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Application of metal artifact reduction software in gemstone
spectral computed tomography for patients after total knee
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Background: To explore the feasibility and effectiveness of the metal artifact reduction software (MARs)
reconstruction algorithm in reducing metal artifacts of knee prostheses and to explore the optimal
monochromatic level of virtual monochromatic spectral (VMS) images for artifact reduction to provide high-
quality images and reliable diagnosis in patients after total knee arthroplasty (TKA).

Methods: A total of 31 patients underwent gemstone spectral computed tomography. VMS images
with MARs and without MARs were obtained at different energy levels (80, 100, 120, and 140 keV). Two
observers scored each group of images, and interobserver agreement was evaluated. Artificial indices (Als),
percentage’™'" and structural similarity index measure (SSIM) values were calculated in the objective
analysis to evaluate the image quality and impact of metal artifacts.

Results: The consistency of the scores of the 2 observers was good (kappa value =0.78), and the score of the
VMS images with MARs was higher than that of VMS images without MARs. AT values and percentage’"™
of the MARs group were significantly lower than those of the without MARs group, while SSIM values were
significantly higher. In the comparison of different keV images, the AI value decreased with the increase in
keV in the range of 80-120 keV, but there was no significant difference between the 120 keV images and

S00HU

140 keV images. In the group with MARs, the percentage of 100-140 keV images was significantly

lower than that of the 80 keV images, but there was no significant difference between 100, 120, and 140 keV

images. In the group without MARs, the percentage5 00HU

was significantly different among all keV groups.

Conclusions: VMS images combined with the MARs algorithm can significantly reduce the metal artifacts
of knee prostheses and improve image quality. At an energy level of 100-120 keV, a good metal artifact
removal effect and soft tissue contrast can be achieved, and the best metal artifact removal effect can be

achieved at 140 keV.
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Introduction

Total knee arthroplasty (TKA) is the surgical replacement
of a damaged knee joint with artificial joints, partly or
in entirety. TKA was first introduced in the 1970s and
has become the most effective treatment for end-stage
knee osteoarthritis (1-3). Multi-slice spiral computed
tomography (MSCT) can provide high-resolution and clear
contrast tomography images and can obtain intuitive three-
dimensional (3D) volume rendering (VR) images using
post-processing software. It plays an important role in the
preoperative evaluation of patients undergoing TKA, the
evaluation of surgical and curative effects, and the diagnosis
of postoperative infection (4-7). Computed tomography
(CT) scanning of postoperative patients is an important
method for postoperative evaluation and the diagnosis of
complications, but high-density metal prostheses and bone
cement will lead to different degrees of stellate and radial
metal artifacts in CT images, affecting image quality and
diagnostic accuracy. With the rapid development of MSCT,
many techniques for reducing metal artifacts have emerged.
For example, dual-energy CT (DECT) or gemstone energy
spectrum CT scanning is used to obtain single-energy CT
images, as well as metal artifact reduction software (MARs)
and other post-processing technologies or algorithms (8-10).
Gemstone spectral imaging (GSI) is a new technique used
to reduce metal artifacts. Different from the polychromatic
images obtained by traditional CT scanning, the virtual
monochromatic spectral (VMS) images obtained by GSI
scanning can overcome the influence of the hardening effect
and significantly reduce beam hardening artifacts (11). MARs
is a standalone method based on CT number threshold
segmentation and reconstruction to reduce metal artifacts,
and can correct low signals caused by photon starvation
(12-14). Therefore, GSI-MARs technology may have the
potential to significantly reduce metal artifacts.

To date, there have been some studies on MARs
technology for artifact reduction in metal implants such as
hip prostheses and pedicle screws, but only a few studies
have examined the use of MARs in TKA (13,15,16). The
purpose of this study was to explore the feasibility and
effectiveness of the MARs reconstruction algorithm in
reducing metal artifacts of knee prostheses and to explore
the optimal monochromatic level of the VMS images
for artifact reduction to provide high-quality images and
reliable diagnosis for patients after TKA. We present the
following article in accordance with the MDAR reporting
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-3286/rc).

© Annals of Translational Medicine. All rights reserved.

Zhang et al. MARs algorithm in reducing metal artifacts for TKA patients

Methods
Study objects

We retrospectively analyzed the GSI CT scan results of
31 (14 men, 17 women; age range, 49-83 years; mean
age, 64.4£11.3 years) patients who underwent TKA
at West China Hospital between December 2019 and
December 2020 and compared the VMS images with
and without the MARs algorithm at different keV levels.
The time from surgery to CT examination ranged from
3 to 6 months. All TKA patients enrolled in this study
received knee prostheses made of Co-Cr-Mo alloys, and
patients undergoing bilateral surgery were excluded. This
retrospective study was conducted in accordance with the
ethical guidelines of the Declaration of Helsinki (as revised
in 2013) and was approved by the Ethics Committee of
West China Hospital (No. 2019-742). Written informed
consent was obtained from all patients or their next of kin
before CT examination.

Image acquisition and reconstruction

All patients were examined with a 256-slice CT scanner
(Revolution CT, GE Healthcare, Milwaukee, WI, USA). The
CT acquisition parameters were adjusted for the GSI-MARs
protocol: 315 mA in the GSI manual mode, fast kV switching
between 80 and 140 kVp, detector coverage =40 mm, thickness
=0.625 mm, pitch =0.984:1, and rotation time =0.8 s.

VMS images with and without MARs were reconstructed
at different keV levels (80-140 keV, 20 keV intervals),
with 0.625-mm section thickness, standard reconstruction
type, and 50% ASiR-V (adaptive statistical iterative
reconstruction VEO). The raw images were sent to an
AW4.2 Workstation for post-processing analysis using
the software GSI Viewer. Axial, coronal, sagittal, and 3D
images of the knee joint were obtained using multiplanar
reconstruction and VR.

Subjective image analysis

For our subjective evaluation, all images of these
31 patients were anonymized, randomized, and presented
to 2 radiologists with 5 and 11 years of experience,
respectively. All images, including axial, coronal, sagittal,
and 3D VR images, were comprehensively scored using a
4-point scale to evaluate the influence of metal artifacts:
4, no metal artifact affecting the diagnosis; 3, mild metal
artifacts but enough to distinguish the boundary and shape
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Figure 1 To calculate the Al value, 3 target regions of interest (ROIs; anterior, posterior, and lateral regions) were located in the muscle

adjacent to the knee prosthesis, and 1 background ROI was placed in the subcutaneous fat on the femur side without artifacts far away from

the knee prosthesis. Al artifact index; ROIs, regions of interest.

of surrounding structures, do not interfere with diagnostic
decisions; 2, moderate metal artifacts covering the boundary
and shape of surrounding structures, but the boundary or
structure of the metal prosthesis is visually measurable,
barely meeting the diagnostic requirements; and 1, severe
metal artifacts that obscure the boundary and shape of the
surrounding structure, and deter accurate diagnosis (17).
Before the subjective evaluation, the 2 observers were
trained with 5 unrelated cases (not included in this study)
to ensure that the evaluation criteria were as consistent as

possible.

Objective image analysis

Axial images of the knee prosthesis with fixed nails were
selected for analysis. Three regions of interest (ROIs) were
placed in anterior, posterior, and lateral muscle tissue near
the knee prosthesis, and 1 background ROI was placed in
subcutaneous fat on the femoral side far away from the
knee prosthesis. The ROI size and position were made as
consistent as possible in different groups of images, and
the ROI size was approximately 70 mm® (Figure 1). The
CT numbers and standard deviation (SD) values of the
CT numbers were measured for all ROIs. The artifact
indices (Als) of the 3 target ROIs were calculated using SD
measurements as follows: Al = SQRT (SDy,cuion. = SD5l),
where SD),on is the SD value of the ROIs in the 3 target
locations in the homogenous muscle adjacent to the knee

© Annals of Translational Medicine. All rights reserved.

prosthesis, SDy, is the SD value of subcutaneous fat, and
SQRT stands for the square root operation (13). A smaller
Al value suggests a lesser influence of metal artifacts.
Simultaneously, Image]J software was used to analyze the
selected level of each set of images, and the percentage of
pixels with CT number above 500 Hounsfield units (HU)
(percentage’™'") which is the number of pixels with CT
number above 500 HU divided by the total number of
pixels of knee joint tissue) was calculated (Figure 2). All
measurements were performed thrice, and the average of
each parameter was calculated to reduce any variation.

In addition, the structural similarity index measure
(SSIM) values of every selected axial image were calculated
by using the pytorch code (https://github.com/Po-Hsun-
Su/pytorch-ssim) in reference to 140 keV images with
MARs. SSIM is a quantitative value used to measure the
similarity between two given images, indicating how much
structural information has changed in the image based on
the reference image (18,19). We took the image of 140 keV
with MARs as the reference (SSIM =1) and calculated SSIM
values of the images under the other seven conditions. The
higher SSIM value (closer to 1), the more similarity there
is to the reference image, indicating a low amount of metal
artifacts. Conversely, the lower SSIM value (closer to 0)
indicated a lower similarity to the 140 keV with MARs
reference image and severe metal artifacts.

The calculation process of SSIM is relatively complex,
which is briefly described as below (17,18). In the case
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Figure 2 The number of pixels with CT value over 500 HU was obtained by using Image]J software, and the percentage
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Pixels >500 HU

Bone window

S00HU
3 was calculated.

CT, computed tomography; HU, Hounsfield units; MARs, metal artifact reduction software.

of an N x N image, assuming that the original image is
represented by x = {x;17 = 1, 2, ..., N x N}. The distorted
image is represented by y = {y,l7 = 1, 2, ..., Nx N}, then
the SSIM could be expressed by multiplying luminance,
contrast, and structure. The luminance (l), contrast (c), and
structural (s) are defined by the following equations.

Zluxﬂy + Cl

/ =
(o= e

(1]

20,0, +C,

x7y

c(x,»)= 2]

2 2
o, +o, +C,

o,+C

s(x,y)= 3]

o0, + C,

where #, and g, represent the means of the original and
coded images (respectively), o, and o, represent the SDs of
each of the signals (respectively), and o, is the covariance
of the two images. Then SSIM index is calculated based on
luminance, contrast, and structure values as follows:

SSIM (x,y)=[1(x.y)]" [c(x,y)]ﬁ [s(xy)] (4]

Usually, SSIM is expressed simply by setting a = 1, f =1,
y=1and C; = C,/2, which appears as:
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2(,ux,uy +cl)(20'xy +c2)

(,uj + U +cl)(of +af,+c2)

SSIM (x,y) = [5]
The arithmetic average of each local score is calculated

to obtain the final score of the entire image, known as the

mean SSIM (MSSIM) (17,18).

Statistical analysis

Continuous variables that conformed to a normal
distribution are expressed as mean = SD. The subjective
scores of the 2 observers were evaluated using the Kappa
consistency test; if the agreement was good (kappa value
<0.40 indicates poor agreement, 0.40-0.74 is moderate, and
>0.75 is good agreement), the scores of the 2 observers were
combined for analysis. The Wilcoxon signed rank sum test
was performed to compare the subjective scores of images
with and without MARs in different keV groups, while the

S00HU

Al values, percentages™ , and SSIM values were compared

using a paired 7-test. One-way analysis of variance (ANOVA)
was used to compare the Al values and percentages’”'V of
different keVs in the groups with and without MARs, and

the Student-Newman-Keuls method was used for pairwise
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Table 1 Subjective scores in different keV images with and without
MARs (mean = SD)

Energy value With MARs  Without MARs P
Observer 1
80 keV 3.65+0.55 1.32+0.48 <0.001
100 keV 3.77+0.43 1.94+0.57 <0.001
120 keV 3.94+0.25 2.48+0.68 <0.001
140 keV 3.97+0.18 2.68+0.54 <0.001
Observer 2
80 keV 3.61+0.50 1.3920.49 <0.001
100 keV 3.81+0.40 1.87+0.50 <0.001
120 keV 3.90+0.32 2.29+0.64 <0.001
140 keV 3.97+0.18 2.61+0.56 <0.001
Total
80 keV 3.63+0.52 1.35+0.48 <0.001
100 keV 3.79+0.41 1.90+0.53 <0.001
120 keV 3.92+0.27 2.39+0.66 <0.001
140 keV 3.97+0.18 2.65+0.55 <0.001

MARSs, metal artifact reduction software; SD, standard deviation.

comparisons. The level of statistical significance was set at
P<0.05. The statistical analyses were performed using SPSS
19.0 software (SPSS® Inc., Chicago, IL, USA).

Results
Subjective analysis

The kappa value between the 2 observers for image quality
scores was 0.78 (P<0.001), indicating good consistency.
The subjective scores of the 2 observers and the total
scores are shown in 7able 1. The Wilcoxon signed rank
sum test showed that the scores of groups with MARs were
higher than those of groups without MARs under different
keV conditions (P<0.001). In the VMS images without
MARs, metal artifacts were shown as radiating hypo-
and hyperdense lines or flakes centered around the knee
prosthesis. Acicular hyperdense artifacts were distributed
all around and flake low-density artifacts were distributed
in the left and right lateral areas. In contrast, VMS images
with MARs showed a significant reduction in artifacts in the
area around the prosthesis, with the boundary between the
prosthesis and bone interface clearly visible (Figures 3,4).

© Annals of Translational Medicine. All rights reserved.
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Objective analysis

The A values of the 3 target ROIs in different keV VMS
images are shown in Table 2, the percentages of pixels with
CT numbers above 500 HU are shown in Table 3, and the
SSIM values of images in each group are shown in Tible 4.
The results of the paired z-test showed that Al values of
the group with MARs were lower than those of the group
without MARs at different keV levels, the percentages™™
were also lower, while SSIM values were higher (all P values
<0.001), as shown in Tubles 2-4 and Figures 5-7.

The results of the one-way ANOVA showed that there
were significant differences between Al values at different
keV levels (all P values <0.05). In the MARs and non-MARs
groups, Al values decreased with an increase in keV in the
range of 80-120 keV. The Al value of the 140 keV image was
not significantly different from that of the 120 keV image
(except for the posterior ROI), as shown in Figure 8. This
suggests that after the energy value is increased to 120 keV,
increasing keV may have little significance for reducing
artifacts and improving image quality.

500H
Percentages’ """

of the without MARs group gradually
decreased with the increase of keV in the range of
80-140 keV. The MARs group percentages’'" did not
decrease after 100 keV, and there was no statistically
significant difference between the values of the 100, 120,
and 140 keV groups (as shown in Figure 9). This indicates
that in the VMS images with MARs post-processing
technology, a good metal artifact removal effect can be
achieved when the energy value is above 100 keV, which can

reflect the real shape and boundary of the metal prosthesis.

Discussion

Total knee replacement or TKA can relieve knee pain and
improve knee function in patients with end-stage knee
osteoarthritis and is the most effective method for the
treatment of end-stage knee osteoarthritis (20). Similar
to other orthopedic operations, TKA can cause various
postoperative complications, such as aseptic loosening,
polyethylene wear, periprosthetic infection, osteolysis,
instability, and dislocation (17,21). MSCT can obtain
thin-slice images of the knee joint, which can provide an
important reference for preoperative surgical planning,
positioning, and postoperative evaluation of patients
undergoing total knee replacement combined with image
post-processing software and new techniques such as 3D
printing (6,22). However, because of the high density of
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Figure 3 A 73-year-old woman underwent a CT scan 4 months after left total knee arthroplasty. VMS images with and without metal MARs

at 80 and 100 keV level, from left to right, are axial soft tissue window images, axial bone window images, sagittal soft tissue window images,
sagittal bone window images, and 3D VR images. (A) 80 keV with MARs; (B) 80 keV without MARs; (C) 100 keV with MARs; (D) 100 keV
without MARs. 3D, three-dimensional; CT, computed tomography; MARs, metal artifact reduction software; VMS, virtual monochromatic

spectral; VR, volume rendering.

metal prostheses, metal artifacts can appear on CT images,
which affect the observation of the surrounding tissues of
the prostheses, thus limiting the application of CT scanning
in postoperative TKA patient evaluation. The contributors
to metal artifacts are beam hardening, scattering, noise,
photon starvation, and edge effects (23,24). VMS CT
images can be computed using dual-energy scanning to
reduce beam-hardening artifacts. The MARs algorithm
mainly suppresses metal artifacts caused by photon
starvation, and its basic concept is to detect the projection
data corrupted by the metal hardware and replace it

© Annals of Translational Medicine. All rights reserved.

with the estimated and corrected values (25). MARs can
effectively suppress clinically common metal artifacts and
other beam-hardening artifacts, particularly for major joint
replacements (12,13,26). Although some existing studies
have confirmed that VMS images combined with MARs
are effective in reducing metal artifacts, many of them lack
discussion on the optimal display keV, and there are still few
studies on the application of TKA in patients.

Yue et al. studied the CT image quality of patients after
unilateral hip replacement using DECT monochromatic
spectral imaging combined with MARs. They combined

Ann Transl Med 2022;10(16):864 | https://dx.doi.org/10.21037/atm-22-3286
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Figure 4 Images of 120 and 140 keV of the same patient above. (A) 120 keV with MARs; (B) 120 keV without MARs; (C) 140 keV with
MARs; (D) 140 keV without MARs. MARs, metal artifact reduction software.

subjective scores with objective evaluation indicators
including Al values and found that the VMS images at 120
and 140 keV could significantly reduce metal artifacts, and
the observation quality of the prosthesis and surrounding
tissues was the best (13). Kim ez 4/. studied the effect of
GSI-VMS images combined with the MARs algorithm
on reducing metal artifacts in CT images of patients after
total knee replacement. They compared images at 4 energy
levels of 70, 95, 115, and 140 keV and found that 140 keV
was the best observation level (17). Zeng et al. explored
the display effect of virtual monoenergetic imaging using
a noise-optimized algorithm for pedicle screws under
different keVs, and the results proved that the VMS image
of 130 keV had the best display effect for the metal-bone

© Annals of Translational Medicine. All rights reserved.

interface and surrounding soft tissue, while for the spinal
canal 120 keV had the best display effect (27). Zeng et al.
also summarized and discussed previous studies, suggesting
that different keV levels should be recommended depending
on the scanning region and the metal prosthesis.

In our study, both subjective and objective evaluations
confirmed that the image quality of the MARs group was
significantly better than that of the non-MARs group. In
the subjective evaluation, the 2 observers had a relatively
consistent understanding of the image quality, and the
consistency of the subjective scores was good. Compared
with conventional VMS images, metal artifacts in the VMS
images with MARs are effectively reduced, the prosthesis
and bone structures are clearer, and the boundary between

Ann Transl Med 2022;10(16):864 | https://dx.doi.org/10.21037/atm-22-3286
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Table 2 Al values of 3 ROIs in VMS images at different keV levels

Zhang et al. MARs algorithm in reducing metal artifacts for TKA patients

Table 3 Percentage of pixels with CT number above 500 HU in
different keV images (mean = SD)

(mean = SD)
Energy value With MARs Without MARs P
Anterior
80 keV 39.45+15.52 249.51+74.51 <0.001
100 keV 24.34+10.59 144.84+27.98 <0.001
120 keV 16.38+6.99 117.10+30.90 <0.001
140 keV 15.87+6.97 96.57+26.03 <0.001
Lateral
80 keV 74.38+31.03 297.39+86.37 <0.001
100 keV 44.50+19.23 171.79+49.57 <0.001
120 keV 32.16+13.78 136.87+42.94 <0.001
140 keV 27.68+11.67 113.21+42.11 <0.001
Posterior
80 keV 54.08+15.33 211.80+55.64 <0.001
100 keV 21.55+5.88 168.69+49.30 <0.001
120 keV 14.60+4.03 140.29+41.32 <0.001
140 keV 11.13+4.60 105.33+36.85 <0.001

500HU

Percentage
Energy value P
With MARs Without MARs
80 keV 19.52+1.97 45.08+3.69 <0.001
100 keV 16.62+1.62 36.70+2.99 <0.001
120 keV 16.28+1.67 31.70+3.35 <0.001
140 keV 16.14+1.63 28.34+2.83 <0.001

CT, computed tomography; HU, Hounsfield units; MARs, metal
artifact reduction software; SD, standard deviation.

Table 4 SSIM of images at different keV levels (mean = SD)

SSIM
Energy value P
With MARs Without MARs
80 keV 0.818+0.023 0.606+0.016 <0.001
100 keV 0.913+0.016 0.624+0.012 <0.001
120 keV 0.978+0.010 0.626+0.011 <0.001
140 keV 1.000 0.628+0.011 <0.001

Al, artifact index; MARs, metal artifact reduction software;
ROls, regions of interest; SD, standard deviation; VMS, virtual
monochromatic spectral.

the prosthesis and surrounding soft tissues is clearly visible.
The MARs algorithm provides a more accurate image for
imaging diagnosis, which is consistent with the conclusions
of previous research (13,26).

In the objective evaluation, we referred to previous
studies and used the 3 parameters of Al value,
percentage’"'"

metal artifacts and image quality (13,28). Among them, the

, and SSIM value to evaluate the impact of

Al value reflects the average degree of influence of metal
artifacts on the surrounding tissues in the ROI, including
white high-density artifacts and black low-density artifacts,

while the percentage™™

reflects the proportion of pixels,
including the prosthesis itself and high-density artifacts,
and mainly evaluates the influence of acicular high-density
artifacts. And SSIM value reflects the similarity between
each group of images and reference images through the
three dimensions of luminance, contrast, and structure,
so as to evaluate the effect of metal artifact reduction
comprehensively. According to the results of our study, both
in the MARs group and without MARs group, the Al values

of images in the high keV groups were lower than those

© Annals of Translational Medicine. All rights reserved.

SSIM, structural similarity index measure; MARs, metal artifact
reduction software; SD, standard deviation.

in the low keV groups in the range of 80-120 keV. The Al
value did not decrease significantly after the energy value
exceeded 120 keV, and increasing keV had little significance
in reducing the impact of metal artifacts. In addition, after
the MARs algorithm was used, the percentage™'" did
not obviously decrease when the keV rose above 100 keV,
indicating that there are fewer high-density artifacts
in images with energy value above 100 keV, which is
sufficient to reflect the real shape and contour boundary
of the prosthesis. However, in the without MARs group,

the percentage’"

still changed significantly even when
the energy value increased from 120 to 140 keV, and the
high-density artifacts were still serious. According to the
changing trend of SSIM value, we also found that in MARs
group, when the energy level reached 120 keV, SSIM value
was already close to 1, indicating that the 120 keV image
was very similar to 140 keV image, and had good metal
artifact reduction. In fact, higher keV levels are not always
better, and VMS images of DECT will suppress metal

artifacts and improve the clarity of metal prostheses and
surrounding tissues with an increase in keV, but also lose

Ann Transl Med 2022;10(16):864 | https://dx.doi.org/10.21037/atm-22-3286
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Figure 5 Al values in VMS images with and without MARs. Bar graphs showing that the Al values of the images with MARs were lower

than those of the images without MARs in different ROI groups and keV groups. *, the difference was statistically significant. Al, artifact

index; MARs, metal artifact reduction software; ROI, region of interest; VMS, virtual monochromatic spectral.

some contrast and detail between soft tissues (29).

In summary, when using VMS images with MARs
to evaluate patients after TKA, we recommend setting
different keV levels for various diagnostic purposes. If soft
tissue around the prosthesis is mainly observed, such as
infection and edema in the soft tissue, to ensure the contrast
of soft tissue as far as possible under the premise of a good
metal artifact removal effect, 100-120 keV energy value is
recommended. If the prosthesis is the primary focus, such
as assessing instability or dislocation after surgery, 140 keV
is recommended to ensure the best metal artifact removal.
Furthermore, the material composition and size of the
prosthesis may also affect the effect GSI-MARs algorithm.
For example, larger metal prosthesis may have more severe
artifacts, and different alloy materials may have different

© Annals of Translational Medicine. All rights reserved.

densities, thus affecting the image quality. In order to
control variables, we only included patients who received
knee prostheses made of Co-Cr-Mo alloys in this study, and
patients undergoing bilateral surgery were excluded. The
effect of different material and size of prosthesis on image
quality remains to be further studied.

Our study has some limitations. Due to various factors,
the sample size included in this study was relatively small,
the conclusion needs to be further confirmed by multi-
center and large-sample clinical trials. And there is no
comparative study on metal artifact removal algorithms
of different CT equipment vendors. Whether the MARs
algorithm has advantages in TKA patients compared
to other technologies needs to be confirmed by further
research.
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