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Background and Purpose: Magnetic Resonance (MR)-only radiotherapy enables the use of MR without the
uncertainty of MR–Computed Tomography (CT) registration. This requires a synthetic CT (sCT) for dose
calculations, which can be facilitated by a novel Zero Echo Time (ZTE) sequence where bones are visible
and images are acquired in 65 seconds. This study evaluated the dose calculation accuracy for pelvic sites
of a ZTE-based Deep Learning sCT algorithm developed by GE Healthcare.
Materials and Methods: ZTE and CT images were acquired in 56 pelvic radiotherapy patients in the radio-
therapy position. A 2D U-net convolutional neural network was trained using pairs of deformably regis-
tered CT and ZTE images from 36 patients. In the remaining 20 patients the dosimetric accuracy of the sCT
was assessed using cylindrical dummy Planning Target Volumes (PTVs) positioned at four different cen-
tral axial locations, as well as the clinical treatment plans (for prostate (n = 10), rectum (n = 4) and anus
(n = 6) cancers). The sCT was rigidly and deformably registered, the plan recalculated and the doses com-
pared using mean differences and gamma analysis.
Results: Mean dose differences to the PTV D98% were � 0.5% for all dummy PTVs and clinical plans (rigid
registration). Mean gamma pass rates at 1%/1 mm were 98.0 ± 0.4% (rigid) and 100.0 ± 0.0% (deformable),
96.5 ± 0.8% and 99.8 ± 0.1%, and 95.4 ± 0.6% and 99.4 ± 0.4% for the clinical prostate, rectum and anus
plans respectively.
Conclusions: A ZTE-based sCT algorithm with high dose accuracy throughout the pelvis has been devel-
oped. This suggests the algorithm is sufficiently accurate for MR-only radiotherapy for all pelvic sites.
� 2023 The Author(s). Published by Elsevier B.V. Radiotherapy and Oncology 184 (2023) 109692 This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Magnetic Resonance (MR)-only radiotherapy enables the supe-
rior soft-tissue contrast of MR to be used for delineation without
the uncertainty of an MR-Computed Tomography (CT) registration,
improving the geometric accuracy of treatments and potentially
reducing patient side-effects [1]. MR cannot be used directly for
radiotherapy dose calculations and so a method of generating a
synthetic CT (sCT) from the MR needs to be developed [2]. Bulk-
density and atlas-based methods have been developed [3] with
several commercial solutions produced based on these approaches
and evaluated on patients with prostate cancer with very small
mean dose differences to CT (�0.5%) [4–6]. More recently a number
of Deep Learning methods have been reported in the literature
[7,8]. These potentially offer improved dose accuracy and faster
image reconstruction times. However only a few studies have eval-
uated pelvic Deep Learning sCT models for dose calculation accu-
racy [9–11], which is the only clinically relevant parameter [9].

Most Deep Learning sCT algorithms have used conventional MR
images (T1-weighted, T2weighted or Dixon sequences) as the
input image [8]. Unlike conventional MR images, Zero Echo Time
(ZTE) images capture signal from cortical bone, which potentially
facilitates improved bone generation in the sCT [12–14]. Leynes
et al. evaluated a Deep Learning sCT algorithm using a combination
of ZTE and Dixon images for Positron Emission Tomography (PET)-
MR attenuation correction [15]. Using a combination of images is
time-consuming however, which reduces scanning efficiency and

http://crossmark.crossref.org/dialog/?doi=10.1016/j.radonc.2023.109692&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.radonc.2023.109692
http://creativecommons.org/licenses/by/4.0/
mailto:jonathanwyatt@nhs.net
https://doi.org/10.1016/j.radonc.2023.109692
http://www.sciencedirect.com/science/journal/01678140
http://www.thegreenjournal.com


Dose evaluation of sCT for pelvic MR-only radiotherapy
can produces challenges in registering images due to changes in
bladder filling during the imaging session. In contrast, a sCT algo-
rithm using a single ZTE input would be highly efficient since the
ZTE image is rapid to acquire. sCTs generated using a single ZTE
image as input have not been dosimetrically evaluated for pelvic
MR-only radiotherapy previously.

Most dose evaluations of sCT images in the pelvis have focused
on using clinical prostate treatment plans [1,3]. This has limited
relevance to other treatment sites in the pelvis where Planning
Target Volumes (PTVs) may extend significantly superiorly and/
or inferiorly of prostate PTVs. The dose calculation accuracy of
the sCT is not robustly assessed in these areas because it is in the
low dose region of the prostate treatment plan. A challenge for
evaluating sCTs dosimetrically for pelvic radiotherapy sites apart
from the prostate is that there can be significant variability
between patients in the size and location of the PTV(s). This
requires large patient evaluation cohorts to ensure the sCT is accu-
rate for all potential treatment sites, which can be difficult, espe-
cially in rarer cancers. This study aimed to avoid this challenge
by developing a novel dosimetric analysis which assessed sCTs
throughout the pelvis, regardless of clinical indication. This enables
a smaller number of patients to be used to evaluate sCTs for all pel-
vic radiotherapy sites.

The overall aim of this prospective study was to comprehen-
sively evaluate a Deep Learning sCT algorithm based on a rapid
ZTE MR sequence including Deep Learning-based MR image recon-
struction for all pelvic radiotherapy sites.
Materials and methods

Patients and treatment characteristics

A prospective study was performed to train and evaluate the
Deep Learning sCT algorithm. Patients planned for radical/neoadju-
vant (chemo)radiotherapy for cancers in the pelvis were included.
Exclusion criteria included contraindicated for MR scanning, med-
ical implants in the pelvic area (eg hip prostheses) and external
contour greater than the MR scanner field of view. The study was
approved by a research ethics committee (reference 20/LO/0583)
and all patients gave informed consent.
Patient imaging

Patients received a planning CT scan (Sensation Open, Siemens,
Erlangen, Germany) using a combined customisable foot and knee
rest (Civco Medical Solutions, Coralville, Iowa, USA) with a voxel
size of 1.1 � 1.1 � 3 mm3 and a tube voltage of 120 kVp. Patients
being treated for anal and rectal cancers received a contrast-
enhanced CT scan. Patients were imaged following routine bladder
preparation consisting of an empty bladder 30 minutes prior to the
scan, followed by drinking 400 ml of water, and bowel preparation
consisting of the application of a micro-enema 60 minutes prior to
the scan followed by bowel emptying.

All patients received an MR scan on a SIGNA PET/MR 3 T scanner
(software version MP26 GE Healthcare, Waukesha, USA) after their
radiotherapy planning CT scan and before their first treatment
fraction. MR images were acquired within a median time of 6 days
from the CT (range 1–15 days). Patients were scanned in the radio-
therapy treatment position on a flat couch-top with a coil bridge
for the anterior MR coil. Patients were positioned to match their
radiotherapy planning CT scan using the same model of foot and
knee rest and external lasers matched to patient tattoos. Patients
followed the same bladder preparation protocol.

MR images were acquired using a rapid novel 3D radial ZTE
sequence [16] with sequence parameters: flip angle 1�, receive
bandwidth 694 Hz pixel�1, nominal field of view
2

360 � 360 � 300 mm3, resolution 2.0 � 2.0 � 2.0 mm3, repetition
time TR = 1.06 ms, nominal echo time TE = 0.016 ms, 59,392 3D
center-out radial-spokes and acquisition time 65 s. Fat-water
chemical shift effects were minimized using in-phase ZTE by
adjusting the centre frequency between fat and water [13]. Image
reconstruction was based on 3D gridding, including two-fold field
of view extension to 720 � 720 � 600 mm3 (enabled by two-fold
radial oversampling), DL-based de-noising and de-ringing [17]
and 3D geometry correction. The scanner geometric accuracy was
tested monthly during a radiotherapy quality assurance pro-
gramme [18].
Synthetic CT generation

The sCT was generated from the ZTE image using a Deep Learn-
ing sCT algorithm by GE Healthcare. This used a 2D Convolutional
Neural Network U-NET model with a bone focused loss function, as
described in [19]. The model had three tasks: whole image regres-
sion, bone segmentation and image value regression within the
bone region. The logic was to separate segmentation and regres-
sion tasks and optimise the model to simultaneously reduce errors
in both, each task implicitly reinforcing the other [20]. Each task
was driven by an individualised loss function and generated an
associated output image. The three output images were then com-
bined using the voxel intensity values from the whole image
regression output, except for voxels within the bone segmentation
output, which were assigned values from the bone regression out-
put. The model was trained with patients from the training cohort,
with ZTE and CT images registered together using an affine trans-
formation. The ZTE images were bias corrected and normalised to
ensure consistency across the dataset.
Hounsfield Unit analysis

Two registrations were calculated between the CT and sCT, a
rigid and a deformable registration. Both were generated automat-
ically in RayStation (v9, RaySearch Laboratories, Stockholm, Swe-
den) and involved registering and resampling the sCT to the CT
matrix. The rigid registration ensured the sCT was evaluated as it
would be used in a clinical MR-only pathway [10] and the deform-
able registration removed the confounding effect of small differ-
ences in external contour arising from the images being acquired
in two imaging sessions [21].

The Mean Absolute Error (MAE) was calculated between the
deformed and resampled sCT and CT as the absolute difference in
Hounsfield Unit (HU) for each voxel. Any air pockets in the CT were
over-ridden with water density. The MAE was calculated within
the intersection of the external contours of the CT and the
deformed sCT to account for discrepancies in the longitudinal
extent of the images using a threshold of � 250 HU. Within this
external contour the soft-tissue and bone regions were automati-
cally contoured using thresholds of [�250 HU, 250 HU] and [250
HU, 4000 HU] respectively. The MAE was calculated within the
external contour, soft-tissue and bone regions separately.
Comprehensive sCT dose evaluation with artificial plans

This aimed to evaluate the sCT at different points along the
superior-inferior axis using all patients, providing dose accuracy
measurements that would be relevant to all pelvic radiotherapy
treatments. The sCT was calibrated using a HU-mass density curve
measured on the CT scanner used for the training CT cases. The CT
was calibrated using data measured on the clinical CT scanner. Any
air pockets were over-ridden to water density. Patients who had
received a contrast-enhanced CT had the contrast delineated and
set to a mass density of 1.015 g cm�3, the density of artery tissue.
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The external contour was automatically determined for both sCT
and CT using a threshold of � 250 HU.

Four separate isocentres were positioned on the CT, longitudi-
nally separated by 5 cm. The first isocentre was positioned mid-
point between the femoral heads and labelled FH. A further three
points were determined with the same left–right and anterior-
posterior position and 5 cm inferior (FH-5), 5 cm (FH + 5) and
10 cm (FH + 10) superior (see Fig. 1). One patient had the most
inferior CT slice copied 10 times, lengthening the CT by 3 cm to
ensure sufficient lateral scatter for accurate dose calculation on
the CT for the FH-5 isocentre. The CT extent was not sufficient
for the FH-5 isocentre in one patient and for the Fh + 10 isocentre
in 8 patients. A 2 � 2 � 2 mm3 dose grid was used which covered
the external contours of both CT and sCT.

Four cylindrical artificial PTVs 5 cm long with a diameter of
10 cm were drawn on the CT centred on each isocentre (Fig. 1)
ensuring continuous coverage in the superior-inferior direction.
The diameter of 10 cm was selected as approximately representa-
tive of pelvic PTVs. A 6 MV single 360� arc volumetric modulated
arc therapy plan was optimised on the CT to deliver.

50 Gy in 25 fractions to the PTV centred on the FH isocentre. A
general dose fall-off function was used to ensure conformality of
the high dose region to the PTV. This plan was recalculated on
the sCT. The difference in dose to the PTV median dose (D50%),
near-minimum (D98%) and near-maximum (D2%) were calculated
as a percentage of the prescription dose [22]. The treatment plan
were then copied to the other three isocentres and recalculated
on the CT and sCT. This analysis was repeated for both rigid and
deformable registrations.
Site-specific sCT dose evaluation with clinical plans

An additional dose comparison was carried out using the clini-
cal treatment plan to ensure clinical relevance using both rigid and
deformable registrations. The clinical PTV(s) and relevant clinical
OARs were copied from the CT to the sCT and the clinical treatment
plan recalculated on the sCT. The difference in dose to the PTV D2%,
D50% and D98% and relevant OAR constraints were calculated. A
3D global gamma analysis was performed using the Medical Inter-
active Creative Environment Toolkit (version 2021.1.2, Umeå
University, Sweden) [23] within the following structures: the
external contour, the union of all patient PTVs (primary, nodal
and elective if present) and the volume enclosed by the 50% iso-
dose line of the prescription dose. The union of patient PTVs
ensured all the high dose regions were included within the PTV
Fig. 1. Example CT showing the four isocentre points marking the FH-5, FH, FH + 5 and F
level (b).
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evaluation. The gamma analysis was performed twice with criteria
1%/1 mm and 2%/2 mm, with all points below 10% of the prescrip-
tion dose excluded.

Results

56 patients were included within the study, with patients
planned for anal (n = 12), rectal (n = 11) and prostate (n = 33) can-
cers. There were 13 female and 43 male patients. Patients were
divided into training (n = 36) and evaluation (n = 20) cohorts, with
female/male split of 7/29 and 6/14 for each cohort respectively.
The treatment sites were similarly split between training and eval-
uation cohorts: 6/6 (anus), 7/4 (rectum) and 23/10 (prostate).

sCTs were successfully generated for all patients. Representa-
tive reconstructed ZTE and corresponding sCT and CT images are
shown in Fig. 2. The mean MAE within the external contour was
36 ± 3 HU (± standard deviation). The MAE in the soft-tissue region
was 7 ± 1 HU and in the bone region 98 ± 14 HU.

The comprehensive sCT dose evaluation with artificial plans had
small mean dose differences at the different FH isocentre points.
The dose differences were � 0.7% using the rigid registration and
the deformable registration reduced the mean dose differences
to � 0.6% and also reduced the range of dose differences (Table 1
and Fig. 3).

The mean dose differences for the site-specific sCT dose evalu-
ation with clinical plans at clinically relevant DVH points for the
PTV(s) and clinically relevant OARs are shown in Table 2. Gamma
pass rates at 2%/2 mmwithin the external contour for the rigid reg-
istration were highest for the prostate patients, 99.0 ± 0.2% (97.4%,
99.9%), followed by rectum, 98.7 ± 0.5% (97.6%, 99.5%), and anus
patients 98.3 ± 0.3% (97.2%, 99.4%), (Fig. 4). Gamma pass rates at
1%/1 mm were lower: 98.0 ± 0.4% (95.6%, 99.4%), 96.5 ± 0.8%
(94.9%, 98.0%) and 95.4 ± 0.6% (93.8%,98.3%) for the prostate, rec-
tum and anus patients respectively. The equivalent results for the
deformable registration were much higher, 100.0 ± 0.0% (100.0%,
100.0%), 100.0 ± 0.0% (99.9%, 100.0%) and 99.9 ± 0.1% (99.4%,
100.0%) [2%/2 mm] and 100.0 ± 0.0% (99.9%, 100.0%), 99.8 ± 0.1%
(99.6%, 99.9%) and 99.4 ± 0.4% (97.4%, 100.0%) [1%/1 mm] respec-
tively for the prostate, rectum and anus patients.

Discussion

A prospective study was performed to train and evaluate the
dose calculation accuracy of a Deep Learning sCT algorithm for pel-
vic MR-only radiotherapy, both comprehensively for all pelvic sites
H + 10 levels (a) and the cylindrical PTV (red line) and dummy plan dose at the FH



Fig. 2. Example ZTE images (a) and corresponding sCT images (b) for a patient in the evaluation cohort. CT images for the same patient are shown in (c).

Table 1
Dose differences for artificial plans. Cylindrical PTV dose differences at the DVH constraints for the FH isocentre plans. The number of patients included for the analysis at each
FH isocentre is indicated. Dose differences using the rigid and deformable registrations reported as mean ± standard error (minimum, maximum) as percentage of prescribed dose
(50 Gy).

Isocentre Patients Constraint Mean Dose Difference / % Rigid RegistrationDeformable
Registration

FH + 10 12 D2% �0.7 ± 0.1 (�1.7,0.1) �0.6 ± 0.1 (�1.4,0.1)
D50% -0.6 ± 0.1 (�1.5,0.2) �0.5 ± 0.1 (�1.2,0.1)
D98% �0.5 ± 0.1 (�1.2,0.1) �0.5 ± 0.1 (�1.4,0.0)

FH + 5 20 D2% �0.3 ± 0.2 (�1.8,1.8 �0.5 ± 0.1 (�1.5,0.1)
D50% �0.3 ± 0.2 (�1.6,1.7) �0.5 ± 0.1 (�1.3,0.0)
D98% �0.3 ± 0.2 (�2.0,1.9) �0.4 ± 0.1 (�1.3,0.1)

FH 20 D2% 0.1 ± 0.2 (�2.0,2.6) �0.3 ± 0.1 (�1.1,0.5)
D50% 0.0 ± 0.2 (�2.0,1.5) �0.3 ± 0.1 (�1.2,0.4)
D98% �0.2 ± 0.1 (�1.8,1.0) �0.3 ± 0.1 (�1.3,0.3)

FH-5 19 D2% 0.3 ± 0.2 (�1.7,2.3) �0.1 ± 0.1 (�0.8,0.4)
D50% 0.2 ± 0.2 (�1.7,2.4) �0.2 ± 0.1 (�0.8,0.4)
D98% 0.1 ± 0.2 (�1.8,1.6) �0.2 ± 0.1 (�0.7,0.3)

Dose evaluation of sCT for pelvic MR-only radiotherapy
and for the clinical prostate and ano-rectal patient plans included
in this study. The mean PTV D98% dose differences were � 0.5%
for all four isocentre plans (comprehensive evaluation) as well as
for the clinical plans when rigid registration was used for evalua-
tion. The deformable registration reduced the range of D98% dose
differences to within [�1.4%, 0.3%] and [�0.9%, 0.4%] for the com-
prehensive and clinical evaluations respectively.

The comprehensive dose evaluation demonstrated small dose
differences (�0.7%) using the rigid registration for each isocentre
level. There were six D50% dose differences greater than ± 1.5%,
with the FH-5 cm point having the largest differences (Fig. 3).
However using the deformable registration reduced all these dif-
ferences below 1.5%. This suggests that the primary reason for
4

the larger dose differences for some patients was not incorrect
HU assignment but differences in patient positioning between
sCT and CT, which maybe particularly problematic at the FH-5
point due to differences in femur angle. The deformable registra-
tion results did suggest a small systematic bias to negative dose
differences for all four isocentre plans, with means of � 0.5% and
an asymmetric range around zero [�1.4%, 0.3%]. However this dif-
ference is small and all differences were within the ± 2.0% often
suggested as the threshold above which dose differences are con-
sidered clinically significant [24].

The clinical plan dose differences were even smaller, with all
mean dose differences � 0.4% for the rigid registration (Table 2).
Gamma pass rates with criteria 2%/2 mm were high, with all mean



Fig. 3. Boxplots of D50% dose differences within the true external contour (orange)
and intersection external contour (blue) for each FH point.The dotted line indicates
zero dose difference. The rectangles indicate the interquartile range (IQR), with the
horizontal black line the median value, the black whiskers the maximum
(minimum) data point within Q3 + 1.5IQR (Q1 � 1.5IQR) and the black crosses
outlier data points.
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pass rates � 98.3% within all contours and for all treatment sites
using the rigid registration. At 1%/1 mm, pass rates were lower,
especially within the PTV(s). The anus patients had the lowest pass
rate, probably due to having the most inferior PTVs where there
were the largest discrepancies between CT and sCT external con-
tours. The deformable registration resulted in much higher gamma
pass rates, especially at 1%/1 mm, with mean pass rates � 99.4%.
This again suggests most of the differences in dose distribution
Table 2
Dose differences for clinical plans. Mean dose differences at DVH constraints for different
varies for the different PTVs for the ano-rectal patients as not all patients had elective or
percentage of prescription dose.

Site Structure Constraint

Anus PTV Primary (6) D2%

D50%
D98%

PTV Nodal (4) D2%
D50%
D98%

D2%
D50%
D98%

Bladder (6) D50%
Small Bowel (6) D30%

Prostate PTV (10) D2%
D50%
D98%

Bladder (10) D50%
Rectum (10) D30%

Rectum PTV Primary (4) D2%

D50%
D98%

PTV Elective (2) D2%

D50%
D98%

Bladder (4) D50%
Bowel Bag (4) D30%

5

were due to differences in patient position rather than HU
assignment.

There was good agreement between clinical PTV dose differ-
ences and the closest FH isocentre point to that clinical PTV. The
prostate PTVs were located between FH-5 and FH isocentres, and
the mean PTV D50% dose difference was within 0.3% of the mean
dose difference for both those isocentres. The dose differences of
the FH isocentres near the rectum primary (FH) and elective
(FH + 5) PTVs, and the anus primary (FH-5), elective (FH + 5) and
nodal (FH + 10) PTVs were all within 0.2%. This implies that the
comprehensive FH plan evaluation was clinically relevant to the
anus, prostate and rectum patients studied. This can be extended
to suggest that this method has demonstrated that the sCT evalu-
ated in this study would be appropriate for all pelvic radiotherapy
sites, including patients not included in this study such cervix can-
cer and nodal prostate cancer. Accordingly, this method is a very
efficient way of evaluating sCT dose accuracy for a number of clin-
ical sites with a relatively small number of patients. This would
have particularly benefit for rare treatment sites or smaller centres
looking to validate sCT algorithms, which may struggle to produce
large enough patient cohorts.

A key question for MR-only radiotherapy is what magnitude of
dose differences would be considered clinically significant. Over
the whole treatment pathway the dosimetric uncertainty should
be within 3% and the geometric uncertainty 2–4 mm [25]. This
requires the uncertainty of any individual component to
be < 1.0% and < 1.0 mm to not significantly increase the overall
uncertainty [25]. The MR-CT registration uncertainty removed by
the MR-only process is estimated at 2 mm for the pelvis [26] and
the mean dose differences for both FH isocentre and clinical plans
on both rigid and deformable registrations were � 0.7%. This sug-
gests that MR-only radiotherapy using this sCT algorithm would
regions of interest. The number of patients is shown for each structure in brackers. It
nodal volumes. All results given as mean ± standard error (minimum, maximum) as

Mean Dose Difference / % Rigid RegistrationDeformable Registration

0.3 ± 0.4 (�1.1,2.0) �0.3 ± 0.1 (�0.7,0.2)

0.1 ± 0.4 (�1.5,1.1) �0.3 ± 0.1 (�0.7,0.2)
�0.1 ± 0.3 (�1.6,0.5) �0.3 ± 0.1 (�0.8,0.2)
�0.3 ± 0.4 (�1.2,0.3) �0.3 ± 0.2 (�0.8,0.1)
�0.4 ± 0.3 (�1.1,0.3) �0.3 ± 0.2 (�0.9,0.0)
�0.4 ± 0.3 (�1.0,0.2) �0.3 ± 0.2 (�0.9,0.0)

�0.1 ± 0.2 (�1.2,0.4) �0.3 ± 0.1 (�0.8,0.1)
�0.1 ± 0.2 (�0.8,0.3) �0.3 ± 0.1 (�0.5,�0.0)
�0.2 ± 0.2 (�0.8,0.3) �0.2 ± 0.1 (�0.4,0.0)
0.0 ± 0.3 (�1.2,1.0) �0.2 ± 0.1 (�0.6,�0.1)
�0.4 ± 0.2 (�1.0,0.2) �0.3 ± 0.1 (�0.6,�0.0)
0.3 ± 0.2 (�0.5,1.7) �0.1 ± 0.1 (�0.4,0.7)
0.3 ± 0.2 (�0.5,1.3) �0.1 ± 0.1 (�0.4,0.6)
0.3 ± 0.1 (�0.3,0.9) �0.1 ± 0.1 (�0.3,0.4)

0.0 ± 0.0 (�0.3,0.1) 0.0 ± 0.0 (�0.2,0.2)
0.0 ± 0.1 (�0.3,0.8) 0.0 ± 0.0 (�0.1,0.1)
0.0 ± 0.2 (�0.5,0.3) �0.0 ± 0.1 (�0.2,0.1)

�0.2 ± 0.2 (�0.6,0.2) �0.1 ± 0.1 (�0.3,0.1)
�0.2 ± 0.2 (�0.6, 0.1) �0.2 ± 0.1 (�0.3, 0.0)
�0.1 ± 0.4 (�0.6,0.3) 0.1 ± 0.1 (0.0,0.1)

�0.2 ± 0.4 (�0.6,0.2) 0.0 ± 0.1 (�0.0,0.1)
�0.4 ± 0.3 (�0.6,�0.1) 0.0 ± 0.0 (�0.1,0.0)
�0.1 ± 0.1 (�0.4,0.2) �0.1 ± 0.1 (�0.2,0.0)
�0.4 ± 0.1 (�0.7,�0.2) �0.2 ± 0.1 (�0.3,�0.1)



Fig. 4. Boxplots of gamma pass rates for clinical plans within the PTV, external contour and 50% isodose contour for the anus (red bars, n = 6), prostate (green bars, n = 10) and
rectum (purple bars, n = 4). Gamma pass rates with criteria 1%/1 mm are shown with right diagonal hatching and with 2%/2 mm with dotted hatching. One outlier result for
the prostate pass rate with 1%/1 mm criteria is not shown (53.8%). The rectangles indicate the interquartile range (IQR), with the horizontal black line the median value, the
black whiskers the maximum (minimum) data point within Q3 + 1.5IQR (Q1 � 1.5IQR) and the black crosses outlier data points.

Dose evaluation of sCT for pelvic MR-only radiotherapy
significantly reduce geometric uncertainty without a significant
change in dosimetric uncertainty. This suggests that the sCT is
dosimetrically sufficiently accurate for clinical use for most
patients, although the larger dose difference for one patient
implies some form of patient-specific QA of sCT dose calculation
accuracy would be warranted [27].

The results from this study compare well with other Deep
Learning sCT approaches in the pelvis. Maspero et al. reported dose
differences of 0.4% and 0.4% to the PTV D50% and gamma pass rates
at 2%/2 mm of 95 ± 2% and 92 ± 3% for prostate and rectum patients
respectively [9]. These were larger differences than found in this
study. Similarly, Yoo et al. found PTV D50% dose differences for
prostate patients of 0.4 ± 0.3% and gamma pass rate (2%/2 mm)
of 93 ± 4% [11]. A study looking at ano-rectal patients reported
mean PTV dose differences of � 0.1%, with a 1%/1 mm gamma pass
rate of 96% [10]. These agreed well with the dose differences and
gamma pass rates for the rectum and anus patients reported here.
Fetty et al. evaluated five different Deep Learning algorithms on
0.35 T, 1.5 T and 3 T MR images [28]. The median PTV doses differ-
ences for all algorithms on all images were � 0.5%, in agreement
with the results found here. In a 2021 review of Deep Learning
sCT algorithms for pelvic MR-only radiotherapy, only 4/8 studies
reported doses differences within the � 0.5% found in this study
[8]. This suggests that the sCT algorithm performs at least as well
as those presented in the literature as sufficiently accurate for clin-
ical use.

The use of a ZTE image for the generation of the sCT requires
using an additional dedicated MR sequence to be acquired which
does not have any other use in the radiotherapy planning process.
In contrast other solutions use T2-weighted images which are also
considered clinically optimal for target and/or OAR delineation
[21]. However, using a dedicated fast ZTE sequence allows the
other clinical scans to be optimised for delineation tasks without
additional constraints such as large volume coverage required for
dose calculation. This can for example be used to improve the
image resolution without prohibitively long scan times. And since
the ZTE sequence is very fast, 65 s, effectively this might result in
overall similar acquisition time but improved imaging results.

A limitation of this study is that only data from a single centre
has been used. This is particularly an issue for Deep Learning algo-
rithms where over-fitting is a recognised problem, leading to poor
generalisation of the algorithm [29]. Future work could extend this
6

evaluation to patient images acquired at different centres on differ-
ent scanners to validate the generalisability of the results reported
here. In addition, the model training data could be extended to
include images from other centres to improve the robustness of
the algorithm. An important aspect of MR-only radiotherapy that
this paper has not considered is the choice of reference image for
image matching with Cone Beam (CB)CT on the treatment
machine. Image matching using sCT [30] or MR [31] as the refer-
ence image could be investigated. A potential advantage of ZTE-
based sCT images is the improved accuracy of bone generation
which may facilitate improved sCT matching to CBCT.

In conclusion, a ZTE-based Deep Learning algorithm success-
fully generated sCTs for all patients. Mean dose differences to the
PTV D98% in the comprehensive dose analysis were � 0.5% for all
FH isocentre plans using the rigid registration. For the clinical plans
PTV D98% dose differences were similarly small, �±0.4%, with
mean gamma pass rates at the stringent criteria of 1%/1 mm being
98.0 ± 0.4%, 96.5 ± 0.8% and 95.4 ± 0.6% for the prostate, rectum and
anus patients respectively. These mean dose differences were < 1%,
ensuring there is not a significant increase in overall dosimetric
uncertainty in the radiotherapy pathway. In addition, the compre-
hensive dose analysis method demonstrated the sCT accuracy
throughout the pelvis, not just for the clinical sites included in this
study. This suggests the sCT is sufficiently accurate for clinical use
in MR-only radiotherapy for all pelvic sites.
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