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Objective: One approach to improving image quality of
CT is to use metal artefact reduction image processing,
such as single-energy metal artefact reduction (SEMAR).
To quantify the impact of image correction on the quality
of carbon-ion dose distribution, treatment planning using
SEMAR was evaluated.

Methods: Using a head phantom into which metal screws
could be inserted, we acquired standard planning CT
images. We calculated dose distributions using phantom
images with and without metal added, and with and
without SEMAR. Hounsfield unit (HU) and dose distribu-
tion variation of these images with and without SEMAR
were measured using metal-free image subtraction. We
similarly analysed the image data sets of two patients
with head and neck cancer who had dental implants.
Results: HU difference between metal-containing
images and metal-free images without and with SEMAR

INTRODUCTION

CT, which provides radiation attenuation information and
calculates tissue density, is essential for treatment planning
in complicated image-guided therapies using gamma rays
and particle beams." Artefacts in the CT image may affect
dose distributions in the treatment plan. Metallic materials
highly attenuate X-rays, causing artefacts due to both
“photon starvation” and “beam hardening” along the X-ray
beam path.” Examples are high-density dental implants, fi-
ducial markers or hip prostheses. These generate metal ar-
tefact, which alters Hounsfield unit (HU) values,’ resulting
in an inaccurate dose distribution estimate. Compared with
photon beam therapy, range of particle beam would be more
sensitive to variation of water-equivalent path length
(WEPL). Therefore, range uncertainty due to altered HUs
on planning CT image needs to care especially particle beam
therapy. Moreover, most of carbon-ion facilities do not
equip a rotating gantry,” resulting in the limitation of irra-
diation beam angle. Artefact would be an additional limi-
tation of beam angle selection in the treatment planning. In

were —79.5+x972HU and -1.4=*=19.5HU on severe
artefact area, respectively. The range of dose distribu-
tion difference from the prescribed dose between
uncorrected and SEMAR-corrected images varied from
—19.5% to —3.4% within planning target volume (PTV).
PTV-Dgs (%) for uncorrected and SEMAR-corrected
image data were 82.4% and 95.4%, respectively. For
data in patients with metal dental work, PTV-Dgs (%) for
uncorrected and SEMAR-corrected data were 92.2% and
92.5% (Patient 1), and 90.9% and 95.7% (Patient 2),
respectively.

Conclusion: SEMAR algorithm shows promise in im-
proving CT image quality and in ensuring an accurate
representation of dose distribution.

Advances in knowledge: SEMAR may improve treatment
accuracy without the need for dental implant extraction
in patients with head and neck cancer.

the case of head and neck cancer treatment, one of the main
issues is the artefact from dental implants. Before acquiring
a planning CT image, dental implants located close to the
tumour are often removed to reduce the influence of metal
artefact, causing patient discomfort.

In order to reduce the metal artefact from CT image in
clinical use, several studies have introduced different
approaches. These mainly involve manipulating X-ray en-
ergies, such as dual-energy acquisition techniques,” high-
energy X-rays® and image processing, such as iterative
reconstruction methods®' or interpolation of metal
object.!™'® The majority of image processing approach
treats the projections on metal objects which were seg-
mented from sinograms or images as a corrupt or missing
data. In the iterative reconstruction methods, the missing
data are ignoring or reducing statistical contributions from
image reconstruction calculation.*'® These methods im-
prove image quality in patients wearing metal objects;
however, they are computationally much more expensive
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than standard filtered back projection method. In the in-
terpolation of metal object methods, segmented missing data are
interpolated by synthetic projections. One of the first comple-
tion methods used was linear interpolation.'' Based on this
approach, more number of advanced techniques were proposed,
such as cubic spline interpolation,'” wavelet coefficient in-
terpolation'” and inpainting techniques to obtain a better
visualization.'*'® Generally, interpolation approach compen-
sates missing data and improves image quality with lower
computational overhead compared with iterative reconstruction.
Recently, these metal artefact reduction algorithms were
implemented in commercial CT scanners for clinical practice.

Single-energy metal artefact reduction (SEMAR®, Toshiba
Medical Systems, Otawara, Japan) is one of the metal artefact
reduction algorithms. Although it has a higher computation cost
than that of conventional image reconstruction, it can be applied
to data after acquisition, facilitating its implementation into the
routine workflow. While improvements in soft tissue visibility
using SEMAR have been reported,'”'® its use in radiation
treatment planning has not been described. Since SEMAR
changes HUs, its accuracy in quantifying actual lesions needs
to be confirmed before using it in clinical treatment. We eval-
uated HU accuracy with and without SEMAR and compared the
predicted dose distributions using an anthropomorphic head
phantom with varying amounts of inserted metal, as well as
patient CT data.

METHODS AND MATERIALS

Single-energy metal artefact reduction

The projection of passing through on the metallic materials is
highly attenuated, which results in corrupt or missing projection
data. SEMAR is a raw data-based algorithm that reduces metal
artefact by applying linear interpolation to repeating forward
and back projection processes. Gondim Teixeira et al'’ intro-
duced the SEMAR calculation steps. First, metal densities in the
original CT image are segmented by HU threshold. Then, the
segmented metal image is forward projected to trace the metal’s
path on the sinogram of the raw data. The metal’s path is de-
fined by linear interpolation, using the values registered by ad-
jacent channels at each angular position.'” The linearly
interpolated raw data are reconstructed to generate an image
with the metal objects removed (second-pass image). The
second-pass image is classified by HU thresholds for air, water
and bone (tissue-class modelling,”®) which are forward projected
onto the metal’s path. The tissue-classified forward projection is
linearly integrated to the interpolated raw data and recon-
structed again to obtain a third-pass image. Finally, the seg-
mented metal CT image is added onto the third-pass image to
obtain the final corrected image.

Phantom study

Data acquisition

Two CT data sets of an anthropomorphic head phantom were
acquired using a 320-slice CT (Aquilion ONE Vision edition®,
Toshiba Medical Systems), one set with the phantom containing
inserted metal screws of 6-mm diameter and 8-mm length and
the second without added metal. CT scan conditions were
120-kV tube voltage, 450-mA tube current, 1.0s per rotation,
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slice collimation of 280 X 0.5 mm and volumetric scan mode.
Reconstruction conditions were a 1.0-mm slice thickness using
the iterative reconstruction algorithm adaptive iterative dose
reduction 3D (AIDR3D),”""** with or without SEMAR. The
convolution kernel was the standard body (FC13).

Image quality evaluation

Images of the phantom with the inserted metal screws processed
with and without SEMAR were evaluated. The number of inserted
screws was varied from zero to three. After selecting images
containing metal artefact, we placed 7-mm regions of interest
(ROIs) on areas with little or severe artefact (see red circles in
Figure 1) and calculated the mean and standard deviation of HU
values within these ROIs.

Dose distribution evaluation

Dose distribution was calculated with the treatment planning
system (TPS) in using clinical practice in our facility. It was
designed reflecting the physical and biological characteristics of
carbon-ion beam to provide accurate relative biological effec-
tiveness (RBE).**™*” Carbon-ion irradiation was performed by
delivering the dose in beam spots. The beam range was changed
using a hybrid depth scanning technique, which consists of the
combination of a synchrotron with 11 distinct energies for steps
of 30 mm and a range shifter for WEPL steps of 3 mm.*® Beam
spot and beam weight optimization were performed using the
TPS* for the data sets of the phantom including the screws with
and without SEMAR. To calculate the dose distribution of
SEMAR-uncorrected optimized treatment plans on the artefact-
corrected images, beam spots and beam weights were optimized
to the uncorrected images, and then the dose distribution was
calculated on the artefact-corrected images. Dose differences
were obtained by subtracting the SEMAR-corrected dose dis-
tribution from the SEMAR-uncorrected dose distribution.
Planning target volume (PTV) was placed on the dark artefact
band. Dose of 57.6 Gy (RBE) was delivered to achieve the me-
dian PTV to the prescribed dose from two different beam angles
(0° and 90° in eight and four fractions). A single uniform field
optimization was performed. Dose was represented as RBE-
weighted absorbed dose [Gy (RBE)], which were defined as the
absorbed dose of carbon ion multiplied by RBE.*

Patient study

Data acquisition

We conducted a treatment planning study with the data sets of
two patients with dental implants who had head and neck cancer.
As is routine, the patient was immobilized on the treatment couch
with an immobilization device. CT was performed with tube
voltage of 120kV and tube current of 280 mA for Patient 1 and
220 mA for Patient 2, 1.5s of rotation time, slice collimation of
280 slices X 0.5mm, in volumetric scan mode. Reconstruction
conditions were 1.0mm slice thickness, AIDR3D applied, with
and without SEMAR. The convolution kernel was the standard
body (FC13).

Dose distribution evaluation

The contours of PTV or organs at risk (OARs) used for this
study were copied from the clinical treatment plan. Since the
original PTV location did not have an artefact in Patient 2, it was
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Figure 1. The metal artefact images of head phantom with 1-3 screws without single-energy metal artefact reduction (SEMAR) (a-c)
and with SEMAR (d-f). 7-mm regions of interest placed on areas with severe or no artefact (red circles). For colour image see online.

(®

enlarged by 3 mm to confirm the SEMAR correction clearly in four fractions for Patient 2). Beam spot was optimized to an
this study. The prescribed dose of 57.6 Gy (RBE) was delivered uncorrected image, and the dose distribution was calculated
to PTV from two different beam angles (30° and 270° in eight on the artefact-corrected images with SEMAR. The dose was
and four fractions for Patient 1; 345° and 270° in eight and compared between dose distributions of uncorrected and

Table 1. Mean, standard deviation (SD), maximum and minimum of Hounsfield unit (HU) of head phantom on regions of interest
(ROIs) Tand 2

Number Without SEMAR With SEMAR
of
ROI M + +
ean = . Mean *+ .
metal Min (HU) Max (HU) Min (HU) Max (HU)
screws SD (HU) SD (HU)
0 20.8 = 6.3 -2 43 208+ 6.3 -2 43
1 5.6 =48.2 —189 95 19.4 = 14.0 —33 82
ROI'1
2 —31.3+86.9 —695 187 18.6 + 18.0 —-82 95
3 —58.7 % 97.0 —768 289 19.4 +18.5 —88 98
0 8.5*+55 -8 28 8.5*+55 —8 28
1 5.9+ 6.4 -12 30 7.6 +6.2 -12 30
ROI 2
2 43+75 —-16 34 7.9+7.0 —14 32
3 1.6 9.4 —-18 39 7.0+ 6.4 —18 36

Max, maximum; Min, minimum; SEMAR, single-energy metal artefact reduction.
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Figure 2. Carbon-ion scanning dose distributions using head phantom images (a) without and (c) with single-energy metal artefact
reduction (SEMAR). Beam spots and weights were optimized to an uncorrected image, and the dose distribution was calculated on
SEMAR-corrected image (b). Dose distribution difference of (b) minus (c) is expressed by the colour scale on (d). The yellow line

shows the planning target volume. For colour image see online.
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SEMAR-corrected images. The range of dose distribution dif-
ferences was evaluated. Dose assessments included lowest dose
delivered to 99% of volume (Dgg), Dgs, D5y, maximum dose
(Dpax) and minimum dose (D,,;,) of PTV and D,,,, of cord.
To evaluate the numerical distribution difference, gamma index
analysis was performed for uncorrected and SEMAR-corrected.
Gamma analysis criteria of 3%/3mm and 2%/2mm were
used for acceptable dose deviation and distance-to-agreement,
respectively.
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RESULTS AND DISCUSSIONS

Phantom study

The metal artefact images of head phantom without and with
SEMAR are shown in Figure 1. In three metals inserted case
(Figure 1c, f), the HU difference between metal-free images
and metal artifact-containing images without and with
SEMAR were —79.5+ 97.2HU and —1.4 = 19.5HU within
ROI 1, —6.9+ 10.9HU and —1.5 * 8.4 HU within ROI 2, re-
spectively. The HU value on the uncorrected image was improved

Table 2. The range of dose difference and passing rate of gamma index analysis between uncorrected and single-energy metal

artefact reduction-corrected images

Head phantom Patient 1 Patient 2
Within PTV Whole image Within PTV Whole image Within PTV Whole image

Dose difference

Max (%) —34 0.3 4.7 2.3 11.0

Min (%) —19.5 —24.7 —3.5 —17.0 —12.8 —17.9
Gamma analysis passing rate

3%/3 mm (%) — 89.1 100.0 - 92.7

2%/2 mm (%) - 79.0 99.8 - 81.0

Max, maximum; Min, minimum; PTV, planning target volume.

Gamma analysis criteria of 3%/3mm and 2%/2 mm (acceptable dose deviation/distance-to-agreement) were used.
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Table 3. Metal artefact reduction with CT for carbon-ion therapy

Head phantom Patient 1 Patient 2
Metrics SEMAR- SEMAR- SEMAR-
Uncorrected Uncorrected Uncorrected
corrected corrected corrected
PTV
Do (%) 79.4 93.1 83.9 82.9 86.3 91.0
Dos (%) 82.4 95.4 92.2 92.5 90.9 95.7
Dsq (%) 91.0 99.3 99.1 99.2 98.0 99.8
Drmax 59.9 60.5 62.8 63.4 64.5 64.5
(Gy (RBE)) ' ’ ' ' ' '
Diin 432 53.0 39.2 39.2 39.2 41.5
. o . . . e}
(Gy (RBE))
Cord
D,
- - 12.7 12.1 19.8 16.7
(Gy (RBE))

Dso, dose delivered to 50% of volume; Dgs, dose delivered to 95% of volume; Dgg, dose delivered to 99% of volume; D5y, mMaximum irradiated dose;
Dmin, minimum irradiated dose; PTV, planning target volume; RBE, relative biological effectiveness; SEMAR, single-energy metal artefact reduction.
Dose assessment results of uncorrected and SEMAR-corrected images. Uncorrected dose distribution was generated by beam plan of
uncorrected images applying to SEMAR-corrected images. SEMAR-corrected dose distribution was generated by beam spots optimization to
SEMAR-corrected images.

after SEMAR correction. Even, the positions far from visible metal without changing HUs in the artefact-free region, though some
artefact (ROI 2) were closer, in HU, to the metal-free image after artefacts persisted. The calculated HU values are summarized
SEMAR correction. SEMAR substantially improved image quality in Table 1.

Figure 3. Carbon-ion scanning dose distributions of the patient with head and neck tumour (a) without and (c) with single-energy
metal artefact reduction (SEMAR) for Patient 1. Beam spots and weights were optimized to an uncorrected image, and the dose
distribution was calculated on SEMAR-corrected image (b). Dose distribution difference of (b) minus (c) is expressed by the colour
scale on (d). The yellow line shows the planning target volume. For colour image see online.
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The dose distribution evaluations for a metal artefact image with
and without SEMAR, and dose distribution difference of these
images are shown in Figure 2. Dark artefacts around the metal
screws were interpreted by the TPS as low-density materials. The
range of dose distribution difference between uncorrected and
SEMAR-corrected distribution was —19.5% to —3.4% from the
prescribed dose within PTV and —24.7% to 0.3% for whole
image (Figure 2d). The passing rate of gamma analysis with 3%/
3 mm and 2%/2 mm criteria were 89.1% and 79.0%, respectively
(Table 2). The PTV-Dgs (%) for uncorrected and SEMAR-
corrected images were 82.4% and 95.4%, respectively. SEMAR
improved the PTV-Dys (%). The dose assessment results are
summarized in Table 3.

Patient study

Figure 3 shows the image with metal artefact from dental
implants of Patient 1. Treatment beam angle was selected across
the metal artefacts. The dose distribution differences for the
prescribed dose between uncorrected and SEMAR-corrected
images are shown in Figure 3d. The range of dose distribution
difference between uncorrected and SEMAR-corrected images
was —3.5% to 1.0% from the prescribed dose within PTV
and —17.0% to 4.7% for whole image. The passing rate of gamma
analysis with 3%/3 mm and 2%/2 mm criteria were 99.9% and
99.8%, respectively (Table 2). The PTV-Dgs (%) for uncorrected
and SEMAR-corrected data were 92.2% and 92.5%, respectively.
Although >10% of dose difference was observed, there was no
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significant difference on dose distribution, according to the
gamma analysis. Since large differences were observed mainly
peripheral to the PTV and not inside the PTV as shown in
Figure 3d, SEMAR had less influence on the PTV-Dgs (%) in this
case. However, undershoot and overshoot were observed on the
peripheral to the PTV. If OARs located around PTV, SEMAR
could contribute the dose reduction for normal tissues. The
maximum dose of cord for uncorrected and SEMAR-corrected
were 12.7 Gy (RBE) and 12.1 Gy (RBE), respectively.

To study the severe case using the image of Patient 2, treatment
beam was deliberately irradiated over the dental implants itself as
shown in Figure 4. The range of dose distribution difference be-
tween uncorrected and SEMAR-corrected distribution was —12.8%
to 2.3% from the prescribed dose within PTV and —17.9% to
11.0% for whole image. The passing rate of gamma analysis with
3%/3mm and 2%/2mm criteria were 92.7% and 81.0%, re-
spectively (Table 2). The PTV-Dgs (%) for uncorrected and
SEMAR-corrected data were 90.9% and 95.7%, respectively. Owing
to optimization of the beam spot and beam energy weighting for
uncorrected images, the dose distribution was degraded on the
image with reduced artefacts. Lin et al’' reported the dosimetric
impact of metals on volumetric-modulated arc therapy, with
0.0-3.6% differences in Dys observed in cases with metal artefacts,
using corrected and uncorrected images. The effect of SEMAR on
dose distribution depends on the location of the implant and its
proximity to the PTV and OARs.

Figure 4. Carbon-ion scanning dose distributions of the patient with head and neck tumour (a) without and (c) with single-energy
metal artefact reduction (SEMAR) for Patient 2. Beam spots and weights were optimized to an uncorrected image, and the dose
distribution was calculated on SEMAR-corrected image (b). Dose distribution difference of (b) minus (c) is expressed by the colour
scale on (d). The yellow line shows the planning target volume. For colour image see online.
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SEMAR algorithm segmented metal materials on the acquired
CT images by HU threshold in the first step; therefore, it does
not change any HUs to the images of metal-free object. In the
case of applying SEMAR to no-screw inserted head phantom,
the measured HUs of uncorrected and SEMAR-corrected
images should be the same as shown in Table 1. SEMAR
substantially improved image quality without changing HUs
in the artefact-free objects; therefore, this algorithm can apply
for metal-free patients. In this study, to compare the dose
distribution degradation between beam plans of uncorrected
and SEMAR-corrected images, beam spots were optimized on
uncorrected image, and the dose distribution was calculated
on SEMAR-corrected images using the resulting plan. We
confirmed that SEMAR substantially improves image quality
in the comparison of the metal-containing images and metal-
free images, using head phantom. When we assumed that
this improvement was reproducible in patient case, dose
distribution differences between uncorrected and SEMAR-
corrected in the patient study were indicative of the difference

of planning dose distribution without SEMAR and actual
irradiation.

The SEMAR algorithm is a raw data-based correction method
which uses a single energy, giving it an advantage over dual energy
or megavoltage CT in which it can generate an accurate dose dis-
tribution without any additional patient dose. As a study limitation,
additional patient data sets are required before this method can be
used in routine carbon-ion therapy. Although we evaluated the data
sets of only two patients, our results suggest that SEMAR improves
dose distribution correctly in cases with metal artefacts.

CONCLUSION

We evaluated image quality and carbon-ion dose distribution
with SEMAR, using a head phantom and patient CT data. From
our study, image quality and dose calculations were improved
using the SEMAR algorithm. These results may contribute to the
improvement of treatment accuracy without the need for dental
implant extraction in patients with head and neck cancer.
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