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ARTICLE INFO ABSTRACT

Keywords: Background and purpose: Metallic hip prostheses cause substantial artefacts in both computed tomography (CT)
MRI'ODI.Y . and magnetic resonance (MR) images used in radiotherapy treatment planning (RTP) for prostate cancer pa-
Synthetic CT images tients. The aim of this study was to evaluate the dose calculation accuracy of a synthetic CT (sCT) generation
Prostheses . . - . .

Tmplants workflow and the improvement in implant visibility using metal artefact reduction sequences.

Materials and methods: The study included 23 patients with prostate cancer who had hip prostheses, of which 10
patients had bilateral hip implants. An in-house protocol was applied to create sCT images for dose calculation
comparison. The study compared prostheses volumes and resulting avoidance sectors against planning target
volume (PTV) dose uniformity and organs at risk (OAR) sparing.

Results: Median PTV dose difference between sCT and CT-based dose calculation among all patients was 0.1 %
(—0.4 to 0.4%) (median(range)). Bladder and rectum differences (Vsogy) were 0.2 % (—0.3 to 1.1%) and 0.1 %
(—0.9 to 0.5%). The median 3D local gamma pass rate for partial arc cases using a Dixon MR sequence was Il
2% — 99.9%. For the bilateral full arc cases, using a metal artefact reconstruction sequence
, the pass rate was T'35/2% = 99.0%.

Conclusions: An in-house protocol for generating sCT images for dose calculation provided clinically feasible dose
calculation accuracy for prostate cancer patients with hip implants. PTV median dose difference for uni- and
bilateral patients with avoidance sectors remained <0.4%. The Outphase images enhanced implant visibility
resulting in smaller avoidance sectors, better OAR sparing, and improved PTV uniformity.

1. Introduction

A magnetic resonance imaging (MRI)-only protocol refers to a
radiotherapy treatment planning (RTP) workflow where only MRI is
utilized, instead common practice also acquiring a computed tomogra-
phy (CT) image. One main benefit of the MRI-only RTP workflow is the
elimination of the inter-modality registration uncertainty between MR
and CT imaging [1] enabling tighter target margins and mitigating
associated systematic registration errors [2]. Another benefit is the po-
tential reduction of treatment costs by sparing hospital resources [3-5].
MRI-linacs provide new possibilities for online adaptive MRI-only
workflows [6-8].

Although MRI can provide essential information for tumour delin-
eation, organs at risk (OAR) localization, and real-time image guidance
during radiotherapy treatment, MR image intensity values do not
correlate directly with the tissue electron density (ED) information [9].
The ED map of the patient is essential to accurately calculate the in-
teractions of the radiation beam inside the body allowing precise dose
calculation and delivery [10]. For the MRI-only workflow, so-called
synthetic CT (sCT) images are generated based only on the MR image
information and can be used for dose calculation and patient position
verification with cone-beam CT (CBCT) imaging [11].

Recent studies have introduced several different methods to produce
sCTs [12-21] providing clinically adequate heterogeneous sCT images.
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Fig. 1. Workflow diagram of the synthetic CT (sCT) creation process followed by dose calculation accuracy and optimization comparison schemes. In the dose
calculation comparison, the same plan is copied and recalculated in three images, whereas in the optimization comparison the same set of optimization criteria is
copied and then reoptimized and recalculated for the same sCT image with different avoidance sectors. Dose color wash represents the dose range of 20-107 % — to

indicate the volume of the gamma index calculation.

For instance, dose calculation in the pelvic region can achieve accuracy
of <1% [20]. However, only one study has evaluated the efficacy of sCT
generation methods and dose calculation accuracy in patients with
metallic hip implants. The study showed promising results utilizing a
commercial sCT algorithm for prostate cancer patients with unilateral
prostheses using partial arcs, yet without exploiting metal artefact
reduction methods for CT nor MRI [22].

Metallic hip implants produce substantial image artefacts on both CT
and MR images. These artefacts decrease the visibility and accuracy of
Hounsfield unit (HU) values near the prostate and adjacent OARs
[23,24]. In MRI, the metallic prosthesis causes signal loss near the
implant [25]. Metal artefact reduction sequences (MARS) for the MR
images have been studied to mitigate the effect [26,27]. The precision of
the dose calculation can be impacted by the CT image artifacts that
cause variations in Hounsfield (HU) values. Therefore, in this study we
compared uncorrected CT images and sCT images against the corrected
CT images (metal artefact reduction CT [MAR CT]).

In contrast to unilateral cases, bilateral hip prostheses cause notable
image artifacts in MRI and CT scans. Clear visualization and accurate
synthetic HU values are vital in prostate radiotherapy, where the
treatment target and relevant OARs reside between the hips. The
growing prevalence of prostate cancer and hip implants leads to an
increasing number of patients with both conditions in radiotherapy
clinics.

The primary objective of this research was to assess the feasibility of
generating accurate sCT images for dose calculation for prostate cancer
patients with bilateral metallic hip implants using a non-commercial
workflow based on a Dixon MRI sequence. The study aimed to deter-
mine the appropriate avoidance sectors for the treatment fields and to
investigate the usage of MARS images for through-the-prosthesis irra-
diation with full arc plans.
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Dose calculation accuracy results for the PTV median dose and gamma index. The gamma index results for sCT dose compared to CTs that passed the 3D local gamma
index criteria. Results are presented as median (and range). Metal artefact reduction CT = MAR CT, synthetic CT = sCT, uncorrected CT = CT. [Number of patients in

subgroups in brackets].

Patient group

Partial arcs - bi- and unilateral

Full arcs - only bilateral

image comparison MAR CT vs. sCT

MAR CT vs. CT MAR CT vs. sCT MAR CT vs. CT

number of patients n=17

n=14 n=3_8 n==~6

3D gamma index pass rate (%) 2% & 2 mm 99.9 (100 - 99.5)
1% & 1 mm 98.2(99.0 - 96.7)
0.5% & 1 mm 96.0 (97.6 - 94.2)

99.9 (100 - 99.4)
99.3 (100 - 97.6)
98.3 (99.9 - 95.7)

99.0 (99.9 - 97.7)
96.3 (98.5 - 92.1)
93.3 (95.9 - 89.3)

99.7 (99.8 — 99.4)
98.4 (98.9 - 96.3)
97.0 (97.6 — 94.0)

uni- & bilateral
bilateral
unilateral

PTV median dose difference (%) 0.1 (-0.4to 0.4)

0.2 (0.1 to 0.4) [n = 8]
—0.1 (-0.4t00.2) [n =9]

0.0 (—0.2 t0 0.9)
0.4 (0.1 t0 0.9) [n = 6]
—0.1 (0.2 t0 0.1) [n = 8]

0.3 (-0.2t0 0.7) 0.2 (-0.2t0 0.7)

OAR dose difference (%) —0.4 (2.6 to 3.6)
0.1 (—0.9 to 0.5)
0.0 (—3.5t0 4.1)

0.2 (-0.3to 1.1)

Rectum Vyogy
Rectum Vsogy
Bladder V7qgy
Bladder Vsogy

—0.1 (-1.3 t0 2.0)
—0.3(-0.5t0 0.1)
0.6 (—1.4 to 26.7)
0.0 (-0.7 t0 2.7)

2. Materials and methods
2.1. Patient groups

This study was approved by our institutional review board. The study
contained a patient cohort of 23 prostate cancer patients with metallic
hip implants, of which 10 had bilateral prostheses and 13 had unilateral
prostheses. Patients underwent a standard MR-CT imaging and RT
treatment — the study retrospectively utilized their images for sCT gen-
eration and additional dose calculation comparison. Due to the retro-
spective nature of the study, some patients had no MARS or uncorrected
CT images available, as those have not been used clinically. Hence, a
subgroup of six patients with corrected and uncorrected CT images was
gathered to provide additional perspective on the comparison of dose
calculation accuracy — casewise information of the utilized images and
prosthesis laterality is provided in Supplementary material A.

2.2. CT and MRI parameters

Imaging was conducted according to the hospital’s standard protocol
for MRI & CT- based RTP for prostate cancer patients [11]. All the im-
ages and data were collected retrospectively, and this study did not have
any effect on the treatment of the patients. Imaging parameters for the
CT and MRI imaging are provided in Supplementary material B.

CT and MARS images were reformatted to have the same image
matrix and voxel size as the MR Inphase images to allow accurate dose
comparison against MR-derived sCTs. Reformation of the CT and MARS
images applied rigid registration based on the mutual information of the
images. Clinically used target and OAR contours were utilized.

2.3. Construction of the synthetic CT

A comprehensive overview of the dual model HU conversion method
has been published earlier [14,15,28] with a previously introduced head
model [29] and a triple model for the abdomen providing also lung
tissue conversion [30]. Briefly, the protocol is divided into two parts:
first an auto-segmentation of the bony structure, and second, a direct MR
intensity value to HU value conversion. This workflow has been inte-
grated into RTP system [3,11,14,15,29,31-33]. The protocol provided
dose calculation accuracy (mean prostate PTV dose) within 1 % and
CBCT position verification within 2 mm compared to CT imaging
[14,29,31].

The clinically used protocol was applied in this study with minimal
changes. Automatically obtained bone and soft tissue segments were
used for the sCT. Inphase image intensity values were directly assigned
to predefined HU values. This was followed by bulk density override of
the prosthesis and signal void volumes. The signal void volume was

automatically contoured by thresholding and smoothing on the Inphase
MR image, followed by a bulk density override (HU = 0) and fiducial
markers were manually contoured and assigned to HU = 2000. The
signal void volume from the MARS image was defined as the prosthesis
and the contour was transferred to the sCT image and assigned as tita-
nium alloy (HU = 7278). See Fig. 1 for an example with axial images of
all utilized MR sequences. To optimize efficiency and conserve clinical
resources, manual contouring was intentionally omitted to streamline
the process.

2.4. Plan calculation and optimisation parameters

Fig. 1 shows illustrations of the utilized images and the process di-
agram on the calculation accuracy and the plan optimization compari-
sons. Two 10 megavolt 360-degree coplanar arcs were used with
avoidance sectors determined with a 1 cm overlap of the PTV and
prosthesis in the beams-eye-view (BEV) to deliver a 76 Gy prescription
dose (38 x 2 Gy) to the prostate PTV. The plans for dose calculation
accuracy were optimized and calculated on the reference image (MAR
CT) with avoidance sectors from the sCT image, then copied to the
comparison images (uncorrected CT and sCT), re-calculated and dose
differences evaluated — please see Fig. 1. The dose calculation algorithm
was the Acuros external beam (ver. 16.1.0 — dose to medium) with the
AcurosXB-13.5 physical material table and prostheses material assign-
ment as titanium alloy on all images. The external body contour was
copied from MR images to CT to minimize the effect of anatomical de-
viations between two separate scans.

2.5. Comparison of the dose calculation accuracy

Gamma index analysis of the sCT and uncorrected CT against MAR
CT images was implemented with Medical Interactive Creative Envi-
ronment (MICE) toolkit [34,35] - which utilizes ITK [36] and VTK [37]
toolkits - using local voxel dose reference with 2, 1 and, 0.5 % dose
criteria with 2 and 1 mm distance criteria, with below 20% of the pre-
scription dose (76 Gy) exclusion criterion (gamma index syntax:

distance to an agreement [mm]/ local dose difference [%
[exclusion criteri§ [dose%][ ! . 0])- Rectum, bladder, and

PTV dose volume histogram (DVH) values were also compared. Gamma
index and PTV median dose were compared for all patients with partial
arcs plans - full arcs with avoidance sector corresponding to the pros-
thesis side/sides (standard practice) and also the more challenging
setting of bilateral cases with full arcs plans. We performed statistical
analysis with SPSS [38] using a two-sided Wilcoxon signed-rank test
with a significance level p = 0.05.
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synthetic CT

gamma index value

Fig. 2. A-b: axial slice of the synthetic ct (sct) and ct images. c-d: calculated
gamma index values against the metal artefact reduction (MAR) CT for the
partial arc plans, accompanied by the avoidance sectors. e-f: Gamma index
values for the full arc plans.

2.6. Comparison of the prosthesis volume with the corresponding
avoidance sector variation and plan optimization

We measured prosthesis volumes from the CT and MR images
(MARS, Outphase, Inphase) and compared those to the corresponding
avoidance sectors. Signal void volume in the MR images was considered
as prosthesis volume and in CT image with thresholding voxels with
values above 1500 HU.

Optimization was carried out on the MAR CT with avoidance sectors
from the same image. Then the set of optimization criteria was copied to
the sCT image accompanied by the three different avoidance sectors
(MARS, Outphase, Inphase), and then re-optimized without modifica-
tions and calculated, so that the effect of variable avoidance sectors
could be examined. A two-sided Wilcoxon signed-rank test with a sig-
nificance level p = 0.05 was applied.
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3. Results
3.1. Dose comparison and 3D gamma analysis

The sCT images provided a PTV median dose calculation accuracy
within 0.4 % with all patients for partial arcs whereas uncorrected CT
images resulted a maximum of 0.9 % dose difference - see Table 1 for
additional results. The median 3D local gamma pass rate for all sCT dose
comparisons with avoidance sectors was 33m/1% — 98.2%. For the
bilateral full arc cases the pass rates were T35 1% = 96.3% and T35/ 2%
=99.0% - see Fig. 2 for voxel-wise results on an axial slice at the prostate
level comparing sCT and uncorrected CT images against corrected CT
images. Corresponding PTV median dose differences between sCT and
corrected CT images for partial and full arc plans were 0.1 % and 0.3 %,
respectively — see Fig. 3 for comparison of all patients and additionally a
group-wise selection between bilateral- and unilateral cases. The me-
dian of the OAR dose differences for both rectum and bladder (Vogy and
VsoGy) remained within 0.4%.

3.2. Prosthesis volumes and avoidance sectors

MAR CT and MARS images yielded comparable results across all
aspects evaluated. The average prosthesis volume in MARS images was
125 em® (range: 50-256 cm®) while MAR CT images resulted a volume
of 104 cm® (range: 32-211 cm®). Corresponding average avoidance
sectors for MARS and MAR CT images were 50 and 52 degrees,
respectively - see supplementary material C and Fig. 4 for additional
results. Without the MARS images, the utilization of the Outphase
sequence - instead of the standard Inphase image - significantly
improved implant visibility (from 456 to 252 cm?®), avoidance sector
selection (from 86 to 76 degrees), PTV uniformity (from 7.5 to 7.2 %)
and OAR sparing, see Fig. 4. The exponential fitting for PTV uniformity,
as a function of avoidance sector, provided a correlation coefficient of
R? = 0.78 - see Fig. 4. Smaller avoidance sectors resulted in a modest
improvement (R? = 0.39 and 0.51) in rectal sparing, while the impact on
bladder sparing was negligible (R = 0.01 and 0.05) — see supplementary
material D for results with case-wise DVH results on the rectum and
bladder volumes.

4. Discussion

This study indicated that the generated in-house sCT images for
patients with uni- or bilateral hip implants can provide similar dose
calculation accuracy for the PTV as metal artefact corrected CT image
(diff. 0.1%). Even in the extreme cases of bilateral implants with full arc
plans and through-prostheses irradiation, PTV median dose difference
against MAR CT was 0.3% and the median pass rate of the strict 3D
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Fig. 3. Dose calculation results for planning target volume (PTV) median dose difference between metal artefact reduction (MAR) CT and uncorrected CT or
synthetic CT (sCT). Boxplots: box = interquartile range, whiskers = lowest and highest data point, solid line inside the box = median, cross = mean.
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gamma index (1% & 1 mm) was 96.3%. The study revealed DVH dif-
ferences in bladder (V7ogy, see Table 1) for uncorrected CT images with
strong bilateral artefacts, up to 26.7%. With sCT images lacking these
artefacts at the PTV/bladder boundary, the dose calculation accuracy
increased to a 4.1% difference. These results support the use of the MR-
only approach for prostate cancer patients with metallic hip implants —
even without the metal artefact reduction sequence MARS.

Smaller avoidance sectors provided by the Outphase and MARS im-
aging, compared to the Inphase images, enabled minor, yet in general

significantly better PTV coverage and OAR avoidance - see Fig. 4. When
compared casewise, smaller avoidance sectors resulted in greatly [R? =
0.78, see Fig. 4] improved PTV uniformity. The OAR DVH results for the
bladder and rectum V50 isodose demonstrated significantly lower OAR
dose when compared MARS vs. Outphase than Inphase, see Fig. 4. There
were no statistically significant differences in the optimization results
when comparing MAR CT to MARS images. While the additional MARS
imaging provides a significantly improved (p < 0.001) prosthesis
delineation and smaller avoidance sectors, the absolute reduction of the
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OAR doses was minor. Without the MARS image, the precise location of
the prosthesis is unknown but as the beam is not generally directed
through the implant, this leads to only a minimal dose uncertainty. If the
implementation of full arcs is crucial, for example, to minimize the rectal
dose after high dose levels at a pre-boost HDR brachytherapy, MARS
images can provide the correct prosthesis location. Hence, every clinic
planning to implement the sCT protocol for prosthesis patients must
evaluate independently the cost-benefit ratio (time- and resource-wise)
of the additional MARS imaging over the Inphase & Outphase sequence
considering the MRI resources/licenses required.

In a clinical workflow when working only with uncorrected CT im-
ages user still applies manual contouring and assignment of HU values
on the streak artefacts — which results in more accurate dose calcula-
tions. Also, when working with MRI-only, the additional manual con-
touring of bone segments and artefacts would induce a more accurate
dose calculation result. As the results of the manual contouring in these
cases are highly user-dependent, we did not utilize it in either MR or CT
images to deliver more comparable dose comparisons.

The quantitative comparison of gamma index results between
different studies at the moment is not straightforward. For example, in a
similar study with metallic hip implants Wyatt & McCallum [22] pre-
sented 3D global mean gamma pass rates of F%é}iy =95.0 £ 0.5% and T'&ho,
1 — 98.5 + 0.4% for unilateral patients with avoidance sectors compared
to our results of median local pass rate of 5% = 98.2% for uni- and
bilateral patients with avoidance sectors. As the parameters for the
gamma index calculation are different, a direct comparison between
different results & studies is difficult to make. When calculating the pass
rates for whole body contour, it is substantial to use identical body
contours on both calculation volumes as the misalignment of the skin
boundary would introduce erroneously high voxel-wise gamma indexes.
Additionally, local calculation usually leads to lower pass rates as the
dose comparison is calculated against the actual dose on each voxel
instead of the overall dose prescription. There is still a lack of generally
accepted limit value for the isodose level selection. In a highly hetero-
geneous media, the selection of dose calculation algorithm may have
substantial effect on the dose calculation result and this may lead to
disparity when comparing different studies [39,40].

In this study, we calculated gamma indexes for sCT and uncorrected
CT against MAR CT images. We should note that the two CT images were
created from the same raw data — only the reconstructions are different.
Whereas the MR images were from another imaging session on another
device with possible variations on the posture and bladder & rectal
filling — resulting in intrinsic variations between MR and CT images and
thus possibly a lower gamma pass rates.

The method presented in this study relied solely on the patient’s MR
image and pre-determined conversion curves. Several commercial
methods are either atlas- or Al-based [18,22], and predicting the per-
formance of these models on a patient-specific basis is not straightfor-
ward [41,42]. Our method, for instance, does not modify the patient’s
anatomy - still prone to artefacts from the prosthesis -, and it is appli-
cable to patients who significantly deviate from the atlas group or Al
model dataset.

As the workflow contained many automatic steps (atlas-based bone
contouring and threshold-based signal void selection) there were
inherent artefacts in the sCT images. Future studies could investigate
ways to minimize these volumetric errors, leading to a more anatomi-
cally correct sCT images. Additionally, a further optimization of the
sequence parameters of the dual-echo MRI or other general sequences
could provide improved implant visibility — this avoids the necessity of
allocating additional resources for acquiring a dedicated MARS license.

In conclusion, an in-house method could be used to create sCT im-
ages for prostate patients with hip implants. The sCT protocol with only
standard MR imaging (Dixon: Inphase & Outphase) and partial arcs
provided accurate PTV median dose calculation (0.1%) and high gamma
pass rates (99.9% at 2%/2mm). When utilizing MARS imaging for
prosthesis contouring with bilateral prostheses and full arcs, the PTV

Physics and Imaging in Radiation Oncology 27 (2023) 100469

median dose differences remained <0.7% for all patients. Selecting the
appropriate MR sequence or fine-tuning the sequence parameters —
minimizing the TE - could provide a relevant gain in the implant visi-
bility attaining smaller avoidance sectors and thus OAR sparing and PTV
uniformity.
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