the HU accuracy was generally improved by application of the
algorithm. The improvement in CT number accuracy was the most dramatic for the scan
with bilateral steel and titanium plugs (figure 1c). For this metal configuration, for the solid
water material, the absolute HU error ( A 7777) decreased from >400 HU to 64 HU after O-
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MAR. However, the exception to this improvement in CT number accuracy was lung
materials, which were made significantly worse with the application of O-MAR in some
cases, as can be seen in both figures 1a and 1b. For instance, A 7777 for lung increased from
52 HU to 72 HU due to O-MAR for the stainless steel plug scan (figure 1b).

For GSI imaging, monochromatic 70keV reconstructions gave similar or slightly worse
values for A 7777 as polyenergetic 120kVp imaging with the GE scanner. In contrast,
monochromatic 140keV reconstructions generally gave lower A 7777 values than 120kVp
imaging, often substantially improving HU accuracy (e.g., figure 1c). Application of the
MARs algorithm further decreased HU errors, except for the scan with the titanium plug
(figure 1a), for which MARs increased HU errors for the 140keV image set. The largest
increase in A 7777 caused by MARs occurred for the LN-450 lung material, for which MARs
resulted in an increase in absolute A 777 from 12 to 49 for 140keV imaging (figure 1a).
However, for the bilateral scan with titanium and stainless steel plugs, MARS was very
successful in decreasing the large CT number errors for the tissue equivalent inserts medial
to the two metal plugs where the artifacts were most severe. For instance, MARs resulted in
a decrease in absolute A 7777 from >300 HU to 38 HU for the solid water plug for 70keV
monochromatic imaging (figure 1c).

Mean CT number errors caused by the aluminum plug were small ( A 7777 < 20) for all of the
imaging techniques and algorithms studied, while CT number errors caused by the
Cerrobend plug were very similar to those of the stainless steel plug (data not shown).

3.1.2. Metal diameter accuracy—All of the imaging techniques were able to represent
the diameter of the stainless steel plug/rod with an accuracy of £1.4 mm (approximately 2
pixels). Of note, whereas all of the other imaging techniques tended to overestimate the
stainless steel rod diameter, the MARs algorithm caused an underestimation of the diameter
(table 2).

3.1.3. Severity of streak artifacts—The error metric Mg ror (EQ. 2), the fraction of bad
pixels (those whose error is >40 HU) multiplied by the mean absolute CT number error of
these bad pixels, is shown in figure 2 for all scan configurations of the RMI phantom.
Philips O-MAR, GSI 140keV, MARs 70keV, and MARs 140keV all successfully decreased
the severity of streak artifacts, with MARs 140keV imaging being the most successful
method overall, based on this metric.

3.2. Anthropomorphic phantoms

The anthropomorphic phantoms were evaluated qualitatively and quantitatively for their
severity of streak artifacts. The quantitative results (% bad pixels and Mgrqr) are
summarized in table 3.

3.2.1. Pelvic phantom with hip prosthesis—The artifact mitigation methods were
generally successful in reducing the severity of streak artifacts for the pelvic phantom with
hip prosthesis. This can be seen qualitatively in figure 3, which shows CT images and CT
number difference maps between the metal-free baseline and metal (with Co-Cr hip
prosthesis) images of this phantom. Both the number and severity of bad pixels were
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generally reduced by the artifact mitigation methods, as can be seen by a decrease in both
the % of bad pixels and Mg o compared with the uncorrected 120kVp images (table 3).
Philips O-MAR reduced the mean percentage of bad pixels from 46.6% to 31.6% and
reduced Mg or by a factor of 2. For the GE system, GSI 140keV imaging resulted in a slight
improvement in the severity of streak artifacts, reducing the mean percentage of bad pixels
from 36.8% to 29.2%, compared with conventional 120kVp imaging. MARs 140keV
imaging gave the most substantial improvement, reducing the bad pixels further to 12.1%
and reducing Mo by nearly a factor of 4 (table 3). Based on these metrics, MARs 140keV
was the most successful method for reducing the severity of streak artifacts for this phantom.
However, it can be seen from figures 3f and 3g that the MARs algorithm causes a decrease
in the CT number in the center femoral head portion of the implant that was not observed for
the other imaging methods.

3.2.2. Head phantom with dental fillings—For the head phantom with dental fillings,
none of the artifact mitigation methods were particularly successful, as is evident by the HU
difference maps of figure 4 and the quantitative results of table 3. While Philips O-MAR and
GSI 140keV imaging resulted in small reductions of the percentage of bad pixels (with a
change of 2.2% and 2.0%, respectively), the MARs algorithm actually increased the
percentage of bad pixels for both 70keV and 140keV imaging, meaning that the artifacts
were worsened by the application of the MARs algorithm for this phantom. The image in
figure 4 shows some reduction in streak artifacts due to the artifact mitigation methods,
specifically for O-MAR and MARs 140keV. However, in other image planes, there was less
success, particularly toward the edges of the fillings. In fact, the MARs algorithm introduced
additional artifacts on images that contained no metal themselves but were adjacent to image
locations containing the metal fillings (“out-of-plane” artifacts). Figure 5 illustrates these
artifacts introduced by the MARs algorithm. Because this particular image contains no
portion of the metal fillings, the GSI 140keV image contains very few HU errors (figure 5a).
However, MARs introduced artifacts in this image and caused a large increase in the number
of bad pixels (HU error > 40) (figure 5b). To take into account these “out-of-plane” artifacts
in our artifact severity metrics, two additional images, one superior and one inferior to the
metal fillings, were included in our data analysis (table 3).

3.2.3. Thoracic phantom with spine stabilization rods—The qualitative ability of
the methods investigated to mitigate CT artifacts for the thoracic phantom with spinal rods is
shown in figure 6. O-MAR actually resulted in an increase in the percentage of bad pixels,
introducing new artifacts farther away from the metal (figure 6a versus 6b). However, this
was offset by a decrease in the magnitude of HU errors of these bad pixels, particularly for
pixels in close proximity to the metal rods, resulting in comparable values for the error
metric Mgrror for imaging with and without O-MAR (table 3). GSI and GSI with MARs also
showed mixed results. At 70 keV, both GSI and GSI with MARs showed an increase in the
percentage of bad pixels, although the overall severity (Mgrror) Was reduced slightly for the
MARs case. However, at 140 keV, both the percentage of bad pixels and the severity of the
artifacts were improved with GSI and GSI with MARs. Of note, similar to the Philips O-
MAR algorithm, the MARs algorithm introduced artifacts far away from the rods for both
energies investigated (figure 6f and 6g). GSI 140keV imaging (without MARS) was the most
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successful in reducing the severity of streak artifacts for this phantom and exhibited no
added artifacts.

The accuracy of the size of the titanium rods was also investigated by using the CT images
of this phantom. Both O-MAR and GSI imaging were able to accurately represent the
diameter to within 1.1 mm (approximately 1 pixel), as shown in table 2. However, MARS
imaging at 70kev and 140keV underestimated the diameter of the titanium rod by about 2.6
mm, a 26% underestimation. To further investigate this underestimation of the titanium rod
diameter by the MARSs algorithm, profiles were taken through the titanium rod for all
imaging methods (figure 7). From figure 7, it can be seen that while GSI imaging and
application of O-MAR do not affect the shape or the FWHM of the profiles, application of
the MARs algorithm not only decreases the FWHM but also results in a less steep fall off at
the edges of the titanium rods.

4. Discussion

In this study, three commercial metal artifact reduction methods were evaluated using
metrics that evaluate image quality in the context of radiation therapy. Three
anthropomorphic phantoms were used to evaluate how successful each method was at
reducing artifacts for three common types of metal implants. Although each method
exhibited some success in improving CT images, none of the methods were globally
effective for all of the sites investigated, and some exhibited some limitations that users
should be aware of. Strengths and weaknesses of each method are summarized in table 4.

For the case of a unilateral hip prosthesis, both O-MAR and MARs were fairly successful in
reducing the severe artifacts caused by the implant. The geometry of the hip prosthesis case
represents perhaps the most ideal geometry for metal artifact reduction methods in that a
large metal implant is located in a fairly homogeneous environment. Thus, it is not
surprising that the metal artifact reduction methods were successful for this particular site. In
fact, O-MAR is designed primarily for orthopedic implants, and Li et al. (2012) previously
found that O-MAR was successful for patients with hip prostheses, particularly for patients
with large bilateral hip prostheses. The MARs algorithm is similar to O-MAR in that it is a
projection modification approach to metal artifact reduction, whereby the projections
affected by the metal object are identified and corrected for based on uncorrected data.
However, MARs has the advantage that it is applied onto virtual monochromatic images that
exhibit reduced beam hardening artifacts in comparison to polyenergetic imaging. Thus, the
MARs 140keV imaging was the most successful method for the case of the hip prosthesis.

While the hip prosthesis case was an ideal case for metal artifact reduction, the case of
dental fillings is perhaps the most challenging geometry. Dental fillings are small metal
implants surrounded by a highly heterogeneous local environment including the teeth as
well as air cavities. The methods investigated in this study were generally not successful in
reducing the artifacts caused by dental fillings. Despite being designed for orthopedic
implants, O-MAR did offer a slight benefit for the dental fillings, as did GSI virtual
monochromatic imaging at 140keV, although gains were fairly modest. Notably, application
of the MARSs algorithm to the monochromatic images resulted in an increase in the overall
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severity of streak artifacts. Furthermore, MARs caused “out-of-plane” artifacts in adjacent
image locations that did not contain any metal (figure 5). Although the exact cause of these
“out-of-plane” artifacts is not known to the user, it is postulated that the MARSs algorithm is
sensitive the heterogeneities in close proximity to the metal implant, e.g., teeth and air gaps.
The fact that induced artifacts are observed in adjacent image plans suggests that MARs
performs some level of smoothing on the sinogram data, perhaps with a 3D convolution
kernel that may not be appropriate for small metal implants such as dental fillings.

The case of the anthropomorphic thoracic phantom with two titanium spinal rods represents
an intermediate level of difficult for the metal artifact reduction methods in that both the size
of the metal implant and the level of heterogeneity in the environment surrounding the metal
are intermediate between the case of the hip prosthesis and that of the dental fillings. For this
phantom, we found that both O-MAR and MARs introduced similar artifacts; streaks were
introduced between the titanium rods and the edges of the heart structure and between the
rods and the edges of the target in the left lung. Interestingly, the artifacts were not
introduced in a symmetric manner since no additional streaks were observed in the right
lung, suggesting that these projection modification algorithms struggle with heterogeneities
and material interfaces. Brook et al. (2012) also observed a similar introduction of additional
artifacts when MARs was used for patients with gold fiducial markers, and other studies
evaluating metal artifact reduction methods that perform linear interpolation of projection
data also observed secondary artifacts introduced between metals and heterogeneities such
as bone and contrast material (Prell et al., 2009; Boas and Fleischmann, 2011). It should be
noted that Philips states that O-MAR is contraindicated for cases in which a metal implant is
located near low-density tissue, such as lung, although the specifics of this recommendation
are vague in terms of proximity (Philips White Paper, 2012). For this phantom, GSI
monochromatic imaging was the most successful method for reducing artifacts caused by
the titanium rods with 140keV virtual monochromatic images showing nearly complete
artifact reduction (figure 6e).

GSI dual-energy CT data can be reconstructed at any energy from 40keV to 140keV to
generate virtual monochromatic images. In this study, we evaluated 70keV and 140keV
only. One limitation of this study is that only two energies were investigated. Lee et al.
(2012) investigated MARs for metal artifact reduction of titanium and steel implants and
found that 80keV and 110keV were the optimal energies for titanium and stainless steel
respectively, while Wang et al. (2013) found that the optimal monochromatic energy level
for pedicle screws was 110-140keV. Thus, the two energies we chose to investigate spanned
the energies found to be successful in the literature. In our phantom studies, we found that
GSI monochromatic 70keV images gave similar results to 120kVp images, while
monochromatic 140keV images showed better artifact reduction than 70keV. The reduced
artifacts in the 140keV images in comparison to the 70keV images can be explained by the
fact that this high energy reconstruction has a higher proportion of information from the
high energy projection data vs. the low energy projection data (140kVp vs. 80kVp). Since
the high energy projections contain reduced beam hardening in comparison to the low
energy projections, this reduced beam hardening propagates to the 140keV virtual
monochromatic images.
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We also investigated how accurate the various metal artifact reduction methods were able to
accurately represent the size of metal objects. We found that the MARs underestimated the
diameter of both stainless steel and titanium rods. For 29 mm diameter stainless steel rod,
MARs images were able to preserve the diameter to within 1.4 mm (5% underestimation).
However, for 9.5 mm diameter titanium rods, application of MARs resulted in a 2.6 mm
(26%) underestimation of the diameter (table 2). In agreement with our results, Lee et al.
(2012) found that while 140keV MARs images gave accurate dimensions for a stainless
steel prosthesis (within 1 mm), the thickness of titanium was underestimated by
approximately 3 mm. Wang et al. (2013) investigated MARs for patients with pedicle
screws and found that the MARs algorithm resulted in unacceptable distortion in the shape
and size screws. Profiles through the titanium rod revealed that not only did MARs decrease
the width of the metal profile but MARs also affected the shape of the profile (figure 7c). In
comparison to the profiles acquired from GSI images, the MARs profiles exhibit a larger
penumbra region, suggesting that some sort of smoothing was applied with the MARs
algorithm. It can also be seen from the MARs 140keV profile in figure 7¢ that MARs affects
the HU values of metal implants. We investigated how MARs affects the HU values of
various metals in our study (titanium, stainless steel, and Co-Cr alloy) and found that MARs
consistently maps metals to a pre-defined HU level, with these pre-defined HU values
varying as a function of monochromatic reconstruction energy. This data suggests that metal
pixels are identified prior to application of the MARs algorithm, and these pre-defined metal
HU values are inserted back into the image after application of MARs. Interestingly, it was
also observed that the MARs algorithm can decrease HU values in the center of large metal
implants (figures 3f and 3g).

In addition to metal objects appearing smaller than reality in the image plane, we also
observed a distortion in the size of metal objects along the scan direction. Specifically, for
the hip prosthesis, no metal was visible on the MARs image at the image location containing
the most superior portion of the femoral head component of the prosthesis (this metal was
visible at the same image location with both GSI imaging without MARs and 120kVp
polyenergetic imaging). The same effect was observed for the edge of the titanium rods in
the spine phantom. Brook et al. (2012) found similar distortions, in that MARs caused some
gold fiducial markers to be barely visible in patient scans. These distortions again suggest
that MARs performs some form of smoothing on the image data.

Successful reduction of streak artifacts will allow more confidence in the contouring of the
target and surrounding structures, allow more flexibility of beam arrangements, and improve
dose calculation accuracy by providing more accurate CT numbers. Li et al. (2012) found
small dosimetric differences (generally <1% of prescription dose) between treatment plans
calculated on the O-MAR vs. non-OMAR images for prostate cancer patients with unilateral
hip prostheses. However, in the head and neck region, where targets and critical organs can
be located very close to dental restorations, the artifact mitigation methods may have a
greater impact on dose calculation accuracy. Future studies are planned to investigate the
dosimetric impact of these metal artifact reduction methods, in conjunction with a novel
implementation of collapsed cone convolution/superposition dose calculation using metal
kernels (Huang et al., 2013).
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5. Conclusion

Commercial metal artifact reduction methods were evaluated for their effectiveness in
reducing metal artifacts in CT images. Although the metal artifact reduction methods were
evaluated based on metrics that are most relevant to treatment planning dose calculation
accuracy, our results nonetheless provide useful information about CT imaging in general.
Our data suggest that all three of the artifact mitigation methods can be used effectively for
large orthopedic implants in fairly homogenous environments, such as for hip prostheses,
while more varied results were observed for artifacts caused by small metal implants in
heterogeneous environments, such as dental fillings or spinal fixation rods. Both the O-
MAR and MARs algorithms introduced secondary artifacts when applied in the
heterogeneous environment of the thorax. The MARs algorithm should be used with caution
in certain scenarios, as it was found to underestimate the size of metal implants and
introduced new artifacts into imaging planes beyond the metal when applied to dental
artifacts. Although GSI virtual monochromatic imaging was not observed to cause any
additional artifacts in our phantom studies, it did not offer as much of a benefit as the other
two methods for large orthopedic implants.
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Figure 1.

A g for select tissue substitue regions of interest in the RMI phantom scanned with (a) a
unilateral titanium plug, (b) a unilateral stainless steel plug, and (c) bilateral stainless steel
and titanium plugs. A 777 are grouped by imaging technige, including uncorrected imaging
methods (120kVp) as well as the metal artifact reduction methods. For each plot, a CT
image (Philips 120kVp protocol, WL=0, WW=500) on the right shows the location of the
tissue substitute inserts for which A 7777 is plotted and the position of metal inserts in the
phantom. Error bars indicate the standard error of the mean for three repeated scans.
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Merror, the fraction of bad pixels in the phantom image multiplied by the mean absolute CT
number error of the bad pixels, for various imaging techniques and metal scan

configurations of the RMI phantom.
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c) GE 120kVp

d) GSI 70keV

e) GS| 140keV
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MARs 70keV

g) MARs 140keV

Figure 3.
CT images of the pelvic phantom with hip prosthesis (WL=0, WW=500), side by side with

the corresponding CT number difference maps between the baseline and the metal scans of
the phantom for uncorrected imaging methods (“Philips 120kVp” and “GE 120kVp”) and
artifact mitigation methods (“O-MAR?”, “GSI”, and “MARs”).This image intersects the
femoral head portion of the prosthesis.
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a) Philips 120kVp
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d) GSI 70keV
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f) MARs 70keV

Figure 4.
CT images of the head phantom with dental fillings (WL=0, WW=500), side by side with

the corresponding CT number difference maps between the baseline and the metal scans of
the phantom for uncorrected imaging methods (“Philips 120kVp” and “GE 120kVp”) and
artifact mitigation methods (“O-MAR?”, “GSI”, and “MARs”).
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a) GSI 140keV

Figure 5.
Grayscale CT images of the head phantom with dental fillings (WL=0, WW=500), side by

side with the corresponding CT number difference maps between the baseline and the metal
scans of the phantom for a) GSI 140keV and b) MARs 140keV imaging. Shown is an image
of the head phantom that does not contain any portion of the metal fillings, illustrating out-
of-plane artifacts introduced by the MARs algorithm.
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a) Philips 120kVp
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e) GSI 140keV

Figure 6.
Grayscale CT images of the anthropomorphic thoracic phantom with titanium spinal rods

(WL =-250, WW = 1250), side by side with the corresponding CT number difference maps
between the baseline and the metal scans of the phantom for uncorrected imaging methods
(“Philips 120kVp” and “GE 120kVp”) and artifact mitigation methods (“O-MAR”, “GSI”,
and “MARs”).
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255 260

Horizonal pixel intensity profiles taken across one of the titanium rods scanned with the
thoracic phantom for a) O-MAR, b) GSI imaging (“GSI 70keV” and “GSI 140keV”), and c)
GSI imaging with MARs applied (“MARs 70keV” and “MARs 140keV”). The
corresponding uncorrected imaging methods (“Philips 120kVp” and “GE 120kVp”) are also

shown for comparison.
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Table 4

Summary of our results for the various anthropomorphic phantoms and general impressions of the metal
artifact reduction methods. v indicates that the method resulted in a small reduction in streak artifacts, vV
indicates a more substantial reduction in streak artifacts, and % indicates that the method was the most
successful method of the three investigated and was highly successful for the given site. X indicates that the
method is not recommended for use at a particular site.

Pelvic Head Thoracic Weaknesses/Drawbacks

O-MAR W Vv Vv . Induced artifacts for thoracic phantom
GSI 140keV monochromatic Vv Vv * . No major drawbacks identified
imaging
MARs 140keV * X v . Underestimation of metal size and possible distortion of metal shape
monochromatic imaging . .
. Induced “out-of-plane” artifacts for dental fillings
. Induced artifacts for thoracic phantom
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