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Metal artifact reduction using mono-energy images combined
with metal artifact reduction software in spectral computed
tomography: a study on phantoms
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Background: This study aimed to evaluate the effectiveness of spectral computed tomography (CT)
mono-energy imaging combined with metal artifact reduction software (MARs) for metal implant artifact
reduction using a phantom.

Methods: A quantitative standard phantom with 9 cylinders was used to simulate the attenuation of the
different tissues of the human body around the metal implant. Groups A and B were divided according to
conventional CT scan mode and spectral CT scan mode. Three sets of reconstructed images, including 120
kVp-like + MARs images, mono-energy images (MonoE), and MonoE + MARs images, were generated after
spectral CT scanning. High-attenuation artifacts and low-attenuation artifacts were observed around the coil
in the images of groups A and B. The CT values (Hounsfield unit) and standard deviation (SD) values of the
artifacts were measured, and the artifact index and hardening artifact removal rate were calculated.

Results: Compared to conventional poly-energy CT images, for high-attenuation and low-attenuation
artifacts, the artifact indices of 120 kVp-like + MARs, MonoE, and MonoE + MARs images were all reduced
significantly. The hardening artifact removal rates of the high-attenuation and low-attenuation artifacts of
120 kVp-like + MARs images were 82% and 92 %, respectively. The hardening artifact removal rate of the
high-attenuation and low-attenuation artifacts of MonoE and MonoE + MARs images increased with the
mono-energy level.

Conclusions: Spectral CT using the 120 kVp-like + MARs, 110-140 keV MonoE, and MonoE +
MARSs reconstruction methods can reduce metal implant artifacts in varying degrees. MonoE + MARs

reconstruction was the best method for reducing metal artifacts.
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Introduction vein embolization (GCVE) is one of the most important

. .. - . . . and effective treatments for EVB (1,2). A CT scan is a vital
Cirrhosis is a common chronic liver disease in China. The (1,2)

follow-up method for evaluating the effect of TIPS combined

portal blood flow rate is increasingly resisted in patients
with GCVE. It is well-known that the detachable metallic

with cirrhosis, thus causing portal hypertension. Esophageal

varices bleeding (EVB) is the most dangerous complication
of portal hypertension. Transjugular intrahepatic
portosystemic shunt (TTPS) combined with gastric coronary
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coil used in GCVE causes dark and bright streaks that impair
the image quality of the surrounding tissues (3-6).
Different approaches for metal artifact reduction (MAR)
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have been described, including physical prefiltering,
calibration correction, and dual-energy scanning. Many
post-processing algorithms for MAR have been reported (7-
11). Some recent studies have indicated that MAR and dual-
energy CT hold advantages for reducing metal artifacts
from bipolar hemiarthroplasty and total hip arthroplasty
phantoms, total hip replacements, and intracranial clips and
coils (12-14). Given that MAR can be applied to all mono-
energy CT scans, MAR combined with a mono-energy
CT could further improve the capabilities of the individual
technique alone. However, the shape, size, and type of
metal used in the studies mentioned above are different
from those of GCVE coils; also, the difference of the organs
and tissues surrounding the metal may cause differences in
CT value distribution around the metal. To the best of our
knowledge, there have been no published reports regarding
the effectiveness of spectral CT mono-energy image data
collection combined with metal artifact reduction software
(MARs) in reducing metal artifacts from GCVE coils by
phantom experiments. Our study aims to explore the value
of mono-energy image data collection combined with
MARSs of spectral CT imaging in reducing metal implant
artifacts by simulating the attenuation of different tissues
around the GCVE coils by phantom experiments.

Methods

This research protocol was approved by our institutional
review board, and informed consent was not required
because this study was a phantom study without human
involvement.

Phantom and solution preparation

A quantitative standard phantom made of epoxy resin with
eight standard cylinders around the body phantom and one
standard cylinder in the middle was used. To simulate the
attenuation of different tissues of the human body, each of
the 8 cylinders surrounding the body phantom was filled
with 20 mL of iodine solution of different concentrations.
The concentration of the iodine solution was 1.75 mgl/mL
(CT value =69 HU), 3.5 mgl/mL (CT value =111 HU),
7.0 mgl/mL (CT value =177 HU), 10.5 mgl/mL (CT
value =253 HU), 14.0 mgl/mL (CT value =330 HU),
17.5 mgl/mL (CT value =417 HU), 35.0 mgl/mL (CT
value =767 HU), and 70.0 mgl/mL (CT value =1,422 HU),
simulating CT values of the hepatic parenchyma, enhanced
liver parenchyma in the arterial phase, enhanced hepatic
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parenchyma in the portal phase, enhanced abdominal aorta,
enhanced hepatic portal vein, enhanced inferior vena cava,
calcification and bone, respectively. Then, 20 mL of sodium
chloride solution was injected into the middle cylinder, and
an embolic coil of 8 mm in diameter was placed in it.

CT scanning and image veconstruction

Using the spectral CT scanner (Revolution, GE Healthcare,
USA), the phantom study was divided according to
the different scanning methods into groups A and B. A
conventional CT scanning mode was performed in group A
with the following parameters: collimation 256x0.625 mm,
tube voltage 120 kVp, and automatic milliampere tube
current. Gemstone spectral imaging (GSI) mode was
performed in group B: collimation 128x0.625 mm, tube
voltage 80 kVp/140 kVp instantaneous switching, mA mode
of GSI assist. Images were reconstructed with and without
MARs mode. The pitch was 0.992:1; FOV was 25 cm; the
layer thickness and reconstruction interval were 2.5 mm;
pre-iterative reconstruction was 40%.

A data file with the information on the conventional
poly-energy CT images of group A and a data file with the
information on the spectral CT images of group B were
all transmitted to AW4.7 workstation (GE Healthcare,
USA). The spectral data of group B were reconstructed into
11 sets of monochromatic energy images (MonoE) from
40-140 keV with 10 keV intervals by spectral analysis
software (GSI viewer). Therefore, four kinds of images,
namely, group A of conventional poly-energy images, group
B of MonoE, 120 kVp-like + MARs, and MonoE + MARs
images, were obtained (Figures 1-4).

Image analysis

Along the long axis of the embolic coil, the regions of
interest (ROIs) were placed within the three adjacent levels
with the worst metallic artifacts. Four ROIs far from the
coil without artifacts were selected at the same level. The
size of the ROI was determined by the range of high- and
low-density artifacts. The ROI is in the medial part of
artifacts, and the edge of ROI cannot exceed the artifact
number. To avoid errors, we measured the CT values
(Hounsfield unit) and standard deviation (SD) values of the
three ROIs of the worst metallic artifacts, and the CT values
and SD values of the four ROIs far away from the metallic
artifacts (the reference region without artifacts). Then, the
differentiation between the CT values of the worst artifacts
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Figure 1 A comparison of high-attenuation artifacts and low-attenuation artifacts between the conventional poly-energy CT images (A) and
120 kVp-like + MARs images (B). Both the conventional poly-energy CT image (A) and the 120 kVp-like + MARs images (B) showed high-

and low-attenuation stripe artifacts produced by the center spring coil, and the latter artifacts were significantly fewer than the former.

and the standard CT (the reference region without artifacts)
values of the phantom were calculated. ACT = CT, e -
CTlunaga- Artifact index (Al), Al = +/SDI° -8D2*, SD1 is the
standard deviation in the worst artifacts, SD2 represents the
standard deviation in the reference region without artifacts.
The Al formula was introduced to quantify the severity of
metal artifacts (15). Hardening artifacts removal rate (BAR),
BAR = (AIIZ(]I\‘\"]) - AIkeV)/AIIZOk\'p x100%.

Statistical analysis

Statistical analysis was performed with the IBM SPSS
Statistics 25.0 software. All numeric values were reported
as the mean+SD. The analysis of variance (ANOVA) test
was used to compare the values of ACT and Al of 120 kVp-
like + MARs, MonoE, MonoE + MARs images with those
of conventional poly-energy CT images. A paired z-test
was used to compare the variation of the ACT values and
Al values of MonoE and MonoE + MARs. Differences of

P<0.05 were considered statistically significant.

Results
Comparisons of ACT values

The ACT values of the high-attenuation and low-
attenuation artifacts in conventional poly-energy, 120 kVp-
like + MARs, MonoE, and MonoE + MARs images are
shown in Table 1. The ACT values of the high-attenuation
artifacts were significantly lower in the 120 kVp-like +
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MARs, MonoE, and MonoE + MARs images than those
in the conventional poly-energy CT images (P<0.05 for
all). The ACT values of the low-attenuation artifacts
were significantly lower in the 120 kVp-like + MARs and
MonoE + MAR images than those in the conventional poly-
energy CT images (P<0.05 for all). However, there were no
significant differences between the MonoE images and the
conventional CT images (P>0.05) (Figure 5).

Comparisons of Al values

The Al values of the high-attenuation and low-attenuation
artifacts in the conventional poly-energy images, 120 kVp-
like + MARs images, MonoE images, and MonoE + MARs
images are shown in 7able 1. The Al values of the high-
attenuation artifacts decreased significantly in the 120 kVp-
like + MARs, MonoE (110-140 keV), and MonoE + MARs
images compared with the conventional poly-energy CT
images (P<0.05 for all). However, there were no significant
differences between the MonoE (40-100 keV) images and
the conventional CT images (P>0.05). Compared with
the conventional CT images, the Al values of the low-
attenuation artifacts decreased significantly in the 120 kVp-
like + MARs, MonoE (40-140 keV), and MonoE + MARs
images (P<0.05 for all) (Figure 6).

Comparisons of BAR values

The BAR values of the high-attenuation and low-
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Figure 2 A comparison of high-attenuation artifacts and low-attenuation artifacts between a conventional poly-energy CT image (A) and
40-140 keV MonoE images (B,C,D,E,EG,H,L],K,L). Both the conventional poly-energy CT image and the 40-140 keV MonoE images
showed high- and low-attenuation stripe artifacts produced by the center spring coil, and the artifacts of the 110-140 keV MonoE images

were fewer than those of conventional poly-energy CT images.

attenuation artifacts in conventional poly-energy images,
120 kVp-like + MARs images, MonoE images, and MonoE
+ MARs images are shown in Table 1. The BAR values of
the high-attenuation and low-attenuation artifacts in the
120 kVp-like + MARs images were 82% and 92%,
respectively. For the BAR values of the high-attenuation
and low-attenuation artifacts in the MonoE and MonoE
+ MARs images, the maximum BAR values in the MonoE
images at 120 keV MonoE level were 36% and 39%,
respectively. Meanwhile, the maximum BAR values obtained
at the 140 keV MonoE level in the MonoE + MARs
images were 89% and 94%, respectively. In summary,
the hardening artifact removal rates for both the high-

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

attenuation and low-attenuation artifacts were highest in
the MonoE + MARs images (Figure 7).

Discussion

Metal implants cause high attenuation when X-rays pass
through as they are high atomic number materials, which
results in projection data loss (16). Therefore, metal
artifacts appear in CT image reconstruction. Metal artifacts
are manifested in CT images as high attenuation and low
attenuation stripe artifacts in the metal implant areas (17,18).
However, due to the scattering of the physical properties
(high attenuation and effective atomic number) of metal
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Figure 3 A comparison of high-attenuation artifacts and low-attenuation artifacts between a conventional poly-energy CT image (A) and
40-140 keV MonoE + MARs images (B,C,D,E,F,G,H,L],K,L). Both the conventional poly-energy CT image (A) and the 40-140 keV
MonoE + MARs images (B,C,D,E,FG,H,I.J,K,L) showed high- and low-attenuation stripe artifacts produced by the center spring coil, and

the artifacts of the 40-140 keV MonoE + MARs images were fewer than those of conventional poly-energy CT images.

implants, higher image noise will also be present (3-6).
Early researchers believed that many methods could
be used to correct the appearance of metal artifacts,
including the interpolation of projections, Kalender’ linear
interpolation, and Zhao’s linear interpolation of wavelet
coefficients (11,19). Recently, image reconstruction using
iterative reconstruction algorithms, including iterative
reconstruction methods and local iterative poly-energy
algorithms, could also be used to correct metal artifacts.
Some studies have shown that the reconstruction of MonoE
images by spectral CT can reduce metal artifacts (20-23).
The spectral CT detection system uses a single X-ray source,
which can obtain alternating high- and low-energy X-ray
spectroscopy via rapid kVp switching (80 and 140 kVp).

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Using projection data acquired by two different energies, a
synthetic MonoE image is generated. These virtual MonoE
images can reduce beam hardening artifacts (24).

In our study, the ACT values of high attenuation artifacts
in the 40-140 keV MonoE images were all decreased
significantly (P<0.05) compared with conventional poly-
energy CT images, but there were no significant differences
in the ACT values of the low attenuation artifacts (P>0.05).
In the 110-140 keV MonoE images, the high-attenuation
artifact Al values were reduced. The Al values of the low-
attenuation artifacts were decreased in the 40-140 keV
MonoE images. Therefore, our study showed that
110-140 keV MonoE images had advantages in reducing
high attenuation fringe artifacts caused by beam hardening.
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--
--
K L

Sun et al. Metal artifacts reduction technique in spectral CT

Figure 4 A comparison of high-attenuation artifacts and low-attenuation artifacts between a 120 kVp-like + MARs image (A) and
40-140 keV MonoE + MARs images (B,C,D,E,FG,H,L],K,L). The 120 kVp-like + MARs image (A) and the 40-140 keV MonoE + MARs
images (B,C,D,E,F,G,H,I,J,K,L) showed high- and low-attenuation stripe artifacts produced by the center spring coil, and the artifacts of the
70-140 keV MonoE + MARs images were fewer than those of MARs images.

MARs is a commercial product that implements
an iterative reconstruction algorithm to mitigate the
artifacts caused by metal objects in CT images. This
method modifies the data destroyed by striped artifacts
with undistorted projection data recognition by iterative
reconstruction algorithm, thus reducing the metal artifacts
(25,26). The combination of MARs and MonoE images
is especially effective for solving low-attenuation fringe
artifacts caused by photon starvation. Some researchers
believe that, in theory, using MonoE images could reduce
the beam hardening artifacts, and the artifacts could be
reduced with the combined application of MARs further
(22,25,27). In our study, conventional poly-energy CT
images, 120 kVp-like + MARs, MonoE, and MonoE +

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

MARs were compared and analyzed. The artifact index and
hardening artifact removal rates were measured. The results
showed that the ACT values and artifact index rate of the
MonoE + MARs images were closer to the expected value
than those of the MonoE images.

Furthermore, the differences between the two groups
were statistically significant (P<0.05). Thus, compared with
conventional poly-energy CT images and 110-140 keV
MonoE images, the reconstruction images of MonoE +
MARs can significantly reduce metal artifacts. As well as
reducing the high-attenuation fringe artifacts caused by
beam hardening, the MonoE + MARs method can also
reduce the low-attenuation fringe artifacts caused by photon
starvation. Specifically, the MonoE + MARs method can
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Figure 5 The ACT values of conventional poly-energy CT image, 120 kVp-like + MARs image, 40-140 keV MonoE images, and
40-140 keV MonoE + MARs images. Blue bands denote high-attenuation artifacts, and red bands denote low-attenuation artifacts. The
ACT values of high- and low-attenuation artifacts in the MonoE and MonoE + MARs images decreased as the energy level increased. The
ACT values of the high- and low-attenuation artifacts in the 120 kVp-like + MARs, MonoE, and MonoE + MARs images were lower than
those of the conventional poly-energy CT images.
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Figure 6 The Al values of the conventional poly-energy CT, 120 kVp-like + MARs, 40-140 keV MonoE, and 40-140 keV MonoE + MARs
images. Blue bands denote high-attenuation artifacts, and red bands denote low-attenuation artifacts. The Al values of high- and low-
attenuation artifacts in the MonoE and MonoE + MARs images decreased as the energy level increased. The Al values of the high- and low-

attenuation artifacts in the 40-50 keV MonoE images were higher than that of the conventional poly-energy CT images.
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Figure 7 The BAR values of 120 kVp-like + MARs, 40-140 keV MonoE, and 40-140 keV MonoE + MARs images. Blue bands denote

high-attenuation artifacts, and red bands denote low-attenuation artifacts. The BAR values of the high- and low-attenuation artifacts in the

MonoE and MonoE + MARs images increased with the energy level. The BAR values of the high- and low-attenuation artifacts in the 120
kVp-like + MARs and MonoE + MARs images were higher than those of the MonoE images.

reduce the artifacts of metal implants further than only just
using the MonoE and MARs method. Our results showed
that 140 keV was an optimal level for MonoE image
creation for metal artifact reduction with MARSs.

This study has a number of limitations. First, the
material used in this study was only an embolic coil; other
types and materials implants were not included. Second,
this study was a quantitative study of the phantom, and the
effects of high- and low-attenuation artifacts produced by
the coils on the surrounding tissues and organs iz vivo were
not evaluated. There was no subjective evaluation in the
phantom study; therefore, future clinical research should
use both observer (subjective) assessment and quantitative
(objective) evaluation. Third, due to the limitations of
the phantom conditions, the position of tissue cannot be
simulated, so the influence of different attenuation tissue
on artifacts was not evaluated, causing this also to be a
limitation.

In conclusion, this study suggested that these three
different reconstruction methods (120 kVp-like + MARs,
110-140 keV MonoE, and MonoE + MARs), compared
with conventional poly-energy CT images, can reduce
metal artifacts to varying degrees. Furthermore, MARs
combined with the MonoE method has the greatest effect
in reducing metal artifacts of high- and low-attenuation.
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