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Introduction
The Northern Centre for Cancer Care installed its first  
MRI scanner dedicated for radiotherapy and oncology  
purposes in 2009, one of the first in the UK. Now with the 
hindsight of nearly ten years’ experience, the evolution and 
development of MRI in radiotherapy planning in Newcastle 
upon Tyne will be described, from the first prostate  
patients planned with an MRI fused with a CT, extending  
to other treatment sites, to the first UK prostate patient  
to be treated with an MR-only pathway. In 2009, MRI was 
introduced as an important addition to the conventional  
CT planning process; it now forms an indispensable part of  
the radiotherapy service and paves the way for MR guided 
radiotherapy treatments with the introduction of MR-linacs.

Setting up the service
In 2007-08, when the hospital produced the specification 
for tender, there was only one wide-bore MRI scanner on 
the UK market, the Siemens MAGNETOM Espree 1.5T.  
An evaluation visit to Umea University Hospital, Sweden 
was a key influence, as the Newcastle team were able to 
observe an MRI scanner set-up for radiotherapy treatment 
planning, complete with laser bridge and in-house  
manufactured flat couch-top. Encouraged by the Umea 
University team, the purchase of a Siemens MAGNETOM 
1.5T was confirmed in September 2008.

Multi-disciplinary collaboration was essential to the 
successful introduction of the service. Advice and guidance 
was provided by the Radiology Department throughout the 
planning, procurement installation and implementation 
stages. The appointment of an experienced MRI diagnostic 
radiographer was key, as their experience of sequence  
development as well as patient and staff safety provided 
some security in the early implementation phases.

Technical preparation
Commissioning for radiotherapy treatment planning 
In 2009, there was little published data on performance 
standards for an MRI scanner for radiotherapy purposes. 
The radiotherapy department had access to a set of  
MagNet MRI QC phantoms, no longer commercially  
available and a large field of view geometric distortion 
phantom designed and built in Newcastle University [1]. 

An Evaluation Report on the Siemens MAGNETOM 
Espree, published by the NHS Purchasing and Supply  
Agency was used for much of the QC development and  
initial performance tolerances. Extensive experience of 
commissioning CT scanners and treatment imaging  
modalities was relied upon to develop additional tests 
which would consider radiotherapy aspects such as detailed 
geometric accuracy testing.
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MRI RT planning specific equipment
At the inception of our clinical service, there was no com-
mercially available compatible flat couch top. We entered 
into a research collaboration with MediBord, Nottingham, 
UK to develop a bespoke flat couch top to fit with our  
scanner model and our preferred patient set-up. The couch 
top material is glass fibre which means the couch top is  

MRI commissioning tests
•  Laser positional accuracy
•  Couch level and scaling
•  MRI compatibility of Immobilization devices
•  Image quality
•  Large FOV geometric distortion
•  Geometric slice position and width
•  Data transfer inter-operability
•  Image fusion accuracy
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1   (1A) Medibord RT 
flat couch top (1B) 
access to head 
coil fixtures (1C) 
retaining access to 
coil securing fixtures 
and utilizing these 
fixtures for securing 
the couch top in 
position.

2   (2A) In-house 
manufactured coils 
support for pelvis 
imaging (2B) 
showing the  
couch securing 
mechanism and 
adjustable size.

1A 1B

1C

extremely light, at less than 4 kg, and easy to maneuver. 
This is particularly important when the radiotherapy couch 
top needs to be replaced by the diagnostic couch top for 
clinical trials patient scanning or diagnostic scans for radio-
therapy patients. The couch-top securing mechanism was 
designed to fit into the coil strap fittings on the Siemens 
MAGNETOM couch. The flat couch top was designed by 
NCCC staff and manufactured by Medibord. Figure 1 shows 
details of the couch top. 

When acquiring diagnostic MR images, typically the  
surface coils are directly wrapped around the patient. This 
can compress the patient’s skin, which is not appropriate  
for radiotherapy planning where an accurate image of the 
patient’s external contour is essential.

To avoid any distortion of the patient skin contour, coil  
supports for pelvis and head and neck were designed  
and manufactured in-house by the Mechanical Workshop, 
Northern Medical Physics and Clinical Engineering. The  
pelvis coil support secures in position in the coil strap  
fittings, is manufactured from polyethylene terephthalate 
glycol (PTEG) and polyvinyl chloride (PVC) and is adjustable 
to suit a range of patient sizes. Hook and loop fastening is 
fixed to the PTEG surface to assist with securing the coils 
onto the support. The coil support for pelvic imaging is 
shown in figure 2. 

The head and neck coil support is manufactured from 
PTEG and secured onto an in-house manufactured MRI com-
patible head board (Fig. 3).

2A 2B

3   In-house manufactured coils support for brain and head  
and neck imaging. 

3
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MRI safety
From the outset, it was clear that education and adjust-
ment was needed to safely introduce an MRI Suite in  
the center of a clinical radiotherapy treatment center.  
Considerations for access management to the MRI control 
area, were new concepts for radiotherapy staff who were 
more familiar with the model that any hazard was removed 
when the power was switched off. Management of projec-
tile hazards was also of concern. The MRI Suite control 
room door is key-coded to enable controlled access to  
the MRI control room and so to the MRI examination room. 
Early incidents of wiped credit cards and stopped watches 
served to underline the new working practices required. 

Clinical preparation
Development of radiotherapy specific MRI protocols was 
based heavily on those developed in Umea University, who 
provided extensive informal mentoring support in the set-
up of our service. 

Prostate
The first patient cohort to receive MRI RT planning acquisi-
tions was prostate patients. Two acquisition sequences were 
used: a 3D T2-weighted Sampling Perfection with Applica-
tion optimized Contrasts using different flip angle Evolution 
(SPACE) sequence which was optimized to image the entire 
patient outline with a small voxel size (1.2 x 1.2 x 1.7 mm3) 
and a high bandwidth to minimize geometric distortion, 
and a small FOV T2-weighted Turbo Spin Echo (TSE)  
sequence. The SPACE sequences has since been further  
optimized and the TSE sequence replaced with a Multi-Echo 
Data Image Contribution (MEDIC) sequence which is  
acquired over a smaller field of view to assist with the  
definition of the in-slice boundary of the prostate capsule.

A typical patient set-up is shown in figure 4, with  
details of the current acquisition protocols. 

Prostate delineation protocols were developed with  
the help of Radiologist input. This inter-disciplinary team 
identified a difference in imaging task between diagnosis 
and delineation. 

The experience of a radiologist identified the regions 
of disease within the prostate, but did not need to identify 
the boundary of the prostate gland, whereas a clinical  
oncologist needs to accurately delineate the boundary of 
the prostate gland. Cross disciplinary learning produced 
guidelines on prostate delineation based on MRI when 
fused with a planning CT. Methods of managing differenc-
es in patient anatomy between the MRI and CT scanning 
sessions were developed. There are inevitable patient  
set-up differences, both in posture and internal anatomy 
position. Rigid registration can take account of postural  
differences, but cannot completely compensate for differ-
ences in internal anatomy caused by changes in bowel  
and bladder filling. As the CT scan is used as the basis of 
the treatment plan and the reference image set for image 
guided radiotherapy, any differences in anatomy between 
CT and MRI tend to be compensated for by reverting to the 
CT anatomy as the gold standard. This inevitably compro-
mises the added benefit of the MRI acquisition and results 
in an ‘MRI guided CT delineation’ for prostate GTV with 
OARs delineated on the CT scan. This means that the excel-
lent MRI soft tissue image quality is not always able to be 
used to its full potential, providing experiential evidence  
of the benefit of an MR-only patient pathway. A typical  
CT-MRI image registration for a prostate patient, and the 
resultant dose distribution are shown in figure 5.

The clinical service was quickly extended to gynecolog-
ical EBRT sites in January 2010. It was found that the same 
T2 3D SPACE acquisition protocol was suitable for cervix 
and uterus visualization. The acquisition sequences have 
now further developed and include two 2D sequences to 
assist with delineation, as shown in Table 1.

4   Typical patient set-up for prostate MRI acquisition and  
MRI acquisition parameters.

Sequence name SPACE tse_vfl MEDIC

Echo time 211 ms 22 ms 

Repetition time 1500 ms 674 ms 

Flip angle 150o 28o 

Bandwidth 601 Hz/px 190 Hz/px 

Orientation Axial Axial 

Dimension 3D 2D 

Field of View 450 x 447.3 mm2 260 x 260 mm2 

Number of slices 120 34 

Voxel size 1.4 x 1.4 x 1.5 mm3 1.3 x 1.0 x 3.0 mm3
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5   CT-MRI image fusion with delineation and VMAT dose distribution.

Sequence name SPACE tse_vfl TSE TSE

Echo time 165 ms 102 ms 101 ms

Repetition time 2000 ms 9840 ms 6300 ms

Flip angle 150o 150o 150o

Bandwidth 651 Hz/px 140 Hz/px 150 Hz/px

Orientation Axial Sagittal Axial

Dimension 3D 2D 2D

Field of View 320 x 320 mm2 290 x 280 mm2 260 x 260 mm2

Number of slices 144 28 45

Voxel size 1.3 x 1.3 x 1.5 mm3 1.1 x 1.1 x 4.0 mm3 1.0 x 1.0 x 4.0 mm3

Table 1: MRI acquisitions for treatment planning of gynecological tumors.

Brain
MRI imaging for selected brain tumors was introduced in 
January 2011. Patients are scanned without the immobili-
zation device so that the head coil can be used. 

A T1 axial 3D sequence is used for delineation of the 
GTV. Typical patient images and the MRI sequence parame-
ters are shown in figure 6.

Head and neck
The introduction of MRI imaging for oro and hypo- 
pharyngeal tumors began in April 2011. Two sequences 

were developed to assist with GTV delineation and nodal 
and organ at risk delineation. A T1 VIBE post contrast  
acquisition was used to delineate GTV and a T2 sequence 
to delineate lymph nodes and organs at risk. Figure 7, 
shows a typical patient set-up and coil arrangement  
utilizing the in-house manufactured coil support. A second 
flex coil may be positioned over the patient’s shoulders if 
required. The MRI acquisition parameters are also shown  
in figure 7 and typical patient images and dose distribution 
shown in figure 8.
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6   Soft tissue detail on MRI [LHS]  
and CT [Center] with MRI parameters 
shown on RHS.

7   A typical head and neck coil arrangement and MRI acquisition 
parameters.

8   Typical image set (8A) CT, (8B) T1w VIBE (8C) dose distribution (8D) T2w TSE.

8A 8B 8C 8D

Sequence name fl3d_vibe

Echo time 2.39 ms 

Repetition time 9.00 ms 

Flip angle 12o 

Bandwidth 210 Hz/px 

Orientation Axial 

Dimension 3D 

Field of View 250 x 250 mm2 

Number of slices 192 

Voxel size 1.1 x 1.0 x 1.0 mm3

Sequence name fl3d_vibe TSE

Echo time 2.39 ms 89 ms

Repetition time 9.00 ms 6000 ms

Flip angle 12o 150o 

Bandwidth 210 Hz/px 159 Hz/px

Orientation Axial Axial 

Dimension 3D 2D 

Field of View 250 x 250 mm2 310 x 271.25 mm2

Number of slices 224 70 

Voxel size 1.1 x 1.0 x 1.0 mm3 1.1 x 0.8 x 3.0 mm3
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Rectum
Routine MR imaging for rectal cancer patients was  
introduced in April 2018. With MRI planning scans for anus 
patients then following in September, 2018. Patient set-up 
is similar to that for prostate patients. 

9   MRI-CT fusion for rectum and anus.

The MRI acquisition parameters are shown for rectum  
patients in Table 2 and for anus patients in Table 3. A typical 
example of CT-MRI image registration for planning of a  
rectal cancer is shown in figure 9.

Sequence name SPACE tse_vfl TSE TSE

Echo time 211 ms 102 ms 101 ms

Repetition time 1500 ms 9840 ms 6300 ms

Flip angle 150o 150o 150o

Bandwidth 601 Hz/px 140 Hz/px 150 Hz/px

Orientation Axial Sagittal Axial

Dimension 3D 2D 2D

Field of View 450 x 447.3 mm2 280 x 280 mm2 260 x 260 mm2

Number of slices 144 28 45

Voxel size 1.4 x 1.4 x 1.5 mm3 1.1 x 1.1 x 4.0 mm3 1.0 x 1.0 x 4.0 mm3

Table 2: MRI acquisitions for treatment planning of rectal tumors.

Sequence name SPACE tse_vfl TSE TSE

Echo time 165 ms 102 ms 101 ms

Repetition time 2000 ms 9840 ms 6300 ms

Flip angle 150o 150o 150o

Bandwidth 651 Hz/px 140 Hz/px 150 Hz/px

Orientation Axial Sagittal Axial

Dimension 3D 2D 2D

Field of View 320 x 320 mm2 280 x 280 mm2 260 x 260 mm2

Number of slices 144 28 45

Voxel size 1.3 x 1.3 x 1.5 mm3 1.1 x 1.1 x 4.0 mm3 1.0 x 1.0 x 4.0 mm3

Table 3: MRI acquisitions for treatment planning of anal tumors.
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SRS Brain
Newcastle is one of 17 Cancer Centers in England  
commissioned by NHS England to deliver Stereotactic  
RadioSurgery (SRS) and has been treating SRS patients 
since June 2015. Rapid access to planning MRI scans is  
essential to delivery of this service, particularly for patients 

travelling large distances. A range of MRI sequences are  
acquired, often tailored to the specific clinical presentation 
and vitally supported by neuroradiologists. Figure 10 
shows a range of SRS brain tumors with the MRI acquisition 
image and the treatment dose distribution.

10   SRS brain treatments showing a range of treatment sites with the dose distribution.

11   MRI planning image 
showing a cervical ring 
brachytherapy treatment. 
The dashed lines show  
the clinical delineations  
and the solid lines the 
brachytherapy dose 
distribution.

Metastases Meningioma Acoustic Neuroma Pituitary Adenoma
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Brachytherapy
MRI acquisitions for brachytherapy post-planning for  
prostate I-125 implants began in February 2010, with MRI- 
only planning for cervix brachytherapy being implemented 
in September, 2011. MRI-only planning for vaginal vault 
brachytherapy treatments was introduced in July, 2012 
when MRI was also introduced as a position check for  
vaginal vault applicator insertions for patients with inter-
mediate and high risk endometrial cancer. Figure 11  
shows a brachytherapy treatment for cervical cancer.

MRI-only planning
Our growing experience in CT-MR fusion for radiotherapy 
delineations emphasized the compromises that were  
necessary to account for differences in patient position  
and preparation between the CT and MRI imaging sessions. 
This was resulting in a limitation of the benefit of MRI as 
the CT image set was used as the standard where there 
were anatomical discrepancies between the CT and MRI. 
Feedback from Clinical Oncologists described increasing 
frustration at the compromises that were being imposed by 
limitations in the technique. NCCC has been investigating 
the technical development of an MR-only patient pathway 
since 2016 with research partners in Australia, UK and 
Sweden. Conventional CT-MR based radiotherapy planning 
utilizes the superior soft tissue provided by the MRI for  
target and OAR delineation, and the CT image to account 
for different types of tissue in the dose calculation. An  
MR-only pathway requires an appropriate dataset for dose 
calculation, a synthetic CT, and the NCCC research group 
have investigated the accuracy of available algorithms [2]. 

MR also suffers from geometric distortion, which  
is of some concern in radiotherapy planning image sets.  
A dedicated large field of view distortion phantom and  
automated analysis software was evaluated [3] and is now 
used in monthly quality assurance. Radiotherapy specific 
Quality Control programmes have been developed to  
ensure adequate geometric fidelity and demonstrate  
consistent performance of the clinical MR scanner. MR-only 
pathways are available in some European radiotherapy 
centers using X-ray IGRT treatment machines, but there is 
an important difference in the treatment pathway between 
these centers and NCCC. Prior to radiotherapy treatment 
being delivered at each visit, an imaging session is per-
formed on the treatment machine to ensure that the  
patient is set-up and aligned as accurately as possible.  
In the existing clinical centers in Europe, this is achieved 
using fiducial markers, whereas image matching using soft 
tissue anatomy is used in Newcastle, sparing the patient 
the procedure required to insert fiducial markers. This 
means that the MRI image used to develop the treatment 
plan can be used as a reference image for the on-treatment 
image verification.

Our research experience coupled with our clinical  
experience means we felt confident in making the step 
from research to routine for MR-only planning for prostate 
patients. Our first MR-only prostate patients were treated 
in January 2019. Figure 12 shows the clinical dose  
distribution on the synthetic CT and the dose difference  
between the clinical plan and the QA plan calculated on 
the back-up CT.

12   First MR-only prostate patient – dose distribution (12A) and dose difference to CT (12B).

12A 12B
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Planning for the future
As the replacement date of our radiotherapy MRI  
approached, MR acquisition activity was not enough to  
justify a second purchase and it was important to capture 
the clinical opinion of the role of MR in radiotherapy  
planning. A survey of Consultant Clinical Oncologists  
in NCCC was performed where participants were asked  
to score a range of statements on a five point scale for  
the treatment sites which were routine at the time of the  
survey [4]. The five point scale is shown on the next page.

The response rate was 73% and figure 13 shows the  
results for external beam treatment sites which include  
a planning MRI.

13   Responses for external beam treatment sites where a planning MRI is acquired.

Very Important Important Neutral Unimportant Very Unimportant

Prostate, Head + Neck, Gynae, SRS, Brain, Rectum, Sarcoma

MRI in the RT trt posn for TARGET DELINEATION

MRI in the RT trt posn for OAR DELINEATION

MRI within RT Department

Access, flexibility and control over appointments

Access to urgent patient appointments

Access for service development

Access for research development

Access for radiotherapy patients

Supports excellence in cancer care

78% 17% 6%

56% 33% 11%

78% 22%

72% 28%

83% 17%

83% 17%

78% 17% 6%

78% 22%

100%

The survey showed an overwhelmingly positive response 
for sites which currently receive planning MRI scans. When 
asked how important it as to acquire MRI scans in the treat-
ment position for target and OAR delineation, no Unim-
portant or Very Unimportant responses were received. 
The Neutral responses referred to Brain cases, where it 
was felt that although MRI is Very Important, the patient 
position is less so, as rigid registration within the skull of-
fers clinically acceptable results. There was also very strong 
support for the planning MRI scanner to be located within 
the radiotherapy department.
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Summary
NCCC were one of the first UK cancer centers to install a 
dedicated MRI scanner for radiotherapy planning, in 2009. 
The clinical workload and clinical scope has significantly 
increased over the first 10 years so that over 35% of radical 
patients in Newcastle now receive an MRI to improve  
their planning pathway. Practices and equipment have  
developed greatly over the past ten years and manufactur-
ers now offer commercial coil bridges and supports,  
however our experience with in-house developments  
may be useful on further developing commercial products. 
There was overwhelming clinical support to replace our  
radiotherapy MRI scanner and we are now looking forward 
to extending our MR-only pathway for prostate patients to 
other treatment sites, cementing MRI as indispensable to 
the radiotherapy pathway. The image (below) shows the 
NCCC MR in RT Team.
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Dr. H. M. McCallum  
Consultant Clinical Scientist  
Radiotherapy Physics  
Northern Centre for Cancer Care,  
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UK  
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Workflow, Dosimetric Quality and  
Daily Patient Positioning
Daniela Thorwarth1; Corinna Warschburger1; David Mönnich1; Ulrich Grosse2; Matthias Kündel2;  
Konstantin Nikolaou2; Daniel Zips3; Daniel Wegener3; Arndt-Christian Müller3 

1 Section for Biomedical Physics, Department of Radiation Oncology, University Hospital Tübingen, Germany
2 Department of Diagnostic and Interventional Radiology, University Hospital Tübingen, Germany
3 Department of Radiation Oncology, University Hospital Tübingen, Germany

Introduction
Over the past couple of decades, the adoption of MR imag-
ing in support of Radiation Therapy treatment planning has  
increased dramatically. As an example, MRI utilization in  
RT treatment planning in the United States increased from 
6% to 24% between 2006 and 2017 [1]. This growing 
trend can be contributed in part to the superior soft tissue 
contrast of MRI compared to CT imaging. This can allow to 
potentially have much more precise delineation of not only 
a patient’s tumor, but also of surrounding organs at risk 
(OAR). Additionally, MR offers functional imaging to derive 
more information on tumor activity and therapy response. 

However, the inherent limitation of MRI for RT plan-
ning compared to CT is that it has not been able to provide  

the electron density information which is needed for dose 
calculation in a treatment planning system (TPS). For this 
reason, and because CT provides good delineation of bony 
structures and the highest geometric accuracy in its imag-
ing, CT remains utilized in almost 100% of RT planning [1]. 
As such, more and more institutions are adopting a work-
flow which includes both traditional CT simulation for dose 
calculation but also MR simulation for superior and more 
precise delineation of tumors and surrounding OAR. 

A combined MR and CT workflow has the potential  
to provide higher accuracy in both target volume and OAR 
definition. From CT we obtain accurate dose calculations 
from attenuation tissue properties and generation of refer-
ence images (DRR) used for patient positioning and beam 
placement, and from MR, good soft tissue contrast as  
well as functional imaging. However, challenges of such  
a combined MR and CT workflow are also introduced. 
These challenges may include, for example, accurate  
image registration between MR and CT, patient scheduling, 
and financial issues such as reimbursement. 

Because of these challenges, institutions have been 
searching for ways to implement an MR-only workflow for 
their patient’s treatment planning. While research has been 
ongoing for a few years, commercially available features 
enabling an MR-only workflow have only recently become 
available. We describe a method that allows us to adopt an 
MR-only workflow. Synthetic CT is commercially available 
as part of the syngo.via RT Image Suite1 and is available for 
both brain as well as male and female pelvis.

1   Patient positioning example for MR sim for pelvis imaging 
including flat couch top overlay and dedicated coil holder  
(Qfix, Avondale, PA, USA) for body coil.

1 For 3T MAGNETOM Vida and 1.5T MAGNETOM Sola with software version  
syngo MR NXA11A or later.
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MR-only radiotherapy workflow
Patient preparation and MR imaging
Pelvic patients scheduled for MR simulation need to be  
examined in RT treatment position, i.e. a flat table top for 
the MR scanner is required in addition to a dedicated coil 
holder to fix the flexible radiofrequency (RF) body coil 
without deforming the patient contour, as depicted in  
Figure 1 Furthermore, all necessary positioning devices, 
such as knee fix, feet holder, etc. need to be available in 
MR-compatible fashion in order to position the patient  
accurately. Reference point markings need to be done us-
ing MR-visible markers and a MR-compatible laser bridge.

For the generation of a Synthetic CT (sCT), Siemens  
Healthineers offers dedicated Dixon sequences resulting  
in water, fat, in- and out-of-phase images which can then 
later be used to calculate Synthetic CT. To acquire the  
Dixon scans, the transversal field of view should encom-
pass the entire patient outline and needs to be centered 
right above the hips in z-direction in order to cover lumbar 
vertebra L3. Furthermore, additional scans in diagnostic 
quality should be acquired in order to allow accurate  
target volume delineation, such as e.g. T2-weighted 3D 
turbo spin echo (TSE), diffusion weighted (DW) MRI and 
eventually T1-weighted or other MR sequences, depending 
on the patient case.

Generation of Synthetic CT data
After successful acquisition of the Dixon scans, the four  
different data sets are imported into the syngo.via RT  
Image Suite (RTiS). Here, a dedicated tool for data manage-
ment is foreseen to calculate the CT based on the four  
Dixon-MR data sets. The resulting sCT data set is available 
in CT-dicom format and contains four different density 
compartments: fatty tissue, water-equivalent tissue,  
air and bone / dense bone (Fig.6). The data set is directly 
fused to the anatomical MR-data which have been acquired 
during the same session, i.e. contours generated on the 
anatomical MR can directly be saved on the sCT for later 
dose planning and calculation.

Clinical Synthetic CT images for pelvis
In a testing phase a total of n = 13 prostate cancer patients 
were asked to undergo MR simulation in addition to  
conventional CT simulation in order to evaluate sCT image 
quality, to investigate the dosimetric effects of using sCT 
data for RT dose calculation and to evaluate the usability  
of sCT data for daily positioning verification of the patient 
at a RT machine equipped with cone beam CT (CBCT). 
Three patients were imaged with the MAGNETOM Skyra2 
3T scanner, five patients were imaged with the  
MAGNETOM Aera2 1.5T scanner, and five patients  
were imaged with the MAGNETOM Vida 3T scanner.

2   Four reference MR images acquired with the Dixon scan protocol (2A) water, (2B) fat, (2C) in-phase and (2D) out-of-phase Dixon data.  
(2E) Displays the Synthetic CT data set reconstructed from data sets (2A-D). 

2A 2B

2C

2E

2D

2 Work in progress: the application is currently under development and is not for sale in the U.S. and in other countries. Its future availability cannot be ensured.
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Figure 2 displays the four different Dixon-MR sequences  
from which the respective sCT is derived for an exemplary 
patient case.

In Figure 3, the Synthetic CT is compared to the real 
planning CT taken for this patient on the same day.

Contouring of tumor regions and organs at risk is done 
based on the anatomical T2w MRI data set after MR sim. 
The RT structure set is saved together with the sCT which 
facilitates transfer of the data to the RT planning system 
and subsequent treatment planning.

Evaluation of Synthetic CT  
dose calculation accuracy
For all patients included into this study, the accuracy  
of dose calculation based on the sCT was evaluated by  
comparing the 3D dose distribution to the planning CT.  
For treatment planning, the Tübingen in-house planning 
system for intensity modulated radiotherapy (IMRT) was 
used. For all patients, planning CT data including planning 
target volume (PTVpCT) and organ at risk (OARpCT) contours 
were available. After dedicated planning MR (pMR)  
examinations, sCT were calculated and a second set of  
PTVpMR and OARpMR contours were created based on the  

3   Synthetic CT (left) compared to conventional planning CT (right) of the same patient.

Synthetic CT Planning CT

4   Synthetic CT (4A) with radiotherapy contours for planning target volume (PTV) in orange, rectum in pink and bladder in yellow which were 
created using an anatomical T2w TSE MRI (4B).

4A 4B
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6   Planning CT with original dose 
distribution and DVHs for 
volumes created on the pCT 
(upper row). Synthetic CT with 
contours defined on the planning 
MR and corresponding DVHs for 
recalculated dose based on sCT 
(lower row).
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5   Relative dose distribution 
recalculated on the sCT (5A), 
compared to the original dose 
distribution calculated on the 
planning CT (5B).

5A

5B
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7   Gamma map of a representative section of one patient case, generated with the software tool VeriSoft (PTW Freiburg, Germany).  
Here, an agreement according to the gamma criterion 3%/3 mm is reached in 99.6 % of all voxels.

anatomical T2w MRI. Then, an IMRT plan was optimized  
for the planning CT. The final plan was then recalculated 
on the sCT using Monte Carlo dose calculation with a  
maximum uncertainty of 1%. Dose volume histograms 
(DVH) were compared for PTVpCT/PTVpMR and OARpCT/OARpMR, 
respectively. Furthermore, the 3D dose distributions  
which were obtained using the planning CT and the sCT 
were compared using a gamma analysis with a gamma  
criterion of Γ = 3%/3 mm. In a last step of this analysis,  
the sCTs were exported to the treatment machine  
(Elekta AB, Sweden equipped with CBCT) in order to  
evaluate the accuracy of using sCT data for daily  
positioning verification.

Figure 5 shows dose distributions for the same plan  
calculated on the original planning CT and the MR-based 
sCT. Depending on the actual patient positioning during 
planning CT and subsequent MR simulation, overall very 
good agreement between the original dose distribution 
and the dose recalculated on the sCT was observed in  
this study.

Figure 6 displays the DVH analysis for one patient, 
comparing for DVHs for the contours defined on the  
planning CT (pCT) and the original dose distribution with 

the DVHs of volumes defined on the planning MR (pMR) 
and the dose recalculated with the sCT. 

The gamma analysis shown in Figure 7 nicely shows 
the high level of agreement when comparing the original 
dose distribution with the dose recalculated on the sCT. 
Overall, a mean agreement of 98.7 % (range: 98.0 –  
99.9 %) was found in this study.

In a last analysis step, the accuracy of using sCT for 
daily CBCT position verification was checked for this patient  
population by comparing sCT-CBCT registration results  
to pCT-CBCT registrations. Daily positioning accuracy was  
calculated to six degrees of freedom (three translational 
and three rotational axes). Each translation/rotation  
vector was calculated using either the pCT or the sCT as  
a reference scan. In total, mean differences of 3.4 mm /  
1.5 mm / 4.8 mm in x-, y- and z-direction respectively 
(range: 0 – 10.6 mm ) were observed as well as mean  
differences in the rotational degrees of freedom of 1.8° 
(range: 0 – 5.18°).

Figure 8 shows a comparison of using the original 
planning CT vs. the sCT as a reference image to be 
matched with the daily CBCT in the XVI matching tool 
(Elekta AB, Sweden).
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Contact 
Daniela Thorwarth 
Section of Biomedical Physics 
University Hospital for Radiation Oncology 
University of Tübingen 
Hoppe-Seyler-Strasse 3 
72076 Tübingen 
Germany 
daniela.thorwarth@med.uni-tuebingen.de

8   Comparison of using original planning CT data for daily position verification with respect to the CBCT (8A, B) vs. using the sCT data set  
as a reference image for daily position verification (8C, D).

8A 8B

8C 8B

Reference

1 Lorna Young et al., IMV Radiation Therapy Market Summary Report. 
Oct 2018.

Discussion
In this study involving 13 patients with cancer treatments 
planned in the pelvic region, the sCT workflow proposed  
by Siemens Healthineers was tested and evaluated in  
terms of dosimetric accuracy, image quality and suitability 
of sCT to be used for daily positioning verification at the  
RT treatment machine. 

Overall, the MR simulation workflow is straight  
forward and ready to be used in academic departments  
as well as for clinical routine. Dedicated sequences are 
available to be applied during the MR examination.  
An essential prerequisite for accurate reconstruction of  
the Synthetic CT is the selection of a correct field of view 
for the Dixon sequences. The sCT data consist of four  
different density compartments, which results in a  
dosimetric accuracy of 1 – 2%. However, the evaluation  
of the dosimetric accuracy depends strongly on the posi-
tioning of the patient. If small discrepancies exist between 
patient positioning during pCT and pMR, this will result  
in dosimetric differences. However, in the pelvic region, 

sCT seems to present accurate dose calculation accuracy 
for clinical radiotherapy treatments. Furthermore, MR  
simulation which comes together with sCT reconstruction 
is providing excellent soft tissue contrast and thus allows 
for more accurate target volume delineation.
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On account of certain regional limitations of sales rights 
and service availability, we cannot guarantee that all  
products included in this brochure are available through 
the Siemens sales organization worldwide. Availability and 
packaging may vary by country and is subject to change 
without prior notice. Some/All of the features and products 
described herein may not be available in the United States.

The information in this document contains general  
technical descriptions of specifications and options as  
well as standard and optional features which do not always 
have to be present in individual cases, and which may not 
be commercially available in all countries.  

Due to regulatory reasons their future availability  
cannot be guaranteed. Please contact your local  
Siemens organization for further details.

Siemens reserves the right to modify the design,  
packaging, specifications, and options described herein 
without prior notice. Please contact your local Siemens 
sales representative for the most current information.

Note: Any technical data contained in this document  
may vary within defined tolerances. Original images  
always lose a certain amount of detail when reproduced.
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