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Abstract
The purpose of this study was to compare the effectiveness of a metal artifact reduction algorithm (MAR), model-based iterative
reconstruction (MBIR), and virtual monochromatic imaging (VMI) for reducing metal artifacts in CT imaging.
A phantom study was performed for quantitatively evaluating the dark bands and fine streak artifacts generated by unilateral hip

prostheses. Images were obtained by conventional scanning at 120 kilovolt peak, and reconstructed using filtered back projection,
MAR, and MBIR. Furthermore, virtual monochromatic images (VMIs) at 70 kilo-electron volts (keV) and 140 keV with/without use of
MAR were obtained by dual-energy CT. The extents and mean CT values of the dark bands and the differences in the standard
deviations and location parameters of the fine streak artifacts evaluated by the Gumbel method in the images obtained by each of the
methods were statistically compared by analyses of variance.
Significant reduction of the extent of the dark bands was observed in the images reconstructed using MAR than in those

not reconstructed using MAR (all, P< .01). Images obtained by VMI at 70 keV and 140 keV with use of MAR showed significantly
increased mean CT values of the dark bands as compared to those obtained by reconstructions without use of MAR (all, <.01).
Significant reduction of the difference in the standard deviations used to evaluate fine streak artifacts was observed in each of
the image sets obtained with VMI at 140 keV with/without MAR and conventional CT with MBIR as compared to the
images obtained using other methods (all, P< .05), except between VMI at 140 keV without MAR and conventional CT with MAR.
The location parameter to evaluate fine streak artifacts was significantly reduced in CT images obtained using MBIR and in
images obtained by VMI at 140 keV with/without MAR as compared to those obtained using other reconstruction methods (all,
P< .01).
In our present study, MAR appeared to be the most effective reconstruction method for reducing dark bands in CT images, and

MBIR and VMI at 140 keV appeared to the most effective for reducing streak artifacts.

Abbreviations: CT= computed tomography, FBP= filtered back projection, keV= kilo-electron volts, kVp= kilovolt peak, MAR=
metal artifact reduction, MBIR=model-based iterative reconstruction, ROI= region of interest, SD= standard deviation, VMI= virtual
monochromatic imaging.
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1. Introduction

Since the advent of computed tomography (CT), metal artifacts
caused by metal implants such as coils, stents, dental fillings, and
orthopedic hardware have posed significant problems interfering
with the diagnostic accuracy, and the issue remains challenging.
The presence of artifacts makes it difficult to evaluate not only the
implants themselves, but also implant-bone interface and other
adjacent structures.[1,2]

Metal artifacts manifest in various forms. They could
manifest as thick and band-shaped low attenuation areas (dark
bands) arising from metal implants, sometimes accompanied
by white bands,[3] or as thin lines alternately appearing dark
and bright (fine streak artifacts) generated around the metal
implants.[4]

Previous studies have demonstrated the effectiveness of various
reconstruction techniques used in clinical practice in reducing
metal artifacts, such as metal artifact reduction algorithms
(MARs), model-based iterative reconstruction (MBIR), and
virtual monochromatic imaging (VMI).[5–11]

However, there have been no reports that have classified metal
artifacts into dark bands and fine streak artifacts, and compared
the effectiveness of each of the 3 reconstruction methods. Thus,
the purpose of the study was to initially compare the efficacy of
these techniques in reducing the dark bands and fine streak
artifacts in a phantom study using a hip prosthesis.
Figure 1. Volume rendering image of the phantom (A, B). The phantom with a
unilateral hip prosthesis made of titanium was prepared and images from axial
scanning were obtained. The images that included the artificial head were
utilized for the analyses.
2. Materials and methods

2.1. Phantom and metal implant

The custom phantom was made with a unilateral hip prosthesis
(Fig. 1), which consists of the shell made of titaniumwith an outer
diameter of 56mm, the liner made of ultra-high-molecular-
weight polyethylene with an inner diameter of 40mm, the head
made of zirconia- reinforced alumina with an outer diameter of
40mm, the adaptor sleeve made of titanium, and the stem made
of titanium with a length of 126mm (Striker Orthopedics,
Mahwah, NJ, US). The unilateral hip prosthesis was inserted into
a cylindrical container made of polyethylene with a diameter of
290mm and height of 330mm. We fixed the stem with
Styrofoam, and then fixed it in a water-filled container. A
phantom filled with water, without the hip prosthesis, was also
constructed. Ethical approval was not necessary, because this was
a phantom study.

2.2. Image acquisition and reconstruction

CT imaging of the phantoms was performed with the Discovery
CT750 HD system (GE Healthcare, Milwaukee, WI, US). The
phantom was placed with its central axis overlapping the axis of
the gantry. Images were obtained by conventional scanning at a
120 kilovolt peak (kVp) using the following parameters: tube
current, 700mA; collimation, 64�0.625mm; pitch, 0.984;
gantry rotation, 0.4 seconds; scan field of view, 50cm. The
CTDIvol was 22.82 mGy. The images were reconstructed at
0.625mm thickness and intervals with a standard reconstruc-
tion kernel. Then, the images were further reconstructed by
filtered back projection (FBP), use of MAR (GE Healthcare),
and MBIR (Veo 3.0; GE Healthcare). Furthermore, dual-energy
CT was performed with fast kilovoltage switching of 80 and
140 kVp. The scanning conditions were the same as those
mentioned above, except for the following parameters: tube
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current, 600mA; pitch, 1.375; gantry rotation, 1.0 second. The
CTDIvol was 23.28 mGy. The reconstructed images were
transferred to a workstation (Advantage Workstation version
4.6; GE Healthcare), and the gemstone spectral imaging
application was applied to the images obtained in the dual-
energy scan mode to generate VMIs at 70 kilo-electron volts
(keV) and 140 keV using/not using MAR. For each condition,
the image with the largest cross-sectional area of the artificial
head (center slice) was selected from the obtained images, and a
total of 21 slices (center slice, and 10 slices each above and
below the center slice) were utilized for quantitative analyses
with the MATLAB software (Mathworks, Natrick, MA, US).
For the case of the phantom without the hip prosthesis, 21 slices
in the same range were evaluated.
2.3. Evaluation of dark bands

We placed a region of interest (ROI) at the center (water part) of
the image reconstructed by FBP and measured the CT values: the
standard deviation (SD) was 24.13 Hounsfield unit. We set �3
SD (�72.4 Hounsfield unit) as the threshold for dark bands and
defined dark bands as low attenuation areas whose CT values
were less than the threshold. Pixels with CT values less than the
threshold were detected within ROI 1with a diameter of 280mm,
excluding ROI 2 with a diameter of 47mm placed at the head to
exclude the unnatural low attenuation area that occurs near the
artificial head (Fig. 2). Then, the extent and mean CT values of
the dark bands were calculated on the 21 images obtained under
each imaging/reconstruction condition.



Figure 2. For the assessment of dark bands, pixels with computed
tomography values of less than the threshold within ROI 1, excluding ROI
2, were detected. ROI = region of interest.

Figure 3. To calculate the difference in the standard deviations, a circular ROI
was placed at the side opposite to the hip prosthesis to avoid the effects of the
dark bands (A). An ROI was also placed in the same area in the phantom
without the hip prosthesis (B) ROI = region of interest.
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2.4. Evaluation of fine streak artifacts

Fine streak artifacts were defined as thin, alternately appearing
dark and bright lines. Differences in the SDs and location
parameters calculated by the Gumbel method were utilized for
the assessment of the fine streak artifacts. As for the differences in
the SDs, an ROI that is circular in shape and 30mm in diameter
was placed on the side opposite to the hip prosthesis where no
dark bands seemed to appear in the phantom with the metal
implant (Fig. 3A). An ROI was also set in the same area in the
phantom without the metal implant (Fig. 3B). The SD of the CT
values within the ROI in the phantom without the metal implant
was subtracted from that in the phantom with the metal implant.
Then, the difference in the SD was calculated in the 21 images
obtained under each imaging/reconstruction condition.

2.5. Gumbel method to assess fine streak artifacts

In this study, we evaluated fine streak artifacts using the Gumbel
method devised by Imai et al.[12,13] The method is based on the
principle that variationsof theCTattenuation causedbyfine streak
artifacts can be statisticallymodeled by theGumbel distribution. In
brief, the largest difference between adjacent CT numbers of one
CT number profile is attributed to fine streak artifacts.[12,13]

A rectangular ROImeasuring 40 pixels in width and 100 pixels
in length was placed almost perpendicular to the fine streak
artifacts on the opposite side of the hip prosthesis where no dark
bands seemed to appear (Fig. 4A). Forty parallel-line profiles
measuring 100 pixels in length were placed and the CT values
were measured (Fig. 4B). The largest difference between adjacent
CT values was obtained for each of the CT number profiles.
Then, the Gumbel distribution was analyzed, as follows:

F xð Þ ¼ exp �exp � x� bð Þ=g½ �f g

where b and g are the location and scale parameters,
respectively, the location parameter to the mode of that
3

distribution and the scale parameter to its variance.[12,13]

Then, the unknown cumulative probability function was
also estimated using the mean rankmethod, which was expressed
as:

F xið Þ ¼ 1= nþ 1ð Þ
for i=1, . . . , n,
where n denotes the sampling size (in this study, n=40), and x1

� x2 . . . � x40 denote the 40 arranged differences.[12,13] When
the fitting line for the Gumbel plot was expressed as:

g ¼ axþ b

http://www.md-journal.com


Figure 4. To calculate the location parameter of the Gumbel method for the
assessment of fine streak artifacts, a rectangular ROI was placed at the
opposite side of the hip prosthesis to avoid the effects of the dark bands (A). An
ROI measuring 40 pixels in width and 100 pixels in length was placed almost
perpendicular to the fine streak artifacts (B) ROI = region of interest.
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the location parameter was calculated by:

b ¼ b=a

and the location parameter was utilized as the index for the
assessment of the fine streak artifacts.[12,13]
2.6. Statistical analysis

We used analyses of variance for statistical comparison of the
extents and mean CT values of the dark bands, and of the
difference in the SDs and location parameters of the fine streak
artifacts. Furthermore, post hoc Scheffé tests was used to
compare the parameters after the analysis of variance. A P-value
4

of less than .05 was considered as being indicative of a
statistically significant difference. Statistical analyses were
performed using SPSS (SPSS statistics 25; IBM, Chicago, IL, US).
3. Results

3.1. Extent of the dark bands

The greatest reduction in the extent of the dark bands was
observed in the images obtained by VMI at 140 keV with MAR,
followed by VMI at 70 keV with MAR, conventional CT with
MAR, VMI at 140 keV without MAR, conventional CT with
MBIR, conventional CT with FBP and VMI at 70 keV without
MAR (Table 1 and Fig. 5A). The dark bands were significantly
reduced in each of the image sets reconstructed with MAR as
compared to those that were not reconstructed with MAR (all,
P< .01).

3.2. Mean CT values of the dark bands

The largest increase in the mean CT value of the dark bands was
observed in the images obtained by VMI at 140 keV with MAR,
followed by VMI at 70 keV with MAR, conventional CT with
MAR, VMI at 140 keV without MAR, conventional CT with
FBP, VMI at 70 keV without MAR and conventional CT with
MBIR (Table 1 and Fig. 5B). The mean values were significantly
increased in the images obtained by VMI at 140 keV with MAR
and VMI at 70 keV with MAR as compared to the images not
reconstructed with MAR (all, P< .01).

3.3. Difference in the SD of the fine streak artifacts

The difference in the SD of the fine streak artifacts showed the
greatest degree of reduction in the images obtained by VMI at
140 keVwithMAR, followed, in that order, by those obtained by
conventional CT with MBIR, VMI at 140 keV without MAR,
conventional CT with MAR, conventional CT with FBP, VMI at
70 keV without MAR and VMI at 70 keV with MAR (Table 1
and Fig. 5C). The fine streak artifacts were significantly reduced
in each of the image sets obtained by VMI at 140 keV with/
without MAR and conventional CT with MBIR as compared to
the images obtained using other methods (all, P< .05), except
that there were no differences between the images obtained by
VMI at 140 keV without MAR and those obtained by
conventional CT with MAR.
3.4. Location parameter for assessment of the fine streak
artifacts

The greatest reduction in the location parameter estimated by the
Gumbel method was observed in the images obtained by VMI at
140 keV with MAR, followed by VMI at 140 keV without MAR,
conventionalCTwithMBIR,VMIat70keVwithMAR,VMIat70
keVwithoutMAR, conventional CTwithMAR and conventional
CT with FBP (Table 1 and Fig. 5D). Significant reduction was
observed in each of the images obtained by VMI at 140 keV with/
without MAR and conventional CT with MBIR as compared to
the images reconstructed by other methods (all, P< .01).
3.5. Images with each reconstruction

As mentioned above, the dark bands were reduced visually in
images reconstructed with MAR as compared to the images not



Table 1

Results of quantitative evaluation of the artifacts in the images reconstructed using the different methods.

Extent of the dark
bands (mm2)

Mean CT value of
the dark bands (HU)

Difference in the SD of the
fine streak artifacts (HU)

Location parameter of the
fine streak artifacts

FBP 1684.8±137.2 �112.3±4.4 3.0±1.7 64.5±8.8
MAR 143.7±11.7 �99.9±4.3 2.6±0.7 54.5±3.5
MBIR 574.5±113.1 �141.7±16.8 0.9±0.5 29.2±1.1
VMI at 70 keV 1935.3±290.0 �126.9±8.4 3.3±0.6 43.4±2.2
VMI at 70 keV with MAR 47.6±36.3 �95.6±12.4 4.1±2.4 39.8±1.4
VMI at 140 keV 394.4±271.3 �104.1±8.4 1.6±0.4 26.4±1.7
VMI at 140 keV with MAR 18.3±12.0 �86.3±6.3 0.6±0.3 23.6±0.7

Data are represented as the averages± standard deviation.
CT = computed tomography, HU = hounsfield unit, SD = standard deviation, FBP = filtered back projection, MAR = metal artifact reduction, MBIR = model-based iterative reconstruction, VMI = virtual
monochromatic imaging, keV = kilo-electron volts.

Figure 5. The extent of the dark bands was significantly reduced in each of the images reconstructed with MAR as compared to the images reconstructed without
MAR (A). The mean CT value of the dark bands was significantly increased in the images obtained by VMI at 140 keV with MAR and VMI at 70 keV with MAR as
compared to the images not reconstructed with MAR (B). As for fine streak artifacts, the differences in the SDs were significantly reduced in the images
reconstructed by MBIR and images obtained by VMI at 140 keV with/without MAR, as compared to the images reconstructed by other methods, except that there
were no differences between the images obtained by VMI at 140 keV and images obtained by conventional CT with MAR (C). Significant reduction of the location
parameter was observed in the images reconstructed by MBIR and images obtained by VMI at 140 keV with/without MAR, as compared to the images
reconstructed by other methods (D). CT = computed tomography, FBP = filtered back projection, HU = Hounsfield unit, keV = kilo-electron volts, MAR = metal
artifact reduction, MBIR = model-based iterative reconstruction, SD = standard deviation, VMI = virtual monochromatic imaging.

Ishikawa et al. Medicine (2020) 99:50 www.md-journal.com
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Figure 6. Dark bands were less noticeable in the images reconstructed with MAR as compared to those not reconstructed with MAR. Fine streak artifacts were
less clear in the images reconstructed by MBIR and images obtained by VMI at 140 keV with/without MAR, as compared to the images reconstructed by other
methods. A, FBP; B, MAR; C, MBIR; D, VMI at 70 keV; E, VMI at 70 keV with MAR; F, VMI at 140 keV; G, VMI at 140 keV with MAR. FBP = filtered back projection,
keV = kilo-electron volts, MAR = metal artifact reduction, MBIR = model-based iterative reconstruction, VMI = virtual monochromatic imaging.

Ishikawa et al. Medicine (2020) 99:50 Medicine
reconstructed with MAR (Fig. 6). Fine streak artifacts were less
noticeable in the images obtained by VMI at 140 keV with/
without MAR and conventional CT with MBIR (Fig. 6).

4. Discussion

Metal artifacts are caused by several reasons, such as beam
hardening, photon starvation, and edge effect.[3,4,11,14–17] Beam
hardening is caused by attenuation of low-energy photons when a
polychromatic X-ray beam passes through an object. This results
in an increase in the average energy of the beam and this
phenomenon is called beam hardening. Beam hardening usually
manifests as dark streaks in the CT images.[3,15–17] Photon
starvation is generated by the absorption of a large proportion of
photons during passage of a polychromatic beam through
objects, resulting in an insufficient number of photons reaching
the detector. This can generate thin dark and bright lines to
appear alternately. These effects are particularly prominent when
photons pass through high atomic number materials, such as
metals, resulting in the generation of the so-called metal
artifacts.[3,4] Edge effect is caused by the sharp edges of high
atomic number materials, such as metal implants, which
produces a high contrast as compared to adjacent structures.
This effect manifests as tangential dark streaks to long straight
edge.[14,16,17] Thus, metal artifacts can take various forms, caused
by various combinations of the aforementioned phenomena.
Beam hardening and edge effect are considered to manifest
mainly as dark bands, while photon starvation manifests mainly
as fine streak artifacts [3,14–17].
Thus, metal artifacts may have different appearances and be

influenced by different factors, and each should be considered
separately. Several quantitative indices have been reported to
assess metal artifacts. As quantitative indices for dark bands, the
area on the image with CT values lower than the threshold and
the mean CT value of the area are frequently used.[2,6,7,18] Fine
streak artifacts were evaluated objectively by using SD and
artificial index, which was calculated using SD by placing an ROI
within the fine streak artifacts[8,19,20]; however, the SD contained
the effect of image noise and did not seem to reflect only metal
6

artifacts. To remove the effect of image noise, it seems to be
necessary to subtract SD of CT values within the ROI in the
phantom without the metal implant from that in the phantom
with the metal implant. Another evaluation method for fine
streak artifacts is the Gumbel method devised by Imai et al.[12,13]

The principle of the method is that the variations of the CT
attenuation caused by fine streak artifacts can be statistically
modeled by the Gumbel distribution. The largest difference
between adjacent CT numbers of one CT number profile is
attributed to fine streak artifacts.[12,13] Fine streak artifacts can be
as reliably evaluated quantitatively by this method as by the
differences in the SD; however, there are quite a few published
articles reporting assessment of fine streak artifacts using the
Gumbel method. In our study, we determined the extent of
the low attenuation areas with CT values less than threshold and
the mean CT values of the areas to evaluate dark bands, and the
differences in the SDs and location parameters using the Gumbel
method to evaluate fine streak artifacts, for comparing the
usefulness of MAR, MBIR, and VMI for reducing metal artifacts
in CT images.
In principle, MAR allows the corrupted data corresponding to

the metal to be segmented and a new modified sinogram to be
generated by correcting the original sinogram. In the first step, all
pixels whose CT values are higher than the threshold are
segmented as the metal, and a metal image is created. Then, the
metal image is forward- projected to generate a metal sinogram.
The corrupted data corresponding to the metal sinogram are then
removed from the original uncorrected sinogram and the missing
data are compensated for by interpolation of non-missing data
obtained from the adjacent areas. Finally, the modified sinogram
is created and back-projected to generate a corrected image with
fewer metal artifacts.[5,21,22] In the process, phenomena such as
beam hardening due to an absorption of low-energy photons
during passage of the x-ray beam through metals, and the edge
effect caused by sudden signal changes with high contrast seem to
be suppressed, resulting in a decrease in the extent of dark bands.
Articles have been published showing effectiveness of MARs,
including algorithms from other vendors, to reduce dark bands.
Based on a comparison ofMARs andVMI, Neuhaus et al showed
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the efficacy of VMI with MAR for orthopedic implants (Philips
Healthcare, Amsterdam, Netherlands) and conventional CT at
120 kVp with MAR for orthopedic implants in reducing
hypodense artifacts, in terms of the CT values and width, from
hip prostheses as compared to VMI withoutMAR for orthopedic
implants.[6] Higashigaito et al reported that use of iterative MAR
(Siemens Healthcare, Forchheim, Germany) led to a more
significant reduction of metal artifacts including dark bands
than VMI without MAR.[23] In comparing MARs with MBIR,
Angeliki et al showed that iterative MAR allowed significant
reduction of metal artifacts, including dark streaks, as compared
to advanced modeled iterative reconstruction (ADMIRE;
Siemens).[7] Yasaka et al reported that single-energy MAR
(CanonMedical Systems, Ohtawara, Japan) significantly reduced
metal artifacts, including dark streaks, as compared to a forward-
projected MBIR solution (Canon Medical Systems).[24] In our
study, MAR showed significant efficacy in reducing dark bands
as compared to other methods of reconstruction. The aforemen-
tioned results from previous studies demonstrating the effective-
ness of MAR in reducing dark bands are consistent with our
findings, although, to the best of our knowledge, no study until
date has compared MAR, MBIR, and VMI to determine which
might be the most effective for reducing only dark bands among
several kinds of metal artifacts. In this study, we initially showed
that among the image reconstruction methods, MAR was the
most effective for reducing dark bands. In addition, MAR also
showed some effect in reducing fine streak artifacts. Fine streak
artifacts were fewer in images reconstructed with MAR than
those reconstructed by FBP, in images obtained by VMI at 70 keV
with MAR than in those obtained by VMI at 70 keV without
MAR, and in images obtained by VMI at 140 keV with MAR
than in those obtained by VMI at 140 keV without MAR.
However, the capability of MAR to suppress fine streak artifacts
was inferior to that of MBIR or VMI at 140 keV. MAR yielded
the most promising results for dark bands reduction, as
mentioned above, while some reports have pointed out some
disadvantages of MAR. MAR has been shown to cause a
distortion in the shapes of metal implants and lead to an
underestimation of their size.[25–27] Lee et al showed that the
thickness of the titanium was underestimated in images obtained
by VMI at 140keV with MAR.[26] In another report by Wang
et al, images obtained with MAR showed an unacceptable
distortion in the shape and size of a pedicle screw.[27]

Furthermore, MAR also seems to introduce new artifacts.[7,22,28]

MBIR is a fully iterative reconstruction algorithm that does not
involve blending with FBP images. The feature of this technology
is to mathematically model information about various param-
eters, such as the X-ray focal spot size, the shape and size of the X-
ray detector, and the geometric information of the X-ray passing
through the metal, digitize them, and incorporate them into the
calculation process. It measures how much error there is between
the raw data actually obtained and the virtual raw data projected
from the image, and minimizes this difference during the
image reconstruction.[20,24,29,30] In the process, photon starva-
tion seems to be corrected, resulting in a reduction of low
signal artifacts which appear as fine streak artifacts in CT
images.[4,29,30] The ability of MBIR to reduce fine streak artifacts
has been reported previously. Katsura et al showed that MBIR
significantly reduced fine streak artifacts in the cervicothoracic
region, as compared to adaptive iterative reconstruction (GE
healthcare) and FBP.[8] Similar results were reported by Kuya
et al, who showed the effectiveness of MBIR for reduction of fine
7

streak artifacts generated from dental hardware.[20] However,
to the best of our knowledge, no previous study has compared
the effectiveness of MAR, MBIR, and VMI in reducing fine
streak artifacts. In our comparison of the 3 methods in the
present study, MBIR was found to be the most effective in
decreasing fine streak artifacts as compared to the other image
reconstruction methods, except for VMI at 140 keV with/
without MAR. On the other hand, MBIR did not show
promising effect in reducing dark bands, probably because
MBIR does not seem to be so effective for suppressing
phenomena such as beam hardening and edge effect, which
seemed to be the main causes of the dark bands.
VMI obtained by dual-energy CT yields images that appear to

be obtained with a monochromatic beam, and can be
reconstructed over a wide range of keV levels. The image
contrast is higher in images reconstructed at lower keV values,
lower in images reconstructed at higher keV values.[5,31] Since
beam hardening artifacts are caused by a polychromatic X-ray
beam, VMI, especially at higher keV, is principally useful to
correct beam hardening artifacts, which seem to be the main
cause of dark bands.[5,19,31,32] In our study, images obtained by
VMI at 140 keV showed the greatest reduction among the images
not reconstructed with MAR, and images obtained by VMI at
140 keV with MAR showed the greatest reduction among the
images obtained with MAR, although the difference was not
significant. Images obtained by VMI at 140 keV showed some
reduction of dark bands, however, the effectiveness of VMI at
140 keV was inferior to that of MAR. As for VMI at 70 keV, its
capability of decreasing dark bands was inferior, in terms of both
the extent and the mean CT value, to the use of FBP for image
reconstruction. On the other hand, images obtained by VMI at
140 keV with/without MAR showed significant improvement in
reducing fine streak artifacts as compared to images obtained
using other reconstruction methods, except forMBIR. One of the
main reasons for these results is speculated as follows: the
contrast of the images is decreased in images obtained by VMI at
140 keV with/without MAR. The contrast of the fine streak
artifacts, which consist of thin lines alternately showing low and
high attenuation also seems to be reduced and the artifacts seem
to be obscured in the images. The feasibility of reducing fine
streak artifacts by VMI at high energy levels has been reported in
the past. Lewis et al showed that images obtained by VMI at 150
keV showed the greatest reduction of fine streak artifacts among
several energy levels used.[33] Dong et al demonstrated that VMI
at high energy levels, especially 120 keV, was effective for
reducing metal artifacts, including fine streak artifacts.[19]

However, as mentioned above, to the best of our knowledge,
no previous reports have evaluated which of the reconstruction
methods may be the best choice for decreasing fine streak
artifacts. Here, we report for the first time, that images obtained
by VMI at 140 keV with/without MAR showed prominent
reduction of fine streak artifacts. However, a disadvantage in
images obtained by VMI at 140 keV with/withoutMAR seems to
be that the contrast of the soft tissue structures adjacent to the
metal implants is decreased, in addition to the reduction of the
fine streak artifacts, and that structures are obscured by the high
energy level used.[34]

Furthermore, the effectiveness of a combination of MARs and
VMI has also been reported. Neuhaus et al showed that the
combination of MAR for orthopedic implants and VMI yielded
significant reduction of hypodense and hyperdense artifacts
caused by hip prostheses, compared to other techniques.[6] Dong

http://www.md-journal.com
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et al demonstrated the effectiveness of the combination with VMI
at 120 keV or 140 keV for reduction of metal artifacts in patients
with a unilateral hip prosthesis.[35] In our study, images obtained
using MAR showed marked reduction, and those obtained by
VMI at 140 keV showed mild reduction of dark bands, as
mentioned above. As a result, images obtained by VMI at 140
keV with MAR showed the greatest reduction, followed by
images obtained by VMI at 70 keV with MAR, although the
difference was not significant. As for fine streak artifacts, images
obtained by VMI at 140 keV with MAR showed the greatest
reduction of fine streak artifacts, while there was no significant
difference from the images obtained by VMI at 140 keV without
MAR. Thus, the combination of MAR and VMI at 140 keV was
more effective in reducing both dark bands and fine streak
artifacts than the use of either method, although the synergistic
effects were not so strong as to yield a significant difference as
compared to the effect obtained using either one of the methods.
This study had several limitations. First, we only assessedmetal

artifacts quantitatively and did not perform visual evaluation.
Further subjective evaluation is preferable to confirm the
quantitative results. Second, we did not conduct clinical
evaluations of the patients with metal implants; the usefulness
of the reconstruction methods also needs to be validated in a
clinical study. Third, we only evaluated metal artifacts in a
phantom study using a unilateral hip prosthesis made of titanium.
The capability of the methods to reduce metal artifacts caused by
bilateral hip prostheses and other types of metal implants for the
other body parts also needs to be discussed. Fourth, our study
was vendor-specific and the CT scanner and reconstruction
algorithms that we used in this study were from a single vendor.
Differences in the image reconstruction algorithms used by the
other vendors could influence the results. Fifth, we did not
evaluate the metal artifacts in the images obtained with the
changed scanning parameters including milliampere-second.
Changing the parameters can affect the appearance of the metal
artifacts. Sixth, we did not assess the distortion in the shape and
underestimation in the size of the metal implants and the new
artifacts caused by MAR, as reported in previous studies.[7,22,25–
28] Lastly, our study did not assess the appearance of the
structures adjacent to the metal implants obscured by the metal
artifacts.
In conclusion, the effectiveness of MAR, MBIR, and VMI in

reducing metal artifacts would depend on the type of the
artifacts. For metal artifacts arising from a unilateral hip
prosthesis, MAR appears to be the most suitable image
reconstruction method to reduce dark bands, and MBIR and
VMI at 140 keV appear to be markedly effective for reducing
fine streak artifacts.
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