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Background and purpose: Magnetic Resonance (MR)-only prostate radiotherapy has recently been clini-
cally implemented using commercial synthetic Computed Tomography (sCT) algorithms. However
patients with hip prostheses have been excluded from all MR-only research to date and assumed to
require dedicated sCT algorithms. This study aimed to investigate the dosimetric accuracy of applying
a commercial sCT algorithm, based on an atlas of patients without hip prostheses, to patients with pros-
theses.
Materials and methods: 18 patients with unilateral hip prostheses received MR and CT scans in the radio-
therapy position. sCTs were generated from the MR using a commercial algorithm. The clinical
Volumetric Modulated Arc Therapy (VMAT) plan, consisting of partial arcs which avoided the prosthesis,
was recalculated using the sCT and the dose distribution compared.
Results: The mean isocentre dose difference was DD = (�0.4 ± 0.2)% (mean ± standard error of the mean
(sem), range – 1.9%, 1.1%) and the mean differences in Planning Target Volume, bladder and rectummean
doses were �0.3%. The 3D global gamma pass rate with dose difference 1% and distance to agreement
1 mm within the body was C1=1

Body = (95.0 ± 0.5)% (sem) and within the 50% isodose volume, which
excluded the prosthesis, was C1=1

50% = (98.5 ± 0.4)% (sem). The pass rate within the PTV was C2=2
PT V � 99.7%

for all patients, although for PTVs close (�3.5 cm) to the prosthesis C1=1
PT V < 85% for three patients. The

sCT did not accurately represent the prosthesis with a mean difference in radiological isocentre depth
near the prosthesis of DdRad

Outside = (15.8 ± 2.6) mm (sem). However inside the treatment plan arc the differ-
ence was DdRad

Inside = (�1.8 ± 0.5) mm (sem).
Conclusions: Using a commercial prostate sCT algorithm for patients with unilateral hip prostheses is
dosimetrically accurate (<0.5%) as long as the routine prosthesis-avoidance treatment planning approach
is used and the PTV is >3.5 cm from the prosthesis. This suggests MR-only prostate radiotherapy can be
extended to patients with hip prostheses without requiring a specific sCT algorithm.

� 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 133 (2019) 100–105
Magnetic Resonance (MR) imaging has an increasing role within
prostate radiotherapy treatments due to its superior soft-tissue
contrast for organ delineation compared to the routine Computed
Tomography (CT) imaging [1]. The use of MR for prostate delin-
eation has reduced prostate volumes [2] and lowered urinary fre-
quency and urinary retention toxicity scores [3]. Typically the
MR is registered with a CT, with the MR used for delineation and
the CT for treatment planning because MR images cannot be cali-
brated for radiotherapy dose calculations. This MR-CT registration
has an inherent uncertainty which impacts the entire patient’s
treatment [4]. This has motivated research into MR-only radiother-
apy treatment planning which removes the registration uncer-
tainty by replacing the CT with a synthetic CT (sCT) generated
from the MR for dose calculations. MR-only radiotherapy is a
rapidly developing field and is now being used clinically for the
treatment of prostate cancer [5,6]. A large number of different
sCT approaches have been reported in the literature, which can
be classified into three categories: bulk density assignment,
regression-based methods and atlas-based methods [7]. There
are currently two commercially available solutions for the prostate
clinical site, one using the atlas-based approach [8] and the other a
bulk-density approach [9]. Both of these commercial sCTs have
demonstrated dose differences <0.5% compared to doses calculated
on CT [5,10].

The current MR-only literature has not considered patients with
hip prostheses. All atlas-based approaches reported have used
atlases constructed from patients without hip prostheses. This
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has lead to the assumption that sCTs generated for patients with
prostheses, or other unusual anatomy not present within the atlas,
would be inaccurate [11]. Similarly the classification algorithm
used within the commercial bulk-density approach has been
trained using MR and CT data acquired on patients without hip
prostheses [9] and patients with prostheses are automatically
excluded [10]. The expectation has been that including hip pros-
thesis patients within an MR-only pathway would require specific
sCT algorithms with atlases/classification models generated from
hip prosthesis patients, entailing significant additional time and
cost. This has lead clinical implementations to exclude hip prosthe-
sis patients from MR-only pathways [6].

The number of hip replacement operations carried out in the UK
has increased by over 50% in the last 10 years, with 101,651
patients operations carried out in 2016 [12,13]. This is likely to
result in a corresponding increase in patients with hip prostheses
requiring radiotherapy treatments. The presence of hip prostheses
produces substantial artefacts in both MR and CT images. In MR
images the hip prosthesis causes large susceptibility artefacts with
significant geometric distortions surrounding the implant [14]. The
MR artefacts are, however, localised to the implant and surround-
ing area and can be reduced using fast spin echo sequences with
large receive bandwidths [15]. On CT the hip prosthesis causes
large streak artefacts and photon starvation regions which can
extend across the whole image [16]. MR has been shown to have
benefits in prostate delineation compared to CT in patients without
hip prostheses [17] and the more localised prosthesis artefacts on
MR suggest it may also have additional delineation improvements
for patients with prostheses. One small study found that MR
images had reduced inter-observer variability compared to CT for
prostate delineation in patients with bilateral hip prostheses
[18]. Therefore it appears likely that patients with hip prostheses
would also benefit from an MR-only radiotherapy approach and
it is important to assess whether current sCT generation methods
are accurate for prostate cancer patients with hip prostheses.

It is unlikely that sCT algorithms designed for patients without
hip prostheses will accurately represent the hip prosthesis. How-
ever radiotherapy treatment planning in the presence of hip pros-
theses is also challenging due to dose calculation inaccuracies
around the prosthesis in commercial treatment planning systems
and the CT artefacts causing incorrect tissue densities to be deter-
mined [19]. Therefore radiotherapy treatment plans are typically
designed to avoid beams entering through the prosthesis [20]. This
means the inaccuracy of the sCT algorithm in the hip prosthesis
region may not impact the sCT dosimetric accuracy as long as it
is accurate in the rest of the image. If the sCT is dosimetrically
accurate this will enable hip prosthesis patients to benefit from
MR-only radiotherapy without the necessity of developing a speci-
fic algorithm for them. Therefore the aim of this study was to
investigate the dosimetric accuracy of applying a commercial syn-
thetic CT software containing an atlas of non-prosthesis patients to
treat prostate cancer in patients with unilateral hip prostheses
using the routine treatment planning approach that avoided the
prosthesis.
Table 1
The MR imaging protocol used.

Parameter Value

Field of view/mm 450 � 450
Voxel size/mm3 1.4 � 1.4 � 1.5
Number of slices 120
Repetition time/ms 1500
Echo time/ms 211
Flip angle/� 150
Bandwidth/HzPixel�1 601
Echo train length 105
Echo spacing/ms 3.98
Materials and methods

Patient data collection

18 patients with a unilateral hip prosthesis treated with radio-
therapy for prostate cancer at the Northern Centre for Cancer Care
(NCCC), Newcastle, UK were included in this retrospective, plan-
ning study. All radical prostate patients at the NCCC receive plan-
ning MR and CT scans, with a large field of view MR image
routinely acquired. Patients were selected retrospectively from
677 patients treated with radical CT-based radiotherapy for pros-
tate cancer between 1 September 2016 and 30 April 2018, with
the following exclusion criteria (number of patients excluded):
post-prostatectomy (1), MR not acquired (2), kilovoltage CT not
acquired (1). Patients were diagnosed with prostate cancer (stages
T2 to T4) with a median age of 74.5 years (range 65–82 years). All
patient images were anonymised prior to inclusion in the study.

Patients received radiotherapy planning MR (1.5 T Magnetom
Espree, Siemens, Erlangen, Germany) and CT (Sensation Open, Sie-
mens, Erlangen, Germany) scans, performed on flat couch tops
with local standard prostate radiotherapy immobilisation. Prior
to each scan patients underwent routine bladder and bowel prepa-
ration. The bladder preparation protocol consisted of an empty
bladder 30 minutes prior to the scan, followed by drinking
400 ml of water. The bowel preparation protocol required applica-
tion of a micro-enema 45 minutes prior to the scan followed by
bowel emptying. Internal fiducial markers were not present in
any patient. The MR images were acquired using a 6 channel flex-
ible receive coil (Siemens Body Matrix) supported over the patient
by an in-house manufactured coil bridge and the 24 channel spine
receive coil contained in the couch (Siemens Spine Matrix). This
ensured the external patient contour was not deformed by the
receive coils [21].

The MR images were acquired with a T2-weighted SPACE (Sam-
pling Perfection with Application optimised Contrasts using differ-
ent flip angle Evolution) sequence, a 3D turbo spin echo sequence.
The acquisition parameters were previously optimised to produce
geometrically robust images that encompassed the entire body
contour [21] and are given in Table 1. Two patients were imaged
with an older version of the protocol with a slightly larger voxel
size of 1.8 � 1.8 � 1.7 mm3 but otherwise very similar parameters.
The Siemens 3D distortion correction algorithm was applied to all
images. The CT images were acquired with a voxel size of
1.1 � 1.1 � 3 mm and a tube voltage of V = 120 kVp. No metal arte-
fact reduction techniques were applied in either the CT or MR
acquisition. Synthetic CTs were generated using MriPlanner (pros-
tate model version 1.1.7, Spectronic Medical AB, Helsingborg, Swe-
den) [5,8]. A representative patient’s planning CT, MR and sCT are
shown in Fig. 1.
Treatment planning

All treatment planning was carried out using RayStation (ver-
sion 7, RaySearch Laboratories, Stockholm, Sweden). The planning
CT was rigidly registered to the MR using the automatic mutual
information algorithm within RayStation. This is the clinical rou-
tine and the registration used in the study was the same registra-
tion used clinically. The sCT was in the same frame of reference as
the MR, so the same registration matrix (planning CT-MR) was
used with the sCT (planning CT-sCT). An external contour was
automatically outlined on the CT and sCT using a Hounsfield Unit
threshold of T = �250 HU. RayStation enables each imaging
machine to have its own Hounsfield Unit to mass density calibra-
tion curve. Therefore the CT was calibrated using data measured



Fig. 1. CT (a), MR (b) and sCT (c) images for a representative patient. The hip prosthesis can be clearly seen in the CT image but just produces a signal void on the MR. The hip
prosthesis produces artefacts across the whole image in the CT but only locally in the MR image. The over-ridden contour is shown on the CT in blue and the prostate contour
in red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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on the CT scanner and the sCT calibrated using data provided by
Spectronic Medical AB (see Fig. S1 for the two calibration curves).
The photon starvation artefacts from the prosthesis (but not the
prosthesis itself) in the CT image were outlined and set to unit den-
sity. Any air in the rectum in the CT was set to unit density. Both of
these contours were used clinically due to the lack of metal artefact
reduction techniques on the CT scanner. The over-ridden contour is
shown in Fig. 1.

The treatment plan used for the dosimetric comparison was the
clinical plan used for patient treatment. This consisted of a 6 MV
Volumetric Modulated Arc Therapy (VMAT) plan with one or two
partial arcs which avoided entering through the hip prosthesis.
For patients with left prostheses the arcs went from gantry angle
Gstart = 181� to Gstop = 10� (median, range Gstop = 350–15�). For right
prosthesis patients the arcs went from Gstart = 179� to Gstop = 350�
(median, range Gstop = 5–310�). The prescription dose was 60 Gy
in 20 fractions to 50% of the central Planning Target Volume
(PTV) using the CHHiP trial planning protocol [22]. A
2 � 2 � 2 mm3 dose grid was used which covered the external con-
tours of both CT and sCT. The treatment plan was recalculated on
the sCT keeping the monitor units, the dose grid voxel size and
the dose grid position the same.
Evaluation

The percentage difference in isocentre dose between the sCT
and CT was calculated using

DD ¼ 100
DsCT � DCT

DCT
ð1Þ

where DsCT was the dose at the isocentre for the sCT and DCT was the
dose at the isocentre for the CT.

The differences in dose to the PTV Dose–Volume Histogram
(DVH) points D2, D50, D98 and mean dose were calculated as a
percentage of the prescription dose [23]. Similarly the differences
in bladder DVH points D5, D25, D50 and mean dose, and rectum
DVH points D3, D30, D60 and mean dose were calculated as a per-
centage of the prescription dose.
A gamma analysis was performed comparing the dose calcu-
lated on the CT to the sCT using the Medical Interactive Creative
Environment (MICE) Toolkit (version 1.0.4, Umea University, Swe-
den) [24]. A 3D global gamma analysis was carried out within the
following structures: the external contour, the PTV and the volume
enclosed by the 50% isodose line. The gamma analysis criteria used
were a dose difference of 1% of prescription dose (60 Gy) and dis-
tance to agreement 1 mm and dose difference 2% and distance to
agreement 2 mm. All points below 10% of the prescription dose
were excluded from the analysis.

The 6 MV radiological water equivalent isocentre depth was
calculated at 5� angles for each image in the isocentre plane
[8,25]. For the CT the radiological isocentre depth was calculated
using density over-rides for the CT artefacts. For each patient the
difference in radiological depth (CT – sCT) at each gantry angle
was determined and the mean difference inside (within the start
and stop gantry angles, see Fig. 2(c)) and outside the clinical VMAT
arc calculated. The mean difference in radiological depth at each
gantry angle was computed for the left prosthesis and right pros-
thesis patients separately. The physical isocentre depth at each
gantry angle was also calculated as a measure of the difference
in external contour between the scans (which can be seen in the
gamma distribution in Fig. 2(c)), and the same analysis carried
out. The minimum distance between the PTV and the prosthesis
was also calculated for each patient using a distance transform
function within RayStation.
Results

The dose distributions calculated on the sCT were similar to
those calculated on the CT (see Fig. 2 for a typical patient), with
a mean isocentre dose difference of DD = (�0.4 ± 0.2)%
(mean ± standard error of the mean (sem), range �1.9%, 1.1%).
The mean dose differences in PTV, bladder and rectum DVH points
were similarly small (�0.4%, see Table 2).

The gamma analysis showed good agreement between CT and
sCT with a mean gamma pass rate within the external contour with

gamma criteria 1%/1 mm of C1=1
Body = (95.0 ± 0.5)% (sem, range



Fig. 2. Dose distributions on the CT (a) and sCT (b) for an example patient. The dose distribution is shown as % of the prescription dose. The gammamap with criteria1%/1 mm
within the external contour for the same patient is also shown (c). The clinical plan avoids the hip prosthesis, with the VMAT arc shown in yellow. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
The mean ± standard error of the mean (minimum, maximum) dose differences as a
percentage of prescription dose for the PTV, bladder and rectum DVH points.
Uncertainties are one standard error of the mean.

Structure DVH parameter Dose difference/%

PTV D2 �0.2 ± 0.2 (�1.2, 0.8)
PTV D50 �0.3 ± 0.1 (�1.0, 0.9)
PTV D98 �0.4 ± 0.1 (�1.4, 0.9)
PTV Mean �0.3 ± 0.1 (�1.0, 0.9)
Bladder D5 �0.3 ± 0.2 (�1.3, 1.0)
Bladder D25 �0.1 ± 0.1 (�1.3, 1.0)
Bladder D50 0.0 ± 0.1 (�1.0, 0.7)
Bladder Mean �0.1 ± 0.1 (�1.0, 0.7)
Rectum D3 �0.3 ± 0.1 (�1.1, 1.0)
Rectum D30 0.0 ± 0.1 (�0.8, 0.8)
Rectum D60 0.0 ± 0.1 (�1.1, 1.3)
Rectum Mean �0.1 ± 0.1 (�0.6, 0.7)
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90.9%–97.9%) and at 2%/ 2mm of C2=2
Body = (97.6 ± 0.3)% (94.5%–

99.5%). This analysis included large dose differences within the
prosthesis region which the sCT did not accurately reconstruct
(see an example in Fig. 2). The gamma analysis within the 50% iso-
dose volume, excluding the prosthesis region, gave improved

results with mean pass rates C1=1
50% = (98.5 ± 0.4)% (94.6%–100.0%)

and C2=2
50% = (99.98 ± 0.02)% (99.7%–100.0%). The mean gamma pass

rate within the PTV was C1=1
PT V = (94.8 ± 1.8)% (74.8%–100.0%) and

C2=2
PT V = (99.98 ± 0.01)% (98.9%–100.0%) for 1%/1 mm and

2%/2 mm respectively. The distribution of gamma passes can be
seen in Fig. 3. There appeared to be some dependence of the
gamma pass rate within the PTV on the minimum distance
between the PTV and the prosthesis (see Fig. 3).

The mean difference in radiological isocentre depth outside the

treatment plan arc, DdRad
Outside = (15.8 ± 2.6) mm (sem, range

1.2 mm–44.2 mm), was much greater than the mean difference

inside the treatment plan arc, DdRad
Inside = (�1.8 ± 0.5) mm (sem,

range �7.5 mm–2.0 mm). In contrast the physical isocentre depth
differences were similar inside and outside the treatment plan

arc, DdPhys
Inside = (1.0 ± 0.2) mm (sem, range � 0.9 mm–2.8 mm) and

DdPhys
Outside = (�0.3 ± 0.3) mm (sem, range 2.8 mm–1.7 mm). The radi-

ological isocentre depths as a function of gantry angle shows small
differences (<6 mm) inside the clinical treatment plan (see Fig. 4).
Discussion

This study has evaluated the dosimetric accuracy of applying a
commercial atlas-based prostate sCT algorithm to patients with
unilateral hip prostheses utilising a prosthesis avoidance planning
approach. Overall the dosimetric differences between sCT and CT
were small, with the mean isocentre dose difference and DVH dif-
ferences being �0.4%. As expected, the sCT algorithm did not accu-
rately represent the prosthesis, leading to very large differences in
radiological depth for that region. However, because the routine
clinical treatment planning approach was to avoid entering
through the prosthesis region (see Fig. 4), this difference in radio-
logical depth made very little difference to the dose distribution in
the high dose region. This can be seen by the small mean difference
in radiological depth within the VMAT arc. This is also shown by
the high gamma pass rates within the 50% isodose region (which

avoids the prosthesis) with a minimum pass rate of C1=1
50% = 94.6%

at 1%/1 mm and C2=2
50% = 99.7% at 2%/2 mm.

However the gamma pass rates for the PTV at 1%/1 mm for
some patients were substantially lower, with three patients having
pass rates <85%. The PTV gamma pass rate appeared to show some
dependence on the minimum distance from the PTV to the
implant, with all pass rates 92% occurring in patients with the min-
imum PTV-implant distance �3.5 cm (see Fig. 3). Visual inspection
showed that the gamma fails in these patients occurred in the
prosthesis side of the PTV. This suggests that the sCT algorithm
may not provide sufficient dosimetric accuracy for PTV’s close
(�3.5 cm) to the prosthesis. However another important consider-
ation is the accuracy of the dose calculated on CT in regions adja-
cent to the prosthesis. The prostheses produced substantial CT



Fig. 3. The distribution of gamma pass rates with different gamma criteria and masking structures (a) and the gamma pass rate within the PTV as a function of the minimum
distance between the PTV and the prosthesis (b). Masking structure 50% refers to the 50% isodose contour. The gamma criteria used in (b) was dose difference 1% and distance
to agreement 1 mm.

Fig. 4. The mean difference in radiological depth at each gantry angle for left
prosthesis patients (a) and right prosthesis patients (b). The shaded area indicates
the maximum range of gantry angles used in the clinical VMAT arcs.
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artefacts which were manually outlined and set to unit density
(water) on the planning system. This process may not have accu-
rately represented the patient anatomy which could be contribut-
ing to the dose differences observed for these patients. Future work
could investigate this by acquiring CTs with recently developed
commercial metal artefact reduction techniques [26] to improve
the gold standard CT the sCT is compared to. A final consideration
of the observed low gamma pass rates within the PTV for these
three patients is that the dose differences were still relatively
small, with the gamma pass rates at 2%/2 mm being 99.7% for
one patients and 100.0% for all 17 other patients. Therefore it is
likely that the dose differences for these patients would still be
considered clinically acceptable.

To the author’s knowledge no other study in the literature has
investigated the dosimetric accuracy of synthetic CTs for patients
with hip prostheses. The dosimetric results from this study were
similar to those reported using the same sCT algorithm on patients
without hip prostheses [5]. The DVH dose differences were all
<0.3% which compared well with the 0.4% found in this prosthesis
study. The mean dose differences in PTV, bladder and rectummean
doses all agreed within one standard error of the mean and the
range of dose differences in mean organ dose in this study
(�1.0% to 0.9%), was contained within the range reported in the
non-prosthesis study (�1.15% to 1.42%). This suggests that the
sCT algorithm has a similar level of dosimetric accuracy for
patients with hip prostheses as for patients without. The mean
dose differences in DVH points was also similar to the �0.5%
reported from the other commercially available sCT algorithm
[10], as well as within the 0.3–2.0% range of dose differences
reported within the literature [27].

This study has suggested that a sCT algorithm designed for
patients without hip prostheses can be used for prostheses patients
with a similar dosimetric uncertainty. This is a small increase in
dosimetric uncertainty compared to a MR-CT planning process,
but the MR-only planning approach has the advantage of reduced
geometrical uncertainty through removing the MR-CT registration
and its associated uncertainty. The dosimetric uncertainty of the
complete radiotherapy process is recommended to be within 3%
and the geometric uncertainty to be 2–4 mm, which requires the
uncertainty of any component of the radiotherapy pathway to be
�1% and �1 mm [28]. The mean dose difference reported here
was 0.4% and the estimated MR-CT registration uncertainty for
the prostate is 2 mm [4]. This suggests that a MR-only planning
technique using this commercial atlas-based sCT algorithm will
improve the overall radiotherapy accuracy for patients with hip
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prostheses. Using a standard sCT algorithm for hip prosthesis
patients will simplify MR-only workflows and enable prosthesis
patients to benefit from MR-only radiotherapy without the
requirement for specific algorithms to be developed.

Future work will investigate the feasibility of treatment plan
design and optimisation using the sCT, in particular determining
the start and stop angles of the treatment, and validate the algo-
rithm on a larger patient cohort. Successfully demonstrating this
will enable clinical implementation of MR-only planning for pros-
tate patients with unilateral hip prostheses utilising a standard
prostate sCT algorithm.

In conclusion, the dosimetric accuracy of a commercial prostate
sCT algorithm for patients with unilateral hip prosthesis appears to
be similar to the dosimetric accuracy of patients without prosthe-
ses, with mean dose differences �0.4% when using a VMAT
prosthesis-avoidance planning approach. This study suggests that
using a standard sCT algorithm is a promising approach for includ-
ing patients with hip prostheses within MR-only pathways.
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