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Day 1: Wednesday the 7th of December 

Education Session  

Session Chairs: Kate Skehan and Shivani Kumar 

9:00 – 1:00pm 

9‐10:00am  Dr Richard Speight (NHS) Talk – Title TBA 

10‐10:15am  Q&A with Dr Richard Speight 

10:15‐10:30am  Laura O’Connor: Magnetic Resonance Imaging to Cone Beam Computed Tomo  

10:30‐10:45am  Kate Skehan: Implementation of a dedicated MRI protocol for RT planning 

10:45‐11:15am  Morning Tea 

11:15‐12:15pm  Dr Donald McRobbie: MRI safety first and safety second 

12:15‐12:30pm  Q&A with Dr Donald McRobbie 

12:30‐12:45pm  Min Ku: Development of a Professional Certification for Radiation Therapists 
Undertaking MRI 

12:45‐1:00pm  Shivani Kumar: Implementation of workflows for the Australian MRI Linac 

1:00‐2:00pm  Lunch 

 

Session 1: Solving Clinical Problems  

Session Chairs: Farshad Faroudi and Sirisha Tadimalla 

2:00 – 3:00pm 

2:00‐2:15pm  Leah McDermott: Plan Adaption Sanity Check for MR‐Linac Adapted Treatment 

2:15‐2:30pm  Madiha Tai: The use of Electron Contamination Deflector 

2:30‐2:45pm  Elizabeth Patterson: Electron Streaming Dosimetry on the Elekta Unity MR‐Linac 

2:45‐3:00pm  Sarah Elliott: Assessment and Shielding of Electron streams for APBI on Unity 

3:00‐3:15pm  Julie Burbery & Crispen Chamunyonga: Keeping Abreast of MR Technology: 
Developing educational opportunities 

3:15‐3:30pm  David Crawford: Dose Escalated Stereotactic Ablative Radiotherapy of Pancreas 
3:30‐4:00pm  Afternoon Tea 

 

Session 2: Building Better Systems  

Session Chairs: Stuart Crozier and Laura O’Connor 

4:00 – 6:00pm 

4:00‐4:15pm  David Waddington: Advanced Reconstruction with Deep Learning for ultralow field 
MRI 

4:15‐4:30pm  Esther Wong: Extended FOV Imaging on the Australian MRI Linac 

4:30‐4:45pm  Shanshan Shan: Motion‐Corrected Image Reconstruction using and unrolling network 

4:45‐5:00pm  James Grover: Super‐Resolution Imaging on the Australian MRI‐Linac 

5:00‐5:15pm  Paul Liu: In Silico Demonstration of MR‐Guided Multi‐leaf Collimator Tracking 

5:15‐5:30pm  James Korte: Magnetic Resonance Biomarker Assessment Software 

5:30‐5:45pm  Mingyan Li: Initial imaging results using the 8‐element torso coil array for the 
Australian MRI Linac system 

5:45‐6:00pm  Paul Keall: Towards MRI‐Guided Proton Therapy: The ultimate Cancer Treatment 

END OF CONFERENCE PROCEEDINGS FOR DAY 1 

 

 

 

 

 

 

 

 

 

 

 



Day 2: Thursday the 8th of December 

Session 3: International Speaker Presentations 

Session Chairs: Paul Keall and Sarah Elliott 

9:00 – 11:00am  

9:00‐9:45am  Dr. Percy Lee: MRI‐Guided Radiotherapy: A New Standard of Care? 

9:45‐10:00am  Q&A 

10:00‐10:45am  Dr. Neelam Tyagi: Pancreas stereotactic ablative RT on a 1.5 Tesla MRI‐linac 
system 

10:45‐11:00am  Q&A 

11:00‐11:30am  Morning Tea 

 

 

Session 5: Better and Faster Images  

Session Chairs: Brad Oborn and Yu Feng Wang 

2:30 – 4:45pm  

2:30‐3:00pm  Marco Mueller: Clinical Applications of APTW CEST Imaging in Brain Cancer 

3:00‐3:15pm  Philip Martin: Repeatability of Quantitative MRI Radiomic in Glioblastoma 

3:15‐3:30pm  Dominique Mathieu: Inter‐Fraction T2/Flair Variation During MRI‐Guided 
Radiotherapy 

3:30‐4:00pm  Afternoon Tea 

4:00‐4:15pm  Sweet Ping Ng: Automatic Segmentation of Salivary Glands and Skeletal Muscles 

4:15‐4:30pm  Stephen Gibson: Seeing the Beam: First‐Time Imaging of the B0 Variation 

4:30‐4:45pm  Elia Lombardo – Offline and Online LSTM Networks for Respiratory Motion 
Prediction at MR‐Linacs 

END OF NORMAL CONFERENCE PROCEEDINGS FOR DAY 2 

 

6:30pm: Conference Dinner (Hawaiian Shirt Themed) 

 

 

 

 

Session 4: Adapting to Change and Managing Motion  

Session Chairs: Peter Metcalfe and Urszula Jelen 

11:30 – 1:30pm 

11:30‐11:45am  Paul Keall: ICRU Report on MRI‐Guided Radiation Therapy using MRI‐Linacs 

11:45‐12:00pm  Yu Feng Wang: Quantitative imaging biomarkers: reliable detection of 
treatment‐related changes from measurement uncertainty 

12:00‐12:15pm  Maxwell Eastwood: Comparison of Adaptive and Non‐Adaptive Radiation 
Therapy plans using deformable 

12:15‐12:30pm  Maddison Picton: Adaptive MR Guided Radiotherapy for Head & Neck Cancer 

12:30‐12:45pm  Parmoun Daghigh: Assessing Real‐Time Liver Motion Monitoring on the Elekta 
Unity MR‐Linac 

12:45‐1:00pm  Reza Alinaghizadeh: Motion Evaluation for the Abdomen Imaging on Elekta MR‐
Linac 

1:00‐1:15pm  Sirisha Tadimalla: Personalised liver Stereotactic body RT using MRI 

1:15‐1:30pm  Felicity Height: Initial Experience with Daily ART for APBI on unity 

1:30‐2:30pm  Lunch 

1:45‐2:30pm  ACPSEM MRI‐Linac Working Group Meeting (in the conference room) 



Day 3:  Friday the 9th of December 

Session 6: Dosing Up  

Session Chairs: David Waddington and Leah McDermott 

9:00 – 10:15am  

9:00‐9:15am  Amrinder Chhabra: Beam Matching for Two 1.5T MR Linacs 

9:15‐9:30am  Alex Burton: The Current Status of MR‐Linac Dosimetry Audits: An Update from 
the ACDS 

9:30‐9:45am  Brendan Whelan: Open Source Toolkit for Quantification, Reporting and 
Correction 

9:45‐10:00am  Sweet Ping Ng: Early Experience of MR‐Guided Radiotherapy for Brain, Head 

10:00‐10:15am  Tamara Barry: New Kids on the Block: Winning and Learning ‐ the PAH MRI Sim 
Service 

10:15‐10:45am  Morning Tea 

Session 7: No CT Required  

Session Chairs: Peter Greer 

10:45 – 12:20pm 

10:45‐11:00am  Yosef Al‐Abasse: Prostate Cancer Treatment: Validation of air coils and synthetic 
CT images 

11:00‐11:15am  Jonathan Goodwin: Susceptibility based detection of gold seed fiducial markers 

11:15‐11:30am  Hilda Chourak: MRI‐Only Radiation Therapy for Prostate Cancer: 

11:30‐11:45am  Peter Greer: The NINJA MRI‐Only Implementation Substudy‐Preliminary results 

11:45‐12:00pm  Laura O’Connor: Comparison of Popular SCT Generation methods for MRI 

12:00‐12:15pm  Urszula Jelen: Towards Simulation‐Free MR‐Linac Treatment Planning 

12:15‐12:20pm  Conference close 

12:30‐1:30pm  Lunch 

END OF CONFERENCE PROCEEDINGS FOR DAY 3 

1:30‐2:30pm   TROG Special Interest Group Meeting (In the conference room) 



 

 

  

  
 

MAGNETIC RESONANCE IMAGING TO CONE BEAM COMPUTED TOMOGRAPHY 

TREATMENT VERIFICATION FOR PELVIC MALIGNANCIES  
Laura M O’Connor1,2 , Alesha Quinn1, Samuel Denley1, Lucy Leigh3, Jarad Martin1, Jason A Dowling4, Kate Skehan1, 

Helen Warren-Forward2, Peter B Greer1,5 

 
1 Department of Radiation Oncology, Calvary Mater Hospital, Edith Street, Waratah, Newcastle, NSW, Australia, 2298 
2 School of Health Sciences, University of Newcastle, University Drive, Newcastle NSW, Australia, 2308 
3 Hunter Medical Research Institute, Lot 1 Kookaburra Ct, New Lambton Heights NSW, 2305 
4 Australian E-Health Research Centre, Commonwealth Scientific and Industrial Research Organisation (CSIRO), Bowen 
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Introduction: Magnetic Resonance Imaging 

(MRI)-only treatment planning supersedes the con-

ventional use of a simulation computed tomography 

(CT) scan for treatment planning. In the radiation 

therapy workflow, the treatment planning data set is 

also utilised for daily online image guidance. There-

fore, in the absence of a planning CT scan in MRI-

only workflows, image guidance solutions also need 

to be evaluated. The treatment planning and delivery 

systems are designed so that current departmental 

procedure uses the sCT as a reference image for im-

age guidance on treatment. However, given the sCT 

is not a true anatomical image, but a synthetically 

generated density map for dose calculation, it should 

ideally not be used for image guidance. As current 

practice is to use CT to CBCT as image guidance, it 

should be determined if the substitution of MRI to 

CBCT for image guidance affects the accuracy of the 

image matching, due to the different tissue contrasts. 

Previous work in this area for prostate matching 

identified that a training package reduces the inter-

user variability in MRI-CBCT matching, to align 

with the variability of CT-CBCT matching values1. 

This study aimed to implement an MRI treatment 

image guidance training package and to assess the 

viability of MRI to Cone Beam Computed Tomogra-

phy (CBCT) based image guidance for MRI-only 

planning treatment workflows for a variety of pelvic 

treatment sites. 

Materials and Methods: Planning CT and MRI 

were acquired in the treatment position, utilizing position-

ing tattoos and patient specific ancillary equipment for 

similar alignment of patients between the scanning modali-

ties. An MRI image matching training package was 

developed by MRI radiation therapists. Ten radiation 

therapists, with a range of clinical experience and 

MRI experience, underwent the training package 

prior to matching assessment. The matching assess-

ment was performed on four match regions: prostate 

gold seed, prostate soft tissue, rectum/anal canal and 

gynaecological. Each match region comprised of 

three CBCT matches per patient and five patients per 

region. The ten radiation therapists performed the 

CBCT image matching to CT and to MRI for all re-

gions and recorded the match values.    

Linear fixed effects modes were utilised to esti-

mate the mean shifts (and standard error) for CT-

CBCT and MRI-CBCT respectively for each area. 

These were adjusted for radiation therapist and MRI 

experience. The inter-observer errors (IOE) were also 

calculated (as the standard deviation of the 10 radia-

tion therapist measures) per image, for each direction 

of measurement, for CT-CBCT and MRI-CBCT re-

spectively . 

  Results: As shown in figure 1, the median inter-

observer error for MRI-CBCT matching and CT-

CBCT matching for all regions were within 2mm and 

1 degree. There was no statistically significant asso-

ciation in inter-user variation in mean match values 

for radiation therapist experience levels. There was 

no statistically significant association in inter-user 

variation in mean match values for MRI experience 

levels for prostate soft tissue a gynaecological match 

regions, while there was a statistically significant 

difference for prostate gold seed and rectum match 

regions. 

Figure 1. Box and Whisker plot comparison of MRI-CBCT and 

CT-CBCT match values for prostate soft tissue, prostate gold-
seed, rectum and gynaecological matching sites (lateral, long and 

vertical (mm), rotation (⁰)) 

 

Conclusions: The results of this study support 

the concept on MRI to CBCT image guidance in a 

MRI-only planning workflow.   

 

References:  
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Implementation of a dedicated MRI protocol for RT planning 
Kate Skehan1, Matthew Richardson1, Samuel Dickson1, Kate Martin1, Geetha Govindarajulu1, Swetha Sridharan1  

1 Calvary Mater Hospital Newcastle, kate.skehan@calvarymater.org.au 
 

Introduction: The utilisation of dedicated MRI 
simulators is of high importance for RT depart-
ments. The recently published scientific reports 
by AAPM [1] and IPEM [2] setting out recom-
medations for clinical implementation of MR-Sim 
have further highlighted the importance of RT-
specific scan protocols.  

One area identified which would benefit from 
a dedicated MRI-Sim protocol was in gynacologi-
cal cancers. Accurate anatomical identification is 
critical in this cohort to ensure the target is not 
under-treated and to limit the dose to surround-
ing normal tissues.[3-5]. Our departmental clini-
cal practice was for gynaecological patients to 
receive two CT scans at simulation; one full blad-
der and one empty bladder scan with tampon in-
situ. This was complimented with a full and empty 
bladder T2-weighted MRI scan. Diagnostic MRI 
exams historically have generated vaginal opacifi-
cation methods to distend and delineate the vagi-
na. This is not recommended for gynaecological 
RT planning as a distended vaginal volume cannot 
accurately be reproduced for daily treatment.  

Fusion of planning CT and MRI scans led us to 
ponder if tampons do not reveal the true shape 
and extent of the anatomy [4]. We theorised a 
method to improve visualisation of the true extent 
of the vaginal vault, without deforming the natu-
ral anatomy using MRI simulation for RT plan-
ning. 

 
Materials and Methods: We modified the diag-

nostic opacification technique for use in MRI sim-
ulation with the alternate goal of delineation and 
visualisation; without distension. The standard 
diagnostic 60cc of ultrasound gel, considered the 
correct amount for distension, was then tested in 
varying lesser amounts. Aquasonic 100® ultra-
sound transmission gel was warmed to 36ᵒC and 
delivered vaginally on the MRI couch by a Radia-
tion Oncologist using a sterile 50ml catheter tip 
syringe pre imaging. During testing both CT + 
tampon and MRI + vaginal gel simulation scans 
were acquired for comparative qualitative imag-
ing. 

 
Results: After trialling varying volumes of ul-

trasound gel, 10-15cc was found to be optimal for 
most patients. We observed with this amount of 
gel the superior aspect of the vaginal vault and 
cervix is well visualised on T2 imaging, whilst 
tending not to unfold the natural fornices of the 
collapsed vagina (Fig. 1). 

 
Figure 1 A 38 year old female with cervical squamous cell 
carcinoma. (A) Sagittal CT reconstruction with tampon in-situ. 
(B) Sagittal T2-weighted image with vaginal gel in-situ. (C) 
Axial CT with tampon in-situ. (D) Axial T2-weighted image 
with vaginal gel in-situ. 
 
Conclusions: The adaption of this diagnostic tech-
nique has facilitated more accurate contouring of 
the natural vaginal anatomy in gynaecological 
cancers. We feel this is an example of the direct 
clinical benefits of effective communication, col-
laboration and  expertise sharing across speciali-
ties. Close partnerships between the MR and Ra-
diation Oncology communities is critical for utili-
sation, growth and improved outcomes[6].  
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DEVELOPMENT OF A PROFESSIONAL CERTIFICATION  
FOR RADIATION THERAPISTS UNDERTAKING MRI 

Min Ku1, Tanya Morgan1 
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Introduction: The Australian Society of Medical 
Imaging and Radiation Therapy (ASMIRT) is the 
peak body representing medical radiation practition-
ers in Australia. Currently ASMIRT offers a broad 
range of certification options and are looking to in-
crease this suite to include Magnetic Resonance (MR) 
certification for radiation therapists. The current certi-
fications consist of a theoretical examination and com-
pletion of clinical examinations and provides a nation-
ally recognised benchmark for professional practice. 
This presentation details the development of a profes-
sional certification from inception to implementation. 
 

Materials and Methods: The first MRI linear ac-
celerator (MR Linac) was installed in Australia in 
2019.1 With the progression of technology and the 
ability to facilitate online MR-guided adaptive radio-
therapy, the need for further education for radiation 
therapists in MRI was critical. Furthermore, radiation 
therapists undertaking MRI are required to meet the 
regulatory authorities’ Professional capabilities for 
medical radiation practice Domain 1: Key Capabilities 
8 & 9.2 
 
In June 2020, the Queensland University of Technol-
ogy (QUT) commenced an on-line short course in 
MRI for radiation therapists.3,4 As an extension of this 
program, a collaboration between QUT and ASMIRT 
was created to develop a novel certification to enhance 
the MR knowledge and skills of radiation therapists. 
 
ASMIRT committee and reference group members, 
comprising MR experts and educationalists, were 
tasked with the development of a certification syllabus 
that would reflect the professional skillset of a radia-
tion therapist performing MR imaging. The collabora-
tion determined a consensus of syllabus content, and 
the subsequent development of the certification exam-
ination questions was undertaken in partnership with 
QUT. 
 
The next step was to deliver a pilot examination for 
radiation therapist practitioners of varying clinical ex-
perience, from those a few years post undergraduate 
university graduation, and those that had undertaken 
vendor and other MRI knowledge-based training.  
 
Organisations that currently undertake MR Simula-
tion and MR Linac treatments were approached to ad-
vise of the pilot, and to seek volunteers to participate. 
 

      Results: A total of three organisations agreed to 
participate in the pilot to be held in November 2022. 
Participants were provided with the syllabus and in-
formation regarding the online examination process 
three months prior to the examination.  
 
Surveys will be distributed post pilot certification ex-
amination.  
 

Conclusions: The development of this novel cer-
tification will provide practitioners and employers 
with direction for study and educational programs. It 
presents a benchmark of industry-standard skill, and 
formal professional recognition of the ability for the 
MR radiation therapist. 
 

Acknowledgements: The authors wish to thank 
the volunteers who participated in the pilot, ASMIRT 
committee and reference group members, QUT and 
the ASMIRT Board of Directors. 
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Introduction: MR guided radiotherapy provides op-

portunities to benefit patients through advanced imag-

ing. However successful implementation of MRI in 

RT requires workflow modifications, comprehensive 

training and collaboration across departments.1-3 The 

volume of information and planning can be challeng-

ing. Current workflows for the two commercially 

available system require considerations regarding ap-

propriate patient selection, treatment planning, immo-

bilization and plan adaption criteria. While there is 

vendor support for training and commissioning there 

is a steep earning curve to implement and successfully 

execute MR guided radiotherapy (MRgRT). For the 

Australian MR Linac (Aus MRL) this process is even 

more complex and challenging. This work will focus 

on describing the radiation therapist perspective of 

clinical development and implementation of MRgRT 

workflow for the Aus MRL.  

 

 

Methods: The learning curve for the Aus MRL has 

different complexities and challenges as we move to-

wards patient treatment. The Aus MRL4 is a split bore 

inline configuration with 1 tesla magnet and 6MV 

beam. The bespoke nature of the machines meant 

we’ve had to develop the system including tabletop 

design, immobilisation, imaging workflows and treat-

ment verification and records.  The radiation therapy 

team provided input in the design, working in close 

collaboration with the medical physicist, MRI physi-

cists, MRI radiographers, imaging scientists and engi-

neer and radiation oncologist.  

 

Results:  

MR safety training and risk assessment was prioritised 

as the first task to be developed and completed by all 

staff involved in the project. This training was done as 

an extension to existing MRI simulator safety training 

at Liverpool Cancer Therapy Centre. The patient 

workflow from simulation to treatment was developed 

and tested taking into consideration the Aus MRL re-

quirements. Workflows such as simulation procedure 

had to be developed to accommodate for the couch top 

design and bore size limitations. MRI sequences were 

optimised for the purposes of radiotherapy target vis-

ualisation, matching, and real-time monitoring.  Soft 

tissue image matching and verification workflow was 

developed. To ensure competency and confidence 

with the proposed workflows, end to end workflow 

was simulated including introduction of known errors 

that may have an impact on the accuracy of treatment 

delivery.  This allowed the team to develop familiari-

sation with the process and identify process improve-

ment following each end-to-end session.  

 

Conclusion: While the development and implementa-

tion of the radiation therapy workflow for Aus MRL 

was challenging, this process has allowed radiation 

therapists to gain an in depth understanding of 

MRgRT. This knowledge and hands on experience of 

developing a tailored workflow would not have been 

feasible on a commercial MRgRT system implemen-

tation. Having radiation therapist involved in the de-

sign process also provided valuable knowledge from 

patient perspective that can be overlooked in a tech-

nical setting.  
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PLAN ADAPTION SANITY CHECK FOR MR-LINAC ADAPTED TREATMENT 
Leah McDermott1, Rob Behan1, Reza Alinaghi Zadeh1, Sandie Fisher 1 
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Introduction: The MR Linac introduces daily 
adapted MR-based treatment planning into the 
clinic. This requires a novel and complex work-
flow with associated training/skills development 
and quality assurance challenges. This work 
describes an integrated software tool that pro-
vides a plan adaption sanity check (PASC) of 
treatment parameters for the MR Linac (Unity 
1.5T, Elekta, Crawley UK). The tool records QA 
and other treatment information in a single da-
tabase for all patients. The aim was to create a 
well organised and automated data registry for 
patient treatment verification, trend analysis, 
clinical trial data collection and treatment effi-
ciency and consistency. 

 
Material and Methods:  The tool was devel-

oped using a Python script (Python v3.8; IDE 
Spyder v4.1.5). It combines data directly read 
from MOSAIQ v2.83 (Elekta, Crawley UK) and 
the treatment planning system (TPS) Monaco 
v5.51 (Elekta, Crawley UK). Following extensive 
testing, data from 38 patients was recorded from 
August 2021 to October 2022. At the outset of 
the clinical workflow of each fraction, the patient 
is opened in PASC and previous fraction data is 
available to review or a new fraction is created. 
The user enters single-click time-stamp data at 
specific time points during treatment from pa-
tient entry to exit. Comments about the patient’s 
position, image fusion and plan adaption are 
entered, as well as the patient’s music prefer-
ences. Once the treatment plan has been ap-
proved and sent to MOSAIQ, the beam data for 
1) reference plan,  2) adapted plan and 3) deliv-
ery plan (MOSAIQ) are loaded into PASC. Per 
field treatment plan parameters (monitor units, 
segments and gantry angles) are compared be-
tween all beam data sets, with values outside 
preset difference-ranges highlighted and flagged 
for review. All MR scan types and times ac-
quired are listed, as well as plan rescaling and 
isocentre shifts, plotted for all fractions to date. 

 
Results: Tests showed PASC can easily 

alert the treatment team to discrepancies ex-
ceeding pre-set limits between the reference 
and adapted beam data, and ensure the 
adapted and delivery plans are identical. Alerts 
are also raised for unexpected differences in 
isocentre shifts and MR details. During testing, 
simulated discrepancies were introduced to val-
idate PASC automated checking process. Anal-
ysis of clinical trends in iso-shifts showed aver-
age posterior drop of 3.5mm over 30 fractions, 
but L-R and C-C directions were stable. This 

was due to a range of causes, including chang-
es in patient weight, hair and cushion support 
over time. With the PASC tool, the efficiency for 
plan checks including data transfer and record-
ing treatment information has been improved by 
50% and manual entry errors have been mini-
mised. Seemingly trivial recording of patient 
music preferences also has positive benefits for 
both staff and patients. 

  

 
Figure 1. PASC interface and the types of treatment sta-

tistics available from the database 

 
 
Conclusions: The PASC tool can be used to 

perform rapid and comprehensive validation of 
adapted plan delivery based on MR-guided 
treatment where time for QA is limited. The fast 
and structured recording of QA data and other 
plan information in a registry the department 
with a vast wealth of data for efficiency, dose 
and treatment optimisation. 
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Introduction: Studies have suggested the use of 

inline magnetic field for favourable dosimetry in Mr-
Linac [1] [2] [3]. However, in the presence of the 
inline magnetic field, electron contamination is con-
centrated and more focused within the beam which 
increases the overall skin dose [4] [5] [6]. In this 
work, we aim to model the skin dose for Australian 
MRI-Linac system and investigate the efficiency of 
electron contamination deflector (ECD) coupled with 
helium bag for reducing the skin dose. 

 
Materials and Methods: The 3D magnetic field 

model of 1T MRI-Linac was designed in COMSOL. 
The magnetic field maps were then imported to 
Geant4 Monte Carlo geometry which included Lina-
tron (6MV), Multi Leaf Collimators (MLCs) and a 
30cm x 30cm x 30cm water phantom. Simulations 
were performed with source to surface distance of 
2469mm for field sizes 1cm x 1cm, 3cm x 3cm and 
5cm x 5cm. Central axis percentage depth dose and 

surface skin dose were measured at 70m depth by 

using high resolution scoring voxels of 10m. Simu-
lations were also performed with ECD and then with 
ECD coupled with helium bag for each field sizes 
with their corresponding magnetic field map.  

 
Results: As shown in Figure 1, Figure 2 and Fig-

ure 3, the highly focused electron contamination pro-
duced by x-ray beam in MRI-Linatron increases the 
skin dose up to 133% for the field size 1cm x 1cm, 
196% for 3cm x 3cm and 264% for 5cm x 5cm. By 
using the combination of ECD and helium bag, skin 
dose can be reduced to 54% for field size 1cm x 1cm, 
73% for 3cm x 3cm and 96% for 5cm x 5cm. Initial 
data shows promising results in reducing the skin 
dose by 59% for 1cm x 1cm, 62% for 3cm x 3cm and 
63% for 5cm x 5cm field size.  

 
Conclusion: Modelling results indicate the use of 

electron contamination deflector along with a  helium 
bag would produce promising results in reducing the 
surface skin dose.  

 
  Figure 1. Percentage depth dose for field size 1cm x 1cm. 

 
Figure 2. Percentage depth dose for field size 3cm x 3cm. 

 
Figure 3. Percentage depth dose for field size 5cm x 5cm. 
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Introduction 
For megavoltage (MV) photon radiation treat-

ments in the presence of a transverse magnetic field, 
the Lorentz force influences secondary electron mo-
tion and can lead to out-of-field dose (OFD) away 
from the treatment area1,2. This phenomenon is known 
as electron streaming and is dependent on the field 
strength and direction of the external magnetic field 
(B0) relative to the beam direction, treatment field 
size, and the electron’s initial direction of motion1. 
Electron streams are generated from photon interac-
tions in the air column, anterior imaging coil, and at 
sites where the beam either enters or exits a patient2-5.  
This work aims to quantify OFD resulting from elec-
tron streaming in an Elekta Unity magnetic resonance 
(MR)-linac using multiple dosimeters and the Monaco 
treatment planning system (TPS).  

 
Method 

A solid water slab of 5.0 cm thickness was centred at 
isocentre and aligned 45° to an incident beam of field 
size 10×10 cm2 delivered from gantry 90.0º. Entrance 
and exit electron streaming doses were measured 
±20.0 cm from the isocentre. Dose was measured on 
the surface of 5.0 cm thick solid water slabs arranged 
parallel to the beam direction. Electron streaming 
OFD was measured using a MOSkin™ detector, 
EBT3 film, nanoDot optically stimulated lumines-
cence dosimeters (OSLD), and a PTW 60019 micro-
Diamond. These dosimeters have previously been 
used for MR-linac dosimetry5-8. The MOSkin™, 
OSLD, and microDiamond were separately positioned 
at the centre of the projected electron streaming dose 
distribution, as determined using RTQA2 film. The 
experimental set-up was modelled in the TPS  using a 
0.1 cm grid spacing and 0.2 % statistical uncertainty 
per control point. TPS determined OFD was compared 
to experimental measurements. Reported film and 
TPS data correspond to the dose at the centre of the 
projected electron streaming dose distribution.  All 
doses are reported as a percentage of the maximum 
deliverable dose, Dmax, for a 10×10 cm2 beam in a wa-
ter phantom with a source surface distance (SSD) of 
133.5 cm.  
 

Results 
Figure 1 shows the measured and TPS calculated elec-
tron streaming dose for a 10×10 cm2 beam exiting an 

angled solid water slab. OFD of 39.5 %, 37.7 %, 28.8 
%, 25.6 %, and 29.8 % was determined using the 
MOSkin™, film, OSLD, microDiamond, and Monaco 
TPS, respectively. MOSkin™ and film doses were 
32.6 % and 26.5 % greater than the TPS, respectively. 
Streaming doses were sensitive to volume averaging 
between the different detectors and the TPS. 
 

 
Figure 1. Measured and simulated exit electron streaming 

doses recorded 20 cm away from the isocentre.   
 

Conclusion 
For surface dosimetry, a thin sensitive volume po-

sitioned with an effective point of measurement 
(EPOM) near the surface, is ideal. For in-vivo dosim-
etry, volume averaging and the TPS dose grid spacing 
parameters, are important factors to consider to avoid 
underreporting electron streaming dose to a patient 
surface.  
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Introduction: Electron streams may be generated 

during breast treatments on the MR linac (1,2,3) and 

result in out of field dose deposition. This work re-

ports the management of bolus shields for our first 

accelerated partial breast irradiation (APBI) patients 

on Unity to reduce this unwanted dose to the arm, 

chin/nose and abdomen.  

 

Materials and Methods: Patients with localised 

breast cancer meeting eligibility for APBI were en-

rolled on the prospective FIRM study. 

 

Prior to each treatment, the electron streaming effect 

(ESE) was evauated in the reference plan using 

Monaco for Unity v5.51.11. To visualise the location 

and extent of the ESE, a box structure was created in 

Monaco to encompass the entire patient plus the sur-

rounding air, extending to (but within) the anterior 

coil. This structure was assigned as the external con-

tour for calculation purposes. The final approved 

plan was recalculated and display isodose levels were 

modified to clearly show the electron streams outside 

the patient contour, the patient’s anatomy receiving 

dose as well as an estimate of the dose level. Monaco 

measurement tools were utilised to determine the 

exact placement of bolus pieces to shield the electron 

streaming dose to the patient, without perturbing the 

treatment fields.  

 

Previous in-house phantom work had shown that 

1cm thickness of bolus provided shielding of electron 

steams generated with an APBI plan. To confirm the 

correct placement and adequate shielding thickness 

of bolus on our patients, Gafchromic EBT3 film was 

placed on top of and underneath the bolus shields for 

one fraction for each patient. Film analysis was per-

formed with RIT v6.7.64. 

 

Results: Four patients were treated between 

April and August 2023, with a prescription dose of 

30Gy in 5 fractions using step and shoot IMRT on 

Unity. Three patients had right-sided tumors and one 

patient a left-sided tumor. The number of beams in 

the treatment plans ranged from 6 and 15, the plan-

ning target volumes ranged from 123 to 290cc and 

the total monitor units in the adapt-to-position plans 

ranged from 918 to 1141.  

 
    Measured dose (Gy) 

Patient number 1 2 3 4 

Arm on bolus 3.5 1.0 7.5 4.6 

Arm under bolus <0.5 <0.5 <0.5 <1.0 

Chin/nose on bolus 3.5 2.0 0.5 3.5 

Chin/nose under bolus <0.5 <0.5 <0.5 <1.0 

Abdo on bolus na  2.5 0.5 0.5 

Abdo under bolus na  <0.5 <0.5 <0.5 

Figure 1. Maximum total dose from film measurements 

Film measurements (in total dose) are tabulated in 

Figure 1 and show that bolus effectively reduces the 

dose from electron streams to the arm, chin, nose or 

abdomen to <1.0Gy per fraction for all patients. 

 

Furthermore, film wrapping of the ipsilateral arm has 

shown well defined electron streams (Figure 2) and 

the arm may receive significant dose if not shielded. 

The Monaco beam model incorporates the magnetic 

field and appears to model out-of-field dose accurate-

ly (3) and reliably for determining appropriate 

placement of bolus on the patient (Figure 2). 
 

 

 

 

 

 

 

 

 

 

Figure 2. Electron stream captured on a piece of film wrapped 

around the ipsilateral arm (left) and Monaco 3D render with iso-

dose display (right) for patient 3 (total dose isodose color brown 

7Gy, yellow 3.8Gy). 

 

The daily MR images show bolus shields and can 

provide verification of placement during patient set-

up and treatment. 

 

Conclusions: Assessment of ESE is required for 

APBI patients on Unity. The process outlined in this 

work ensures comprehensive evaluation of the out of 

field dose to the patient’s anatomy using Monaco, 

which can guide bolus placement during treatment. 

Anatomy requiring shielding depends on the individ-

ual patients anatomical shape as well as the lat-

eral/off axis distance, depth and volume of the tumor. 

Further work will explore these dependencies. 
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       Introduction: The utilisation of Magnetic Reso-
nance (MR) technology in radiation therapy through 
dedicated MR simulation (MR-SIM) and MR-Linac 
technology is increasing. In Australia and New Zea-
land, five (5) MR- Linacs are already in clinical use.   
The greatest challenge highlighted in the literature is 
the training and education of Radiation Therapists 
(RTs) to ensure the safe and effective operation of 
MR technology.1-3 This presentation discusses how 
the educational gap is being addressed by the 
Queensland University of Technology (QUT) in the 
undergraduate radiation therapy program and through 
the provision of continuing professional education 
(CPE) modules.  
 
      Methods: In 2019, professionals including Radi-
ation therapists, Radiographers, Medical Physicists 
and a Radiologist were involved in the development 
of a comprehensive CPE program at QUT which 
commenced in June 2020.  
 
       Results:  The successful implementation of the 
CPE program is providing an avenue for upskilling 
radiation therapy practitioners nationally and interna-
tionally. The program is currently offered through an 
online platform where RT practitioners undertake the 
didactic components. Under Phase 1, eight (8) mod-
ules were developed to address MR physics, safety, 
quality assurance (QA), imaging protocols, image 
interpretation, multi-modality image registration and 
the use of contrast in MR imaging and there is an 
opportunity to undertake a practical module at the 
Herston Imaging Research Facility (HIRF).  Phase 2 
modules will focus on MR Linac technology.  
        Developments in the undergraduate radiation 
therapy program include the incorporation of both 
didactic elements with practical consolidation. This 
is aimed at ensuring that graduates have ample op-
portunities to meet the needs of a changing clinical 
environment, practice standards and professional 
requirements. As such, alignment with the current 
MRPBA professional capabilities4 which identify the 
knowledge, skills and attributes required by practi-

tioners who use MR technology was a key considera-
tion. The program is providing opportunities for RT 
students to develop knowledge which can be applied 
in many areas such as multi-modality image registra-
tion for planning, adaptive therapy and image-guided 
radiation therapy. 
 
       Conclusion: In the current era of technological 
advancements, the provision of educational opportu-
nities for the current RT and future radiation therapy 
workforce in the use of MR technology is paramount. 
However, ongoing development is necessary, requir-
ing collaborative initiatives and support from indus-
try, clinical departments, vendors, MR experts and 
professional bodies. 
 
       Acknowledgements: The authors wish to thank 
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Introduction: Standard radiotherapy approaches 
delivering 40-60Gy in 1.8-2Gy per fraction add mini-
mal to no survival benefit over chemotherapy alone 
for patients with unresectable locally advanced pan-
creatic cancer (LAPC) [1]. Ablative doses of greater 
than 100Gy biological-effective dose (BED10) are 
likely needed to achieve local tumour control and im-
prove overall survival (OS) [2], however often ex-
ceeding the tolerance of the surrounding normal tis-
sues. Magnetic resonance-guided adaptive radiother-
apy (MRgART) allow delivery of stereotactic ablative 
body radiotherapy (SABR) techniques more effec-
tively with improved OS [3]. We present our early ex-
perience of dose escalated SABR of pancreas treated 
with MRgART on a 1.5T MR-Linac.  

 
Materials and Methods: Ten patients with LAPC 

were treated with MRgART on the Unity MR-Linac 
(Elekta AB, Stockholm, Sweden) between December 
2021 and August 2022. All patients were prescribed 5 
fractions delivered on alternate days to a total dose of 
50Gy (BED10 100Gy10). The clinical target volume 
(CTV) was defined as gross tumour volume and para-
aortic nodal regions covering coeliac axis to superior 
mesenteric artery, and was uniformly expanded by 
3mm to create the planning target volume (PTV). A 3-
5mm expansion of the organs at risks (OAR) was per-
formed to create planning risk volumes (PRV). Any 
overlapping portion of the PTV by the PRVs was con-
strained to 33Gy to meet OAR constraints, and the re-
mainder (PTVhigh) was dose-escalated to 50Gy. For 
treatment, adapt-to-shape strategy was employed for 
each fraction where the daily MR image was recon-
toured to adapt to the anatomy of the day. Plan reopti-
misation was performed to meet dose constraints or 
improve target coverage; priority was to ensure that 
OAR constraints were met over target coverage. 

 
Results: The median age was 65 years (range: 50-

80 years), and 6 patients were male. The CTV D99 cov-
erage was ideal/acceptable in 88% of total fractions, 
while the PTV D99 coverage was ideal/acceptable in 
72% fractions. Ablative dose was delivered to most 
target volumes as demonstrated by the median PTVhigh 
D90 dose of 43.4 Gy (Table 1). Figure 1 illustrates an 
example of differences in CTV and PTV coverage for 
3 adapted fractions due to  interfraction OAR changes 
for one of the patient. The median time from patient 
setup to treatment delivery completion was 50 minutes 
(range, 29-67 minutes) for all patients. 
 

Table 1: Target volume coverage for daily adaptive plan for all pa-
tients 
 

 
 

 
Figure 1: Differences in CTV (red) and PTV (pink) coverage be-
tween the reference plan and 3 adapted fractions due to interfrac-
tion organs at risk changes for one of the patient. Isodose is dis-
played from 25 to 50Gy (50-100%). 
 

Conclusion: We have shown that dose escalated 
SABR treated with MRgART is dosimetrically feasi-
ble. The median treatment time of 50 minutes was 
well tolerated by all patients with no interruptions. 
Analysis of larger patient cohort with follow-up in-
cluding toxicity and patient reported outcomes is 
planned. 
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CTV D99 35.5 (26.3-50.0) Gy 35.6 ± 4.6 Gy
CTV Mean 51.5 (45.2-58.7) Gy 52.3 ± 2.8 Gy
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Introduction: Portable MRI scanners that operate 
at very low magnetic fields are increasingly being de-
ployed in clinical settings. However, the intrinsic low 
signal-to-noise ratio (SNR) of these low-field MRI 
scanners often necessitates many signal averages, and 
therefore, excessively long acquisition times. Ad-
vanced reconstruction strategies based on deep learn-
ing could dramatically shorten acquisition times in 
low-field MRI when combined with undersampling. 
Here, we compare leading data-driven1 and model-
driven2 deep learning frameworks to gold-standard 
compressed sensing (CS) for the reconstruction of ul-
tralow field MRI data. 

 

Materials and Methods: Phantom experiments 
were performed on a 6.5 mT MRI scanner with a 
quadrature head coil and a brain-shaped phantom.3 A 
3D Cartesian balanced-steady state free precession 
(bSSFP) sequence with TR/TE = 22/11 ms and matrix 
size 64 x 75 x 25 (Readout x Phase Encode 1 x Phase 
Encode 2) was used for acquisition with 256 signal 
averages. K-space was retrospectively 4× under-
sampled in the phase-encode dimensions with a Pois-
son-disc (PD) mask. Human data were prospectively 
acquired with a 2× undersampled PD mask and 40 sig-
nal averages (~7 min. acquisition). 

Data-driven AUTOMAP1 and model-driven Un-
rolled Optimization2 reconstruction networks were 
implemented as described in Refs 4 and 5, respec-
tively. A training corpus consisting of 50,000 brain 
image/k-space pairs was derived from the human con-
nectome project (HCP) database. K-space data were 
undersampled with PD masks at the desired reduction 
factors (R=2 or 4) and networks were trained for up to 
300 epochs. To reconstruct 3D data, a 1D FFT was 
applied along the fully-sampled readout dimension 
and trained networks were applied to the resulting hy-
brid k-space to reconstruct volumes slice-by-slice. 

For CS reconstruction, sensitivity maps were cal-
culated with ESPIRiT, and L1-wavelet CS reconstruc-
tion was performed using SigPy.4 

For phantom experiments, the normalized root-
mean-square error (NRMSE) and structural similarity 
(SSIM) reconstruction metrics were calculated rela-
tive to the fully-sampled ground-truth acquisition. 

 

Results: Reconstructions of 4× undersampled 
phantom data are shown in Figure 1a. Reconstruction 
with AUTOMAP yielded the highest/best structural 
similarity metric, while CS reconstruction gave the 
lowest/best NRMSE metric. CS and unrolling net-
work images demonstrate sharper reconstructed 

edges. Human brain images prospectively acquired 
with PD undersampling (R=2) and reconstructed via 
AUTOMAP are shown in Figure 1b. 

 
Figure 1: (a) Comparison of image reconstruction accuracy 
for Compressed Sensing (CS), AUTOMAP, and Unrolling 
Network techniques with R=4. (b) AUTOMAP reconstruc-
tion of an R=2, sub-7-minute scan of the human brain at 6.5 
mT. The central 6 slices are shown. 

Conclusions: Undersampling is an effective 
means to shorten long MR acquisitions. Our findings 
demonstrate that AUTOMAP can improve structural 
similarity, as compared to CS, when reconstructing 
undersampled data. Prospective deployment of PD 
undersampling will enable the clinical utility of deep 
learning reconstruction to be tested on low-field MRI 
scanners. These results will inform the development 
of faster imaging strategies for portable MRI. 
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Introduction:  
The split bore of the AMRL presents significant 
imaging limitations due to gradient and magnetic field 
distortions. The accepted level of residual distortion 
will determine the isocentric imaging volume that can 
be acquired. In the design of the AMRL this was 
specified to be a maximum of 30 cm. While, the non 
linearity of the gradients are predictable and remedied 
easily, the non uniformity of the B0 field is much more 
significant, more difficult to measure and is dependent 
on many things including image sequence. 
Furthermore, high order shim coils used in clinical 
scanners to optimise B0 uniformity are not present on 
this system. 
 
This study examines the extent and control of B0 
uniformity on the AMRL using pixel-by-pixel 
measurements of a phantom. It then goes on to 
demonstrate a method of obtaining greatly extended 
imaging volumes by utilising the computer controlled  
couch movement together with acquisitions of smaller 
distortion free sub-volumes. This is demonstrated 
with phantoms and a volunteer. The concatenation of 
such volumes provides an elegant way of obtaining 
distortion free images up to 80 cm in length. 
  
Materials and Methods:  
Part a)B0-field mapping 
Phase images with echo times of 10ms and 17.2ms 
were acquired in a 25cm spherical phantom. These 
were taken in each plane and at several distances both 
with and without shimming. B0-field maps were 
generated from the phase difference (via SPM). The 
integrated body coil was used as a transceiver in all 
imaging. 
 
Part b) Extended FOV 
i)Extended FOV with phantoms 
Four bottles were placed in a straight line along the 
AMRL couch. The bottles were imaged repeatedly 
with FOV=20cm (determined from part a). In total 6 
datasets were acquired with centre frequency adjusted 
and the table incremented 15 cm prior to each image. 
A baseline image with FOV = 40cm was also acquired 
for comparison.  
ii) Extended FOV with volunteer 
The same method was repeated on a volunteer to 
acquire 5 datasets in both sagittal and coronal planes. 
The method was tested both with and without 
overlapping sub volumes. Images were stitched 
together automatically using in-house software 
(Python), using known distances and offsets to obtain 
a single 80cm FOV image. 
 
 

  
Results:  
Part a)B0 field mapping 
Table 1 comparison of homogeneity at DSV 10cm and 20cm with and 
without shim 

Table 1 shows measurements made within the 
dimensions of the test object. The uniformity was 
within manufacturer specification (±0.47 ppm) and 
shimming made little difference to the values as they 
became worse further from the isocentre. A 20 cm 
distortion free FOV was chosen on this basis for 
subsequent tests. 
 
Part b) Extended FOV 

 
Figure 1 shows a comparison of the extended imaging 
method (left), in comparison to a 40cm FOV which 
shows severe distortions. Figure 2 shows the volunteer 
image using the same technique with 5cm overlapping 
between images, showing excellent SNR and 
uniformity even at the edges of the sections. Similar 
image quality was observed with no overlap reducing 
the total acquisition time. 
 
Conclusion: Two methods have been developed to 
measure, correct or avoid B0 distortion. B0 mapping 
may be useful when shimming alone is insufficient or 
larger bandwidths (low SNR) are not warranted. The 
acquisition of contiguous distortion free volumes 
shows great potential for whole body treatment 
guidance not currently available on other 
commercially available MRL systems, and without 
known limitations of coil arrays.  
 

 10cm DSV 20cm DSV 
Without 
shim (ppm) 

With shim 
(ppm) 

Without 
shim  (ppm) 

With Shim 
(ppm) 

0cm 0.27 0.26 0.73 0.72 
20cm 0.20 0.22 0.71 0.72 
40cm 0.22 0.23 0.76 0.76 
60cm 0.23 0.24 0.78 0.79 

Figure 1 Illustration of the moving table method; bottles shown without distortion (left) 
compared to visible distortion in two bottles with 40 cm FOV on right. 

Figure 2 Whole-body image of volunteer demonstrating a seamless and 
distortion free 80 cm length FOV. 
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Introduction: With superior soft-tissue contrast, 

MRI-Linacs aim to provide real-time tumour track-

ing for adaptive radiotherapy treatment, which prom-

ises more accurate and conformal tumour treatments 

[1]. However, respiratory motions can cause unde-

sired artifacts that will reduce image quality and de-

grade the accuracy of tumour tracking [2]. The usage 

of external devices (e.g., respiratory bellows and 

ECG) for respiratory motion estimation is challeng-

ing to quantify intrabody deformations and requires 

additional set-up time [3]. Here, we investigate the 

use of an interpretable model-driven unrolling net-

work to rapidly reconstruct motion-corrected thorax 

images and extract respiratory signals for accurate 

and real-time tumor tracking on an MRI-Linac. 

Materials and Methods: During treatment, radi-

al k-space center data was fed into the unrolling net-

work [4] to reconstruct low-resolution dynamic mo-

tion-free images, as shown in Figure 1. Tumor posi-

tions were extracted from the low-resolution images 

to estimate respiratory signals, which were then used 

to guide tumor tracking. After treatment, all k-space 

data was retrospectively gated according to the esti-

mated respiration and high-resolution motion-

corrected images were reconstructed from the un-

rolling network for intrafraction treatment verifica-

tion. The unrolling network was implemented in 

Pytorch with an architecture consisting of four 

blocks, which starts with a data fidelity calculation, 

followed by nonlinear transforms with a soft-

thresholding operation. Datasets of 3000 training 

thorax images and 450 validation images from ten 

volunteers were encoded with a golden-angle radial 

acquisition to generate raw k-space data. Our deep-

learning-reconstruction approach was validated with 

a digital CT/MRI breathing XCAT (CoMBAT) phan-

tom and experimentally with a motion phantom on 

an MRI-Linac. 

 
Figure 1: Rapid Motion-corrected Image Reconstruction 

Workflow. 

Results: Performance of the unrolling network in 

reconstructing digital phantom images were shown in 

Figure 2. Severe image blurring was visible in ungat-

ed image, while the blurring was significantly re-

duced in gated image. Quantitatively, the gated im-

age provided higher SSIM (0.93) and lower RMSE 

(0.02) than the ungated one (0.52/0.08). Experi-

mental motion phantom results in Figure 3 showed 

that the unrolling network successfully estimated 

respiratory signals and sharper structural details were 

seen in gated image compared with the ungated one, 

as indicated by red arrows. The inference time of 

unrolling reconstruction of one image slice 

(size=256×256) was 50ms. 

 
Figure 2. Performance of the unrolling network in reconstruct-

ing digital phantom images. 
        Respiratory signals                  Ungated                          Gated 

   
Figure 3. Performance of the unrolling network in reconstruct-

ing experimental motion phantom images. 

     Conclusion: We have demonstrated rapid motion-

corrected image reconstruction and real-time respira-

tion estimation from an MRI-Linac with an unrolling 

network. Experimental implementation promises to 

reduce motion artefacts and reconstruction latency 

for dynamic tumor tracking.   
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Introduction: Real-time magnetic resonance 

imaging guided radiation therapy (MRIgRT) has a 

trade-off between spatial and temporal resolution. 

Super-resolution increases MRI spatiotemporal 

resolution by up-sampling a low-resolution (LR) 

MRI to high-resolution (HR) reducing tracking 

latency. In this work, we integrate deep learning and 

4× super-resolution on the Australian MRI-linac to 

improve real-time adaptive MRIgRT. 

Methodology: We trained an Enhanced Deep 

Super-Resolution (EDSR) network on MRIs of the 

human brain and thorax1-3. This deep learning-based 

EDSR network and baseline bicubic interpolation 

were integrated into the Australian MRI-linac 

(Figure 1) using Gadgetron4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Volunteer and motion phantom experiments at the 

Australian MRI-linac were used to test this end-to-

end integration. A volunteer thorax experiment was 

conducted to observe the effect of super-resolution 

on the delineation of anatomy. A long-to-acquire HR 

volunteer brain acquisition was down-sampled to a 

LR. This LR MRI was used as input to super-

resolution and the resulting super-resolution MRI 

was directly compared to the original HR MRI 

through a peak signal-to-noise ratio (PSNR) and 

normalised root mean-squared-error (NRMSE). In a 

multi-leaf collimator (MLC) tracking experiment, a 

one-dimensional motion phantom moved to sinusoid 

and patient traces where the latency and latency-

corrected error were subsequently calculated. 

Results: In the thorax experiment, super-resolution 

MRIs displayed sharper anatomical features 

compared to LR MRIs (Figure 2). 

In the brain experiment, EDSR (Figure 3) gave an 

approximate 7 dB PSNR boost while showing half 

the NRMSE compared to bicubic interpolation.  

In the MLC tracking experiment, super-resolution 

contributed only an additional 3% latency (0.35s cf. 

0.36s) while reducing the latency-corrected error by 

over 40% (1.46mm cf. 0.82mm).  

Conclusion: Super-resolution increased the 

spatiotemporal resolution of MRIs used in real-time 

adaptive MRIgRT on the Australian MRI-linac. 
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Figure 1. Overview of the work. 
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Figure 2. Super-resolution (SR) on thorax MRIs. 

Cropped to cardiac region. 

LR: low-resolution input.  
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Figure 3. Super-resolution (SR) on brain MRIs. 

PSNR: 33.5 dB; NRMSE: 2.1%. 

LR: low-resolution input; HR: high-resolution. 
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Introduction: Many radiotherapy patients are 

treated for multiple targets made up of primary tu-

mours, lymph nodes and metastases. As each target 

can move independently during treatment, large mar-

gins are needed to encompass the motion of all tar-

gets. MR-guided multi-target multi-leaf collimator 

(MLC) tracking is a real-time beam adaptation tech-

nique that independently accounts for the motion of 

each target to reduce the required size of these mar-

gins [2]. In this work, we utilise patient data collect-

ed as part of the Australian MRI-Linac Patient Imag-

ing (AMPI) trial to simulate MR-guided multi-target 

MLC tracking for two lung cancer patients. 

Method: Patient 1 had recurrent thymoma with a 

left pleural based soft tissue mass and pleural-based 

nodule. Patient 2 had primary two non-small cell 

lung cancers in the left and right upper lobes and 

mediastinal nodal metastases. Coronal and sagittal 

cineMRIs of these patients were acquired using the 

TRUFI sequence at 128×128 pixel resolution, 400 

field-of-view with TR = 3.5ms, TE = 1.8ms and 2 Hz 

frame rate. The images were used as imput motion 

during multi-target MLC tracking simulations by 

performing template matching to find the position 

each target (Figure 1). 

Both patients received VMAT as their standard 

treatment. To simulate multi-target tracking, the 

treatment plans were analysed by dividing the area of 

each MLC field into two segments that each irradiat-

ed a different target (Figure 2, top). During multi-

target tracking, the two segments of the divided MLC 

field were moved independently in response to mo-

tion from the cineMRIs then recombined into a sin-

gle deliverable MLC field. 

 

Results: For patient 1, both targets were tracked 

on a single sagittal plane. For patient 2, the two pri-

mary tumours and the mediastinal node were tracked 

on two alternating coronal planes. Patient 1 had up to 

22 mm of independent motion between the two tar-

gets and patient 2 had up to 6 mm of independent 

motion. Multi-target MLC tracking was shown to 

track both targets independently during the simulated 

treatments. For example, at the peak inhale position 

shown in Figure 2 (bottom), coverage of both plan-

ning target volumes was maintained. 

Conclusion: The AMPI trial has imaged lung 

cancer patients with multiple targets on the Australi-

an MRI-Linac. All targets could be clearly seen and 

tracked on the acquired cineMRIs. We have simulat-

ed MR-guided multi-target MLC tracking for these 

patients and demonstrated that coverage of these 

targets can be maintained in the presence of inde-

pendent motion. 
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Figure 2. (Top) Gross tumour volumes (GTVs) were used to 

divide the MLC fields. Two examples for patient 1 are shown. 

(Bottom) Original MLC field (orange) and the recalculated MLC 

fields (blue) during multi-target tracking. From the cineMRIs, 

target 1 moved 5 mm superior, 4 mm anterior and target 2 moved 

17 inferior, 8 mm posterior. 

Figure 1. 

(Top) Example of 

a sagittal cineMRI 

for patient 1 with 

two target posi-

tions calculated 

with template 

matching. 

(Bottom) The 

resulting motion 

trace showing 

independent mo-

tion of these two 

targets. 
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Introduction: Quantitative magnetic resonance 
imaging (qMRI) biomarkers have potential to im-
prove treatment of oncology patients via enhanced 
treatment response monitoring and biological guid-
ance during radiotherapy. The emergence of MRI 
simulation and on-board MRI guidance in radiother-
apy provides a unique opportunity to investigate 
qMRI biomarkers, but care must be taken to account 
for variability in MRI images [1]. The ISMRM/NIST 
system phantom provides a reference object for char-
acterising qMRI measurements, such as T1 relaxa-
tion mapping which is recommended for quantitative 
measurement of tissue permeability with dynamic 
contrast enhanced (DCE) MRI [2]. To analyse sys-
tem phantom images there are limited open-source 
options [3], and often require time-consuming manu-
al steps such as image sorting and defining regions of 
interest (ROIs). To address these issues, we have 
developed a fully automated tool to analyse system 
phantom images, freely available at: 
https://github.com/JamesCKorte/mrbias. 

Materials and Methods: Magnetic Resonance 
BIomarker Assessment Software (MR-BIAS) auto-
mates three main tasks to analyse system phantom 
images (Figure 1). MRI datasets are sorted based on 
DICOM metadata to identify a geometric image and 
T1 and T2 image sets. ROIs are detected by register-
ing the geometric image to a predefined ROI atlas. 
MRI parameters are estimated in the detected ROIs 
by fitting relaxation models to the T1 and T2 image 
sets. The tool is written in Python (v3.7) and supports 
T1 inversion recovery (T1

IR), T1 variable flip angle 
(T1

VFA) and T2 multiple spin-echo (T2
MSE) data. 

Inter-operator variability and efficiency was as-
sessed by observing six participants using MR-BIAS 
and a semi-automated tool [3], recording time taken 
to analyse three MRI datasets and the variability of 
estimated T1 and T2 values [4]. The accuracy of 
MR-BIAS was compared against T1 and T2 values 
measured in an existing study, which used a custom 
script to analyse monthly phantom data (n=11) ac-
quired on a Siemens 3T Skyra MRI simulator [5]. 
Accuracy was evaluated with percentage error (%bi-
as) between estimated vales and NIST reference val-
ues over a physiological range (T1: 121-1884 ms, T2: 
30-380 ms). A basic compatibility test of MR-BIAS 
on Elekta Unity 1.5T MRI data was also performed.  

Results: MR-BIAS automatically analysed the 
three datasets with less variability than the semi-
automated tool and approximately ten times faster. 

 
Figure 1. MR-BIAS automated workflow 

On the monthly data, MR-BIAS had median accura-
cy across all ROIs in the physiological range for T1

IR 
within ±6%, T1

VFA within ±17.5% and  T2
MSE within 

±14.5%. These are comparable to the custom script 
with a median accuracy for T1

IR within ±6%, T1
VFA 

within ±13% and  T2
MSE within ±14%. MR-BIAS 

successfully analysed data from an Elekta Unity.  

Conclusions: MR-BIAS is a free automated tool 
that minimises operator variability and can accurate-
ly and efficiently analyse system phantom images.  
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Introduction: This abstract presents the initial im-
aging results with using the developed 8-element torso 
array coils1,2. It can provide higher SNR and better im-
age quality than the existing whole-body transceive 
coil3. In addition, with simultaneous multiple receive 
channels, the coil has fast imaging capability, an im-
portant feature to facilitate the tumour tracking during 
radiotherapy.  

 
Materials and Methods: As shown in Figure 1 

(a), the 8-element torso coil array has two sub arrays 
with 4 rectangular coils in each array1. The coil-pa-
tient setup is shown in (b) with sub arrays placed on 
anterior and posterior sides of the volunteer. The 
length and width of individual coil element is 300 mm 
and 100 mm, then the four coil elements can cover the 
300 mm DSV. The coils are made with flexible co-
axial cables and tuned to 42 MHz. All coils are decou-
pled well with the overlapping method. The measured 
mutual coupling among all channels (Sxy) are lower 
than -18 dB for a body-equivalent load and a human 
torso. A water phantom was used for SNR comparison 
between the whole-body coil and the developed torso 
coil. Volunteer images were also acquired to evaluate 
the in vivo image quality and fast imaging perfor-
mance of the 8-element toros coil array. 

 
Results: As shown in (c) and (d), although the 

whole-body coil can achieve better image uniformity, 
the SNR is lower than the torso coil. The SNR of two 
coils are 16.4 (whole-body coil) and 67.4 (torso coil) 
at the centre; 15.7 (whole-body coil) and 147.4 (torso 
coil) at the surface. The much higher SNR is then 
translated into sharper boundaries and finer detailed 
structures marked with red arrows in the in vivo image 
in (f). With only one third of scanning time, the image 
exhibited in (h) does not have any obvious aliasing ar-
tefacts when compared to the fully sampled image in 
(g). 

 
Conclusions: Validated with both phantom and 

volunteer images, the developed 8-element torso coil 
has much higher SNR in both centre and surface re-
gions compared to the existing whole-body coil. This 
advantage allows the coil to produce in vivo images 
with sharper boundaries between tissues, which will 
be beneficial for tumour contouring. With simultane-
ous multiple receive channels, the coil can also per-
form parallel imaging up to a reduction factor of 3, 
without seeing any obvious aliasing artefacts. This 

will facilitate the real-time tumour tracking during the 
radiotherapy.  

 
Figure 1 (a) Two sub arrays of deveopled 8-

element toros coil array. (b) Coil-patient setup on the 
rotating couch of the MRI-Linac system. (c) and (d) 
Phantom images acquried with the whole-body coil 
and torso coil. (e) and (f) In vivo images acquried with 
the whole-body coil and torso coil. (g) and (h) In vivo 
images without and with acceleraiton (R=3). 
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Introduction: Radiation therapy (RT) is indicated to 
treat half of all cancer patients.1 Today, RT is both 
effective and cost-effective. However, RT can be 
further improved by:  
• improving image guidance which has been 

shown in randomised trials to improve out-
comes (weekly vs daily, PACE-B ref) 

• implementing adaptive radiotherapy (MIRAGE 
ref) 

• reducing treatment toxicity by reducing dose to 
normal tissues through proton therapy 

• targeting additional focused radiation to the ra-
dioresistant, aggressive and metastatic-potential 
sub-volumes of the cancer.  

A future RT system to maintain the strengths of 
RT and achieve the above improvements is MRI-
guided proton therapy, arguably the ultimate cancer 
therapy. The aim of this research was to develop a 
plan to clinically realise MRI-guided proton therapy.  

 

Material and Methods: A multidisciplinary team of 
world leading scientists, clinicians and entrepreneurs 
with unique expertise and experience to tackle this 
challenge was assembled. The team included mem-
bers of the successive NHMRC Program Grants that 
designed and built the ground-breaking and globally 
unique Australian MRI-Linac demonstrating the ca-
pacity and expertise in the integrated MRI-guided 
cancer therapy device space.  

The team developed a 2-phase plan, a Research 
Planning phase, and a Research Implementation 
phase, to realise MRI-guided cancer therapy.  

 

Results: The key Research Planning phase delivera-
ble is a comprehensive Research Plan that includes 
the preliminary design, partner engagement, and first 
site decided for a commercially attractive clinical 
MRI-Guided Proton Therapy system. Our prelimi-
nary design will be informed by extensive consumer, 
clinician, health economics and public/private pro-
vider market engagement to maximise the product-
market fit, clinical applications and workflow. A 
multi-institutional system-wide design exercise cov-
ering the interoperability and integration of the MRI 
and the proton system will be undertaken. Site selec-
tion and the tenders and selection of industry partners 
will be completed.  

The key Research Implementation phase de-
liverables are the construction, research and devel-
opment, and clinical demonstration of the world’s 
first clinical MRI-Guided Proton Therapy system. 
This system will be a viable commercial prototype, 
with the clinical implementation advancing science, 
medicine and de-risking the commercial pathway.  

 

Conclusions: We plan to unleash the clinical poten-
tial of proton beam radiation therapy for cancer pa-
tients by building a clinical magnetic resonance im-
aging (MRI) guided proton therapy device. This de-
vice will be the most accurate and precise radiation 
therapy treatment system ever created. 
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Figure 1. We plan to bring together the two most disruptive treatment devices in radiation therapy. We plan to 
design, build, and clinically pioneer MRI-Guided Proton Therapy.  
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Introduction: The ICRU has been providing 

guidance for over 90 years to radiation medicine. 
One of the objectives of the ICRU is the develop-
ment of internationally accepted recommendations. 
Aligned with this objective, the ICRU report on 
MRI-guided Radiation Therapy (MRIgRT) using 
MRI-Linear Accelerators was commissioned.  

 
Materials and methods: A team with diverse 

country-of-origin, gender and expertise was assem-
bled, noting that most of the MRIgRT development 
had been performed in high-income countries. The 
focus of the team was on the differences in the radia-
tion therapy process that the addition of MRI into the 
treatment room brings to the patient and to the treat-
ment team. With the number of clinical systems 
growing rapidly, and the increase in feature availabil-
ity and automation, the authors endeavoured to focus 
on the top-level concepts that will likely remain rele-
vant amidst the ongoing technological changes that 
accompany fast-emerging technologies. These top-
level concepts include personalization of imaging, 
high-quality intra-treatment imaging, routine online 
adaptive radiotherapy, integrated intra-treatment im-
aging with beam gating, and integrated functional 
imaging capabilities. A summary of the key feature 
differences between MRIgRT and conventional X-
ray image-guided radiation therapy (IGRT are shown 
in Figure 1. 

 

 

Figure 1. An illustration, using example liver cancer 
images, of some key differences between MRI-
guided and conventional X-ray guided linear acceler-
ator radiation therapy.  

Results: The report narrative begins with an 
overall rationale and status of MRIgRT, followed by 
the clinical indications for patient MRIgRT treat-
ments across different cancer sites. A summary of the 
MRI-linac interoperability challenges and an over-
view of the MRIgRT systems that have been devel-
oped to date is given. The MRIgRT process steps are 
given chronologically: treatment planning, image 
guidance, treatment adaptation and treatment deliv-
ery. The staff requirements, training and safety are 
discussed. A technical section reviews MRIgRT 
commissioning and dosimetry.  

The recommendations span multiple MRIgRT 
stakeholders: administrators, newer and expert users, 
industry and government. A future outlook and fu-
ture needs of where MRIgRT may fit into the health 
care system of the future, along with anticipated 
technological advances, are outlined.  

To give new users real-world examples of 
MRIgRT in practice, some clinical case studies for a 
variety of sites and treatment complexity are given. 

 
Conclusions: MRI-linacs are a rapidly emerging 

technology for radiation therapy that have undergone 
strong clinical adoption. MRI-linacs have higher 
capital, operating, staff and workflow costs than con-
ventional X-ray guided linacs. However, MRI-linacs 
provide the radiation treatment team improved soft 
tissue discrimination and the ability to monitor pa-
tient anatomy prior to and during treatment without 
additional ionizing radiation risks. This additional 
information introduces many opportunities to im-
prove patient outcomes. The safety (CTV-PTV) mar-
gins can be reduced, thereby reducing the likelihood 
and potential severity of treatment-induced side ef-
fects.  MRI-linacs, particularly when coupled with 
online daily ART, have also enabled opportunities 
for hypofractionation (e.g., completing the treatment 
course in fewer sessions), thereby mitigating the cost 
and time commitment for the patient and the 
healthcare system. As MRI-linacs combine two de-
vices with their own risk profiles, and they are an 
emerging technology, the safe implementation re-
quires skilled teams, ongoing training, a safety-first 
culture, comprehensive QA programs, and clearly 
documented treatment workflow procedures.   
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Introduction: Quantitative imaging using mul-
tiparametric MRI (mpMRI) has shown potential for 
providing non-invasive biomarkers for post-
treatment monitoring and response prediction in 
prostate cancer (PCa).1, 2 The Sequential Imaging – 
Biofocussed Radiation Therapy (SI-BiRT) clinical 
trial aimed to develop quantitative imaging bi-
omarkers (QIBs) of  response to radiation therapy 
(RT) for PCa. Measurement uncertainties in quantita-
tive MRI (qMRI) parameters, however, can impact 
their reliability in detecting treatment-related changes 
in longitudinal measurements.3 Here, we present pre-
cision estimates of candidate QIBs of RT response of 
PCa from an in vivo test-retest study in the SI-BiRT 
trial to establish thresholds for reliable detection of 
treatment-related changes. 

Methods: The mpMRI protocol consisted of T2-
weighted (T2w) imaging, diffusion weighted imag-
ing (DWI), longitudinal relaxation time (T1), and 
transverse relaxation time (R2*) mapping sequences. 
Test-retest images were acquired in 9 patients with 
PCa and 6 healthy volunteers on two 3T MRI scan-
ners (MAGNETOM Prisma and Skyra respectively, 
Siemens Healthineers, Erlangen, Germany). qMRI 
parameters including the apparent diffusion coeffi-
cient (ADC), diffusion coefficient (D), perfusion 
fraction (f), hypoxia score (HS) were obtained from 
DWI, T1 and R2* were calculated, and radiomic 
feature maps were extracted from the parametric 
maps. Repeatability coefficients (%RC) were calcu-
lated from region of interest (ROI) and voxel-wise 
analysis of the parametric and feature maps in the 
tumour and benign tissues in the peripheral and non-
peripheral (PZ and nPZ) zones. The repeatability of 
qMRI parameters from pharmacokinetic modelling 
of dynamic contrast enhanced (DCE) MRI were es-
timated by T1 error propagation. %RC between tu-
mour and benign tissue types, and between PZ and 
nPZ regions were compared using the Student’s t-test 
with 95% significance level. 

Results: Table 1 summarises the %RC of qMRI 
parameters. The repeatability of DWI-derived qMRI 
parameters (all except f) and radiomic features were 
significantly different between the PZ and nPZ re-
gions and between tumour and benign tissue types. 
Measurement uncertainties were larger when test-
retest variations were assessed using voxel-wise 
analysis compared to the ROI measurements. The 
%RC of f, T1, R2*, and their radiomic features were 
not significantly different between the anatomical 
zones or between tumour and benign tissue types. 

Conclusion: Thresholds of change required to 
distinguish true treatment-related changes from 

measurement uncertainties were formulated for the 
qMRI parameters investigated in this study. In DWI-
derived qMRI parameters, such thresholds should be 
defined separately for the anatomical zones and tis-
sue types to account for difference in uncertainty 
potentially due to proximity to rectum and size of 
ROI. DCE-derived qMRI parameters and T1 showed 
relatively higher precision and could be potentially 
more reliable as robust QIBs of treatment response. 
Higher uncertainties in voxel-wise measurements, 
likely due to lower SNR and image registration, 
could be a challenge in mapping of treatment re-
sponse. The thresholds established in this study will 
be used to discriminate true treatment-related change 
from measurement uncertainties in the SI-BiRT clin-
ical trial. 

qMRI parameter Tissue type Region of inter-
est Voxel 

  PZ nPZ WG 
A) Regional     
ADC Benign 16.3 6.8 30.1 
 Tumour 31.2 13.8 43.9 
D Benign 17.0 6.9 30.1 
 Tumour 28.1 12.1 40.2 
HS All 12.1 4.7 20.4 
     
B) Whole gland     
f All 35.1 140.5 
R2*  40.0 57.3 

T1 All 
 10.5 24.9 

Ktrans All 
 10 34 

ve All 
 11 38 

Kep All 0.8 2.8 
WG – whole gland, PZ – peripheral zone, nPZ – non-peripheral zone 

Table 1. Threshold of percentage change required to distin-
guish measurement uncertainties from treatment-related change 

for qMRI parameters. 
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Introduction: Online adaptive treatment planning 
using an MR-Linac may improve dosimetric precision 
for prostate cancer and benefit patients with unfavour-
able anatomy, compared to conventional radiation 
therapy (RT)1,2. However, it requires significantly 
more time and cost compared to conventional treat-
ment1,3. This study assessed the dosimetric differences 
between non-adapted plans and online adapted treat-
ment plans, created using the adapt-to-shape process 
on the Elekta Unity (Elekta AB, Stockholm, Sweden). 

 
Materials and Methods: Data from 12 prostate 

cancer patients treated on the Elekta Unity MR-Linac 
(Elekta AB, Stockholm, Sweden) at St Vincent’s Hos-
pital were included in this study. All patients were 
treated with online adapt-to-shape stereotactic body 
RT, delivered in 5 fractions. All patients were pre-
scribed 36.25 Gy to the prostate PTV. At each frac-
tion, pre-treatment imaging using T2 weighted MRI 
was acquired to verify alignment. The target volumes 
and OARs were contoured on the MRI and the plan 
was adapted to suit the daily anatomy using the adapt-
to-shape process. Non-adapted plans were created by 
simulating the dose that would have been delivered 
had the plan not been adapted to the daily changes in 
shape and position of target volumes and OARs. The 
dosimetric benefit of applying the adapt-to-shape pro-
cess was determined through a 2-stage process: 
Firstly, deformable image registration (DIR) methods 
were compared to determine the most suitable method 
for producing dose accumulation maps in the study. 
The DIR methods included: intensity-based DIR, con-
tour-based DIR and hybrid DIR, available in MIM 
(MIM Software inc.). Intensity and contour metrics 
were used to measure the performance of each DIR 
method. Secondly, the optimal DIR method was used 
to accumulate the dose distributions from each frac-
tion to calculate the total dose distribution. The differ-
ences in total accumulated dose between non-adaptive 
and online adaptive RT were assessed using clinical 
dose evaluation parameters and treatment planning 
objectives.  

An exploratory study was also conducted with data 
from 4 pancreatic cancer patients using the same 
methods. All 4 patients were prescribed 40 Gy to the 
PTV. 

 
Results: For both the prostate and pancreas stud-

ies, the intensity-based and hybrid DIR methods per-
formed similarly well according to intensity metrics, 
while the contour-based method performed worse. 

The intensity-based method performed the best in con-
tour metrics for most contours, while the contour-
based method performed the worst for most contours. 

For prostate cancer patients, there was a significant 
average increase in target coverage with online adap-
tive RT, compared to non-adaptive RT. The dose to 
most of the OARs, measured with a range of parame-
ters, was decreased using online adaptive RT, alt-
hough generally, the differences were smaller than 2 
standard errors. Treatment planning objectives were 
fulfilled more often with online adaptive RT than non-
adaptive RT for the CTV, PTV, rectum, bladder, ure-
thra and penile bulb. 

 
Figure 1. Average difference in dose evaluation parameters be-

tween non-adaptive and online adaptive RT, with the average val-
ues for non-adaptive RT as the baseline, for the CTV, PTV, rec-

tum and bladder in prostate cancer patients. Error bars represent 2 
standard errors. 

Similar results were seen for pancreatic cancer pa-
tients, with increased average target coverage and an 
average reduction in most OAR dose evaluation pa-
rameters using online adaptive RT. Treatment plan-
ning objectives were fulfilled more often with online 
adaptive RT for the duodenum and jejunum and ileum, 
but less often for the stomach. 
 

Conclusions: Online adaptive RT using the Elekta 
Unity (Elekta AB, Stockholm, Sweden) demonstrates 
a benefit to target coverage and a possible dosimetric 
benefit to OARs for prostate cancer and pancreatic 
cancer. 
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Introduction: MR-guided radiotherapy (MRgRT) 
is able to deliver adaptive RT in the online or offline 
setting. The treatment strategies of the Unity (Elekta 
AB, Stockholm, Sweden) MR-Linac system include 
Adapt-to-Position (ATP) and Adapt-to-Shape (ATS) 
[1]. The ATP workflow is a standard image-guided 
RT workflow and is able to be quickly executed, how-
ever restricted to a rigid translational registration and 
a limited optimizer that works to strictly reproduce do-
simetric characteristics of the reference plan. In con-
trast, the ATS approach involve a full online adaptive 
workflow performed with deformable registration, 
target and organs at risk (OAR) delineation, and plan 
re-optimisation, therefore significantly more time 
consuming than the ATP approach. Recently, a novel 
simplified ATS strategy called ATS-Lite was intro-
duced and provides adaptive RT without requiring 
daily online target and OARs delineation [2]. We pre-
sent our early experience of adaptive MRgRT for head 
and neck cancer on a 1.5T MR-Linac.  

 

Materials and Methods: One patient with unre-
sected adenoid cyctic carcinoma of the hard palate 
(T4bN0M0) received radical RT on the MR-Linac. 
Primary tumour and high risk regions were treated 
with 3 dose levels (70, 60 and 54 Gy) in 35 fractions. 
For daily treatments, an automatic fusion between the 
rerefence image and daily MRI image was performed, 
where the patient contour, target and OAR volumes 
were assessed. The MR fusion was adjusted to provide 
a best  fitting match of the volumes for that fraction. 
OAR constraints were prioritised over the planning 
target volume (PTV) coverage. Each fraction was 
adapted using the ATP workflow. If the OAR dose 
metrics were met and the volumes were within toler-
ance, the treatment was delivered. However, in the 
event of dose constraint violations, the plan was re-
optimised (ATS-Lite).  

 

Results: The patient received 6 fractions with the 
ATS-Lite workflow while the remaining fractions 
were treated with ATP workflow. The mean treatment 
time with the ATP and ATS-Lite workflow was 23.3 
minutes (range 20-30 minutes) and 35.5 minutes 
(range 31-38 minutes), respectively. The patient’s 
weight remained consistent throughout the course of 
RT. Median doses achieved comparing ATP and 
ATS-Lite fractions for PTVs and selected OARs are 
summarised in Table 1. All other OAR constraints as-
sessed were met for all 35 fractions. The ATP frac-
tions achieved better target coverage while the ATS-
Lite fractions prioritised the OAR dose limits (Fig 1). 
 

Table 1: Median dose achieved for ATP and ATS-Lite fractions 
Structure Criteria ATP ATS-

Lite 
PTV 70  D98% >65.1Gy 61.2 59.7 

D95% >66.5Gy 62.6 61.2 
PTV 60  D98% >55.8Gy 55.4 54.0 

D95% >57Gy 57.3 56.0 
PTV 54 D98% >50.2Gy 54.3 53.7 

D95% >51.3Gy 56.5 55.6 
Left optic 
nerve 

D0.1cm3 

<60Gy 
59.9 58.7 

Left  
cochlea 

D0.1cm3 

<45Gy 
45.5 44.3 

Left lens D0.1cm3 <8Gy 8.4 8.0 
Temporal 
lobe 

D0.1cm3 

<70Gy 
70.4 69.0 

 

  
Figure 1: Example of ATP at fraction 3 (left) and ATS-Lite at 
fraction 4 (right) plans. Isodose is displayed from 54 to 70Gy.  
 

Conclusion: Our early data show that the ATS-
Lite workflow provided a robust online treatment 
planning approach to deliver adapted dose on the MR-
Linac. The ATS-lite workflow provided an option to 
re-optimise the plan when dose constraint violations 
to OARs occurred, without the need for a full ATS ap-
proach. We plan to further utilise and develop the 
ATS-Lite technique for other clinical indications, e.g. 
liver.  

 

References: 
1. Winkel D et al. Adaptive radiotherapy: The Elekta 

Unity MR-linac concept. Clin Transl Radiat On-
col. 2019;18:54–9 

2. Newbold et al. Online adaptive radiotherapy for 
head and neck cancers on the MR linear Accelera-
tor: Introducing a novel modified Adapt-to-Shape 
approach. Clin Transl Radiat Oncol. 2022;32:48–
51 



 
 

ASSESSING REAL-TIME LIVER MOTION MONITORING ON THE ELEKTA UNITY 
MR-LINAC 

Parmoun Daghigh1, MadelineCarr2, TaniaTwentyman2, David Crawford2, Maddison Picton2, Jeremy De Leon2,  
Vikneswary Batumalai2, Gerard Perera3, Michael Jameson1,2  

 
1 Institute of Medical Physics, School of Physics, Sydney University, Sydney, Australia, pdag5970@uni.sydney.edu.au 
2 GenesisCare, New South Wales, Australia 
3 Elekta AB, Stockholm, Sweden 
 

Introduction: The ability to monitor inter- and intra-
fraction organ motion is provided by MR-Linac [1]. 
Currently, Elekta is using 2D balanced fast field echo 
(bFFE) orthogonal cine MRI to develop gating for 
the 1.5T Unity MR-Linac system [2]. The purpose of 
this study was to demonstrate the abilities of Elekta’s 
updated pre-released gating motion monitoring re-
search package (MMRP) to monitor liver tumour 
motion. This study was completed by quantifying the 
motion of three liver stereotactic body radiotherapy 
(SBRT) patients. 
 
Material and methods: The data for three Unity 
SBRT liver patients were analyzed retrospectively, 
using MMRP. The software algorithm generates a 
template based on the initial T2/T1-weighted bFFE 
images. This is registered to the corresponding T2-
weighted 3D navigated reference MR image and 
incoming cine images for target tracking. The inter-
nal target volume (ITV) was selected as the target 
structure and the gating envelope was set to the clini-
cal planning target volume (PTV) (PTV = ITV + 
0.5cm uniformly distributed) (figure 1). 

 
Figure 1. Modified screenshot from MMRP. The red contour 

represents the surrogate structure for tracking (liver) and the blue 
contour represents the ITV. PTV is not displayed. 

The cine images were acquired with a temporal reso-
lution of 0.2 s within the acquisition time (more than 
7 minutes for each patient). The ITV displacement 
vector was tracked to investigate if it remained with-
in the PTV thresholds and if the tracking quality was 
reported as successful. 
 
Results: Qualitatively, tracking all target structures 
was achieved successfully by the MMRP. The quan-
titative average (SD) target displacement found over 
the three patients in the Right(R)-Left (RL), Anteri-
or(A)-Posterior (AP) and Superior(S)-Inferior (SI) is 
reported as 0.43R (0.25), 1.23A (0.38) and 0.64S 
(0.47) mm respectively. Displacement plots can be 

found in figures 2 and 3. Additionally, the proportion 
of duration of the beam on time for each patient was 
reported as 89.7%, 79.2% and 94.1%. This demon-
strates sufficient tracking during treatment and min-
imal target motion outside of the set threshold. 

 
Figure 2. The target displacement vs image index (resolution = 

0.2s) for one patient. Blue, orange, and grey represent average RL, 
AP, and SI displacement, respectively. 

 
Figure 3. The target displacement in the SI direction vs image 
index (resolution =0.2s) for all three patients. Green, blue and 
grey, in this case, represent patient 1, patient 2 and patient 3. 

 
Conclusion: Qualitatively, MMRP was able to suc-
cessfully track all target structures. Targets remained 
within the PTV thresholds for at least 79.2% of the 
time. Such treatment tracking innovation could result 
in safely reduced treatment margins in the future. 
Further investigations would involve validating these 
findings on larger patient datasets, for multiple ana-
tomical sites and over multiple fractions. 
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Introduction: MRI provides great soft tissue con-
trast in the abdominal area [1]. Respiratory motion in 
the abdomen introduces uncertainties in target deline-
ation, which will increase dosimetric uncertainty in 
patient treatment. The aim of this study was to evalu-
ate the impact of respiratory motion on target delinea-
tion for upper abdomen patients at ONJ. 

 
Method: The The Zeus MRgRT Motion Manage-

ment QA phantom (CIRS) was used with different 
breathing waveforms (patient and synthetic) and im-
aged with the Elekta-recommended MRI T2 3D se-
quences for abdomen with and without a navigator. 
BFFE Cine mode was used to evaluate the imaging 
phase and shifts of the phantom [2]. All imaging eval-
uation was performed with MIM Maestro software 
(version 6 USA).  

 
Results: The phantom images in Figure 1 showed 

that T2 3D Navigated images provide a clear image in 
exhale phase. For T2 3D imaging, with both the syn-
thetic Cos6 waveform and slow breathing patient 
waveform, images are slightly noisier than no motion 
or the Navigated image (depending on the motion am-
plitude). However, they still show the target in the ex-
hale phase. When the Sin waveform or saw-tooth pa-
tient breathing pattern was used, the T2 3D images be-
came noisier with some blurring of borders, but were 
still similar to the exhale image. The noise reduction 
algorithm in the sequence reduced the motion artefact 
and made the image appear to be in exhale rather than 
the time weighted average position.  

 

 
Figure 1: phantom target image with 2 different waveforms, 

with and without motion and navigator.  

 
Figure 2: different patient waveforms used for the imaging. 

 
Conclusion: This study showed the importance of 

performing a phantom study prior to a clinical study, 
to identify the sequence limitations and possible miss-
guidance in target delineation and ITV expansion. 
Also, using the Cine imaging fused with 3D images is 
a great tool for checking the target motion, integrity 
and imaging phase for proper target delineation and 
expansion for ITV creation. 
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Introduction: Stereotactic body radiation therapy 
(SBRT) is an emerging treatment option for patients 
with hepatocellular carcinoma (HCC). Baseline liver 
function, typically described by the Child-Pugh (CP) 
score determines dose constraints to the non-tumour 
liver, in turn limiting the dose delivered to the gross 
tumour volume (GTV)1. Therefore, for many patients 
with impaired liver function, SBRT is offered as a 
palliative option. However, patients with HCC can 
have a high degree of spatial variation in liver func-
tion due to underlying cirrhosis, providing a potential 
opportunity to optimize dose distributions to spare 
higher functioning sub-sections of the liver  

In this study, Personalised liver SBRT using mag-
netic resonance imaging (PRISM) is proposed in 
which liver function will be spatially mapped using 
magnetic resonance imaging (MRI) to create func-
tion based SBRT treatment plans where radiation 
dose to high functioning regions of the liver is mini-
mised, and low functioning liver is sacrificed to max-
imise the dose delivered to the GTV. The feasibility 
of a) identifying regions of high and low liver func-
tion using MRI, b) SBRT treatment planning guided 
by liver function maps and c) mid-treatment adapta-
tion of dose plans using mid-treatment MRI will be 
investigated in the PRISM clinical trial. 

Materials and Methods: In the pilot phase of this 
study, patients with HCC or liver metastases eligible 
for liver SBRT will be recruited. It is planned to re-
cruit a total of 30 patients in three stages – Stage 1 
will gather preliminary data from 5 participants to 
optimise the study design; Stage 2 will evaluate the 
potential of MRI to distinguish between high and low 
functioning regions of the liver and spatially define 
changes in liver function after irradiation on a further 
10 patients; and Stage 3 where data will be collected 
for a further 15 participants. The number of patients 
with liver metastases will be limited to <1/3rd of 
study participants to include good and impaired base-
line liver function. Participants will undergo pre-, 
mid-, and 3-month post-treatment MRI scans for 
liver function mapping. Indocyanine green (ICG) 
clearance test3 will be performed prior to each MRI 
scan as surrogate measure of global liver function.  

Results: The study has received ethics approval 
(WSLHD-HREC: 2022/ETH00203) and recruitment 
will commence in October 2022. Imaging protocols 
have been developed and will include diffusion-
weighted imaging (13 b-values 0-800 s/mm2) for 
intravoxel incoherent motion (IVIM) modelling. Dy-
namic contrast enhanced (DCE) MRI in free breath-
ing was added to a standard liver MRI protocol. A 
healthy volunteer was scanned without contrast in-
jection. Example IVIM parametric maps (diffusion 
coefficient D, perfusion fraction f) and DCE-MRI 
frames (t=0, 7 and 14 sec) are shown in Figure 1.  

 

 
Figure 1. IVIM parametric maps a) D and b) f, and DCE time 
series at c) t=0 d) t=7sec and e) t=14sec. 

Conclusions: An MRI protocol for liver function 
mapping has been developed for the PRISM clinical 
trial to establish the feasibility of personalised liver 
SBRT using MRI for patients with HCC.  
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Introduction: An Elekta Unity 1.5T MRI Linac 

has been clinically operational at our centre since Au-
gust 2021. Recruitment for breast cancer patients be-
gun in April of 2022. This is a report of our initial ex-
perience with daily adaptive radiotherapy (ART) for 
breast cancer using the Unity in the adapt-to-position 
(ATP) workflow.  

 
Materials and Methods: Patients with localised 

breast cancer meeting eligibility for accelerated partial 
breast irradiation (APBI) were enrolled on the pro-
spective FIRM study. 
Patients were simulated in a personalised cradle flat 
on the couch with arms raised above their head. CT 
and MRI scans were acquired in treatment position on 
the day of simulation. Individual treatment plans for 
the Unity and standard linac were created for each 
case using Monaco Treatment Planning System 
v5.51.11. Unity plans were designed with a range of 
Step and Shoot IMRT fields (6-15 fields) and opti-
mised to meet the established local clinical guidelines. 
Treatments are scheduled across a 2-week period on 
the Unity. All patients currently have a Fraction 0, 
where the process of treatment is completed up to the 
point of treatment delivery to ensure reproducibility, 
highlight any changes in target size or position and pa-
tient tolerability of the procedure.  
Treatment times are recorded from the patient entering 
the room and at different time points throughout each 
session.  
In-vivo dosimetry was performed with Gafchromic 
EBT3 film for the first five patients to assess skin dose 
in the treatment field. 
Daily setup variability was quantified by recording the 
isocentre shifts along the x (left/right), y (superior/in-
ferior) and z (anterior/posterior) axes at each ART de-
livery, and assessed by calculating the average sys-
tematic error, standard deviation of the systematic er-
ror and standard deviation of the random error of the 
isocentre shifts using Van Herk’s method (1). 
Quality assurance was performed with an MR-
compatible cylindrical diode array using 3%/3mm 
gamma criteria. 

 
Results: Six APBI patients received daily ART 

using ATP. Four right-sided and two left-sided pa-
tients were treated with a prescription dose of 30 Gy 
in 5 fractions. The total number of adapted treatments 
delivered was 27, with one patient transferred to the 
conventional linac during their treatment due to a ma-
chine breakdown. 
The online plan re-optimisation method was ‘optimise 
weights’ or ‘optimise weights and shapes’ for seven 
and twenty treatments respectively. Isodoses and dose 

constraints were reviewed online by the multidiscipli-
nary team for each plan. Rescaling or changing opti-
misation parameters was utilised when necessary; the 
main variations observed were higher doses to targets, 
contralateral breast dose and skin dose. The mean 
monitor units for ATP plans was 996 (range: 890-
1136), which is slightly lower than the mean for the 
reference plans of 1042. Prior to treatment delivery, 
an MRI bFFE sequence was acquired with the target 
structure displayed on the images, to observe patient 
breathing motion. 
 

 Treatment stage Mean time (range) in minutes 
Patient setup to beam on 37 (27-52) 
Beam delivery 7 (4-17) 
Total treatment time 
(Patient in to patient exit) 48 (37-63) 

Figure 1. Approximate overall time data from treatments 
 
In-vivo dosimetry showed skin dose in the high dose 
region of the planning target volume was between 60-
90% of the prescription dose across all patients, and 
within the dose ranges calculated by Monaco. 
The absolute mean systematic error of all isocentre 
shifts for this patient cohort was <1.5mm in all 3 or-
thogonal directions. Systematic and random errors 
were <4mm and <3mm respectively. The maximum 
absolute value isocentre shifts in any single fraction 
were 5.5, 9.6 and 6.8mm in the x, y and z directions 
respectively. Analysis of isocentre shifts indicates 
good reproducibility in patient positioning to date. 
Intensity modulated radiation therapy quality assur-
ance (IMRT QA) was performed for every reference 
and adapted plan following treatment, using Arc-
CHECK MR, with 3% dose/3mm distance to agree-
ment gamma criteria, a threshold value of 10% and a 
tolerance limit of gamma ≥95%. All reference and 
daily fractions passed QA. Furthermore, the mean 
overall 2%/2mm pass rate was >94.6% (range: 91.2-
100%). 
 

Conclusions: The aim of this work was to describe 
our department’s experience for treating APBI on the 
Unity through an analysis of six cases treated with an 
online ATP workflow to date. Adapted treatment 
plans showed consistency with clinical guidelines and 
reference plans. Total treatment times were under 50 
minutes, all treatment plans passed IMRT QA, and pa-
tient immobilisation in the extended vac-bag showed 
good reproducibility. 
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Introduction: Magnetic resonance (MR) imaging 
is well known for its variety of image contrasts. MR 
spectroscopy imaging to probe for chemical com-
pounds and metabolites related to the body’s physio-
logical function and pathological conditions can sup-
port cancer diagnosis and treatment [1]. This talk re-
views the application of Chemical Exchange Satura-
tion Transfer (CEST) imaging to brain tumour imag-
ing in a clinical setting at 3T. 

 
Materials and Methods: CEST imaging indirectly 
measures mobile protein and peptide content in tissue 
using a continuous process of re-saturation of bio-
molecules with attached protons that can undergo ex-
change with bulk water molecules [2]. CEST is based 
on common anatomical imaging sequences and can 
therefore benefit from well-known fast acquisition 
strategies, as well as improved spatial resolution over 
other MR spectroscopy techniques. Recently, techno-
logical advances enabled the transition of CEST im-
aging from advanced 7T MRI scanners to the common 
clinically available field strength 3T, paving the way 
for wide-spread clinical use.  
Amide proton transfer-weighted (APTw) imaging is a 
CEST imaging technique that generates image con-
trast by radio frequency saturation labelling of the wa-
ter-exchangeable backbone amide proton pool of pro-
teins and peptides in tissue [3]. The amide protein con-
tent is higher in areas of elevated cellular density and 
proliferation, which are increased in aggressive tu-
mours [4]. Studies world-wide have demonstrated that 
APTw imaging adds clinical value to the standard 
MRI procedures in brain cancer diagnoses, including 
the detection and grading of tumours [5], and progno-
sis related to tumour progression and survival [6]. 
APTw imaging can help to distinguish treatment ef-
fect from tumour recurrence in patients with glioma 
who underwent radiation treatment [7, 8], and to mon-
itor the early radiation treatment effects [9], which re-
sults in the destruction of the cytoplasm, increasing 
the mobile protein content. 
Despite the promising initial results, challenges re-
main for a widespread clinical implementation of 
APTw imaging [10]. APTw signal intensities depend 
on the APTw pulse sequence features and parameters, 
which may lead to differences in image contrast and 
in interpretation between sites and patients [3]. Large 
variations in imaging parameters as well as differ-
ences in image reconstruction, post-processing and 
analysis strategies complicate the reproducibility and 
comparability of results between studies in the litera-
ture. 
This knowledge gap can be filled by creating and val-
idating common guidelines to establish an optimised, 

reproducible, and standardized APTw imaging ap-
proach applicable to clinical 3T MRI scanners. One 
way clinical evidence can be collected is from multi-
institutional clinical trials in collaboration between 
healthcare institutions and industry. 

 
Conclusions: APTw CEST imaging has the 

demonstrated ability to enhance diagnostic specificity 
in brain tumour assessment. Reducing contrast varia-
bility across sites and patients will improve the clini-
cal value of APTw imaging as a biomarker in the as-
sessment of brain tumours at 3T. This will allow med-
ical centres worldwide to routinely use APTw MRI in 
daily clinical practice in cancer diagnosis and treat-
ment. 
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Introduction: Radiomics is a field which utilises 

quantitative features on medical images and corre-

lates them to clinical endpoints. Radiomic features 

can be useful as a method for patient diagnosis, 

prognostication, stratification and clinical decision 

support for patients with Glioblastoma Multiforme 

(GBM). To build accurate and reliable radiomics 

models it is important to ensure that repeatable fea-

tures are used. The importance of repeatability of 

quantitative features has been demonstrated in re-

search with models developed on non-repeatable 

features from a single centre having a lower perfor-

mance when applied to multicentre data [1].  

Quantitative MRI (qMRI) techniques are used to 

investigate tissue physiological factors such as perfu-

sion or diffusion characteristics. While incorporating 

qMRI into radiomics has been shown to produce 

high-performing radiomic models [2], there is a lack 

of comprehensive studies evaluating the repeatability 

of radiomic features obtained from qMRI.  

Methods and Materials: This study used test-

retest imaging to assess the repeatability of qMRI 

radiomics. qMRI imaging data from 43 patients from 

The Cancer Imaging Archive (TCIA) was utilised. 

Patients were scanned twice, less than a week apart 

without treatment intervention between the scans.  

Radiomic features were extracted from Diffusion 

Weighted (ADC) and Perfusion Weighted (DCE) 

MRI. Gross tumour volume (GTV) was manually 

contoured by a radiation oncologist. Image standardi-

sation is an important step in the radiomics process 

where mathematical transformations are applied to 

make images more comparable. Image standardisa-

tion techniques including intensity standardisation (z-

score, histogram matching and linear mapping) and 

noise filtering were applied to the images. Radiomic 

features were extracted using the PyRadiomics pack-

age, all feature classes and image transformations 

were enabled. The repeatability of individual features 

within the GTV was assessed by means of Intra-

Class Correlation Coefficient (ICC) of features be-

tween the two timepoints. Redundancy was assessed 

by creating a correlation matrix of the extracted radi-

omic features for each standardisation method. The 

image standardisation methods were compared in 

terms of the repeatability and redundancy. 

Figure 1 shows part of the process involved in 

this research. Histograms of ADC values within the 

GTV have been extracted from each image and are 

compared. 

 

Figure 1 – ADC Images and overlaid GTV histo-

grams (normalized) for scan (blue) and rescan (or-

ange). 

Results: No single standardisation method was 

universally effective for improving the repeatability 

of radiomics features, different types of standardisa-

tion were found to be effective at improving repeata-

bility for different features. 

Out of 299 features extracted from ADC images 

93 were found to have an ICC greater than 0.95 

without the application of standardisation. After z-

score standardising 117 features were found to have 

an ICC above 0.95, these are features that can be 

considered ‘highly-repeatable’.  

Conclusion: Of the features extracted, without 

standardisation around 1/3 were found to be repeata-

ble and as a result useful for a model. Applying im-

age standardisation can increase the number of useful 

features and thus improve the model. 

Implementing qMRI into radiomics models can 

improve their accuracy and usefulness. Image stand-

ardisation can improve radiomics models by allow-

ing more features to be incorporated while maintain-

ing repeatability.  
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Introduction: Recent progresses in linear acceler-
ator (linac) technology has led to the incorporation of 
magnetic resonance imaging (MRI) in the radiother-
apy (RT) treatment unit. This allows us to obtain up-
dated MRI scans prior to each fraction, and to adapt 
the treatment plan to account for daily changes in anat-
omy and tumor. The aim of this study is to quantify 
the T2 weighted-Fluid-Attenuated Inversion Recov-
ery (T2/FLAIR) inter-fraction variations in patients 
undergoing RT for glioblastoma (GBM). 

 
Materials and methods: Patients with GBM 

treated with surgery or biopsy followed by chemora-
diation were included. Patients were given daily frac-
tions over 3 or 6 weeks on the Elekta Unity MR-linac 
using an adapt-to-position workflow. For this study, 
the T2/FLAIR images were reviewed at every 5th 
fraction and regions of hyperintensity were manually 
delineated. The T2/FLAIR hyperintensity volume was 
quantified as per volume in cubic centimeters (cc) and 
compared relative to a baseline reference MRI (frac-
tion 0) acquired the day before radiation treatment in-
itiation. 

 
Results: The daily MRIs of 10 patients with GBM 

were reviewed. The median (range) age was 68 years  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

(43 – 78 years) and 8 patients were men. Five patients 
were treated to 60 Gy in 30 fractions and 5 patients to 
40 Gy in 15 fractions. Median T2/FLAIR hyperinten-
sity volumes at fractions 0, 5, 10, 15, 20 and 30 were 
respectively 54 cc (12 – 159 cc), 52 cc (13 – 111 cc), 
50 cc (12 – 87 cc), 48 cc (12 – 105 cc), 53 cc (34 – 
116 cc) and 79 cc (40 – 114 cc). Five patients had ≥ 
25% relative T2/FLAIR volume progression com-
pared to fraction 0, with a maximum of 397%. Two 
patients had T2/FLAIR hyperintensity progression 
beyond the initial planning target volume (PTV). One 
patient had signal extension to the contralateral hemi-
sphere via the corpus callosum. Two patients had of-
fline replanning based on disease progression con-
cerns identified on daily MRI. 

 
Conclusion: Significant T2/FLAIR variations 

may be observed in GBM patient undergoing chemo-
radiation. MR-linac may be valuable for personalized 
treatment plan adaptation in patients with significant 
T2/FLAIR progression. 
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Figure 1: T2/FLAIR signal inter-fraction variations of a 43-year-old patient post biopsy of a left frontoparietal 
multifocal GBM, IDH1 wild-type, MGMT unmethylated.  Left: Fraction 0 (volume of 18 cc). Middle: Fraction 
15 (volume of 29 cc). Right: Fraction 30 (volume of 87 cc).    
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Introduction: Contouring of normal structures for 
radiation adaptive planning and research remains one 
of the most time-consuming step. Here we aim to de-
velop an MR-based auto-segmentation model for au-
tomated contouring of salivary glands and skeletal 
muscles in the head and neck for use in treatment tox-
icities and outcomes assessment. The hypothesis for 
this study is that high-quality MR-imaging allows for 
accurate auto-segmentation of these head and neck 
structures for automated dose response in daily online 
adaptive radiotherapy. 

 
Materials and Methods: We used The Cancer 

Imaging Archive’s (TCIA) collection from the 
“AAPM RT-MAC Grand Challenge 2019” to train our 
model. This collection includes T2-weighted MR im-
ages acquired prior to radiotherapy treatment com-
mencement with patients setup in the treatment posi-
tion. Scans from this collection were manually con-
toured by two trainees and all were checked by a sub-
specialized head and neck radiation oncologist to in-
clude 18 normal structures, including glands and skel-
etal muscles. This data was used to train a 3D U-net, 
using 50 patients for training and 5 for final contour 
evaluation. The quality of the contours were evaluated 
using the overlap (Dice Similarity Coefficient – DSC) 
and distance metrics (95th Hausdorff distance – 
95HD), as well as via slice-by-slice evaluation by a 
radiation oncologist. 

 

  
Figure 1. Manually contoured structures 

 

Results: The mean (± std. dev.) DSC and 95HD 
values for all structures across the 5 test patients were 
0.85 ± 0.07 and 3.7 ± 3.0 mm, respectively. Radiation 
oncologist qualitative evaluation of the automatically 
generated contours deemed all contours within rea-
sonable uncertainty and acceptable for quantitative 
treatment response assessment. The model were then 
used to generate structures on intra-treatment MR im-
aging. These were evaluated by a head and neck radi-
ation oncologist and were deemed appropriate for use 
with no or minimal adjustments. 

 
Conclusion: We generated a contour dataset and 

trained an auto-contouring model for comprehensive 
evaluation of doses delivered to head and neck sali-
vary glands and skeletal muscles throughout the 
course of head and neck cancer radiotherapy.  The ac-
curacy of our model needs to be further validated with 
external image datasets prior to implementation for 
treatment response assessment studies are conducted.  

 
 
 
 
 
 
 
 
 
 

 
Figure 2. Auto-generated normal structure contours  
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Introduction: Clinical motion management imag-
ing on the Elekta Unity MR-Linac utilizes the bal-
anced fast field echo (bFFE) sequence, which is the 
Philips implementation of multi-stack balanced 
steady-state free-precession (bSSFP) cine imaging.  
This enables rapid, successive acquisition of 1, 2 or 3 
orthogonal planes and thereby near real-time target 
monitoring with excellent soft tissue contrast. Unfor-
tunately, bSSFP is known to be susceptible to a band-
ing artefact which can result from insufficient time be-
tween frames for the steady state to be achieved. 

The effect of Unity linac gantry angle on B0 uni-
formity and of the radiation beam on image noise has 
been demonstrated [1,2], however until now the effect 
of the linac beam on B0 has not been directly mapped. 

 
Materials and Methods: A subtle change of the 

bFFE banding artefact was observed in a cylindrical 
water phantom during simultaneous delivery of a clin-
ical IMRT plan.  Comparison of cine modulus images 
with the linac log file confirmed the changes could be 
due to gantry rotation or x-ray beam on, prompting 
further investigation.   

An unbalanced FFE sequence was used to generate 
both modulus and phase coronal cine images of the 
water phantom as FFE does not exhibit the banding 
artefact and permits a simple relation between phase 
and B0. Time was allowed for the steady state to be 
reached after imaging was initiated, then a further 20 
seconds before linac activities were initiated to allow 
a baseline image to be created, averaged over the 
whole 20 seconds.   

The effect of beam-on and gantry motion were ac-
quired separately in addition to beam limiting device 
(BLD)-only moves.  A 10x10 cm2 field at gantry 0° 
was given 100 MU 7 times at intervals of approxi-
mately 20 s (i.e. 20 s off, 20 s on, etc.) while coronal 
modulus and phase images were acquired. The effect 
of gantry position and movement was assessed by ro-
tating the gantry by 40° every 30 s during coronal im-
aging without radiation. Similarly, the BLDs were ex-
ercised every 20 s during imaging with no beam to 
distinguish this condition from the beam state effect. 

The mean phase across most of the phantom in 
each cine frame was converted to a mean ΔB0 from 
that of the baseline image and correlated with linac 
state (i.e. beam state, gantry angle, BLD positions).  
This frame-wise analysis (i.e. single ΔB0 value per 
frame) was then extended to voxel-wise for beam state 
to produce cine ΔB0 maps, enabling spatial and tem-
poral correlation between the radiation beams and the 
consequent changes in ΔB0.  

The 10x10 cm2 field was then given a continuous 
1000 MU for each of the 3 orthogonal imaging planes 

and analysed in the same manner as the 100 MU 
beams for comparison.  Lastly, a chair or ‘h’ pattern 
was imaged to demonstrate the agreement between the 
coronal ΔB0 maps and the beam aperture. 

 
Results: Gantry movement and beam-on appeared 

to be correlated with changes in mean ΔB0, however 
no discernible effect was seen with BLD-only moves. 

The seven coronal ΔB0 maps in Figure 1 are the 
average of the 20 seconds after each beam (i.e. beam 
off period) to illustrate the persistence of the effect. 
The square field was initially quite distinct, persisting 
between beams and building up to the third beam, but 
dissipated despite the further 4 beams. 

 

 
Figure 1. Coronal plane ΔB0 after each of 7 100 MU beams  

 
The 1000 MU coronal maps were similar to those 

in Figure 1, although the signal reversal was more pro-
nounced.  The images in the sagittal plane were ex-
pected to show the diverging beam seen in the trans-
versal images, however no spatial information about 
the beam could be recovered; instead, a checkerboard-
like pattern was seen to develop over the course of the 
sagittal acquisition.   

 
Conclusions: MR imaging of the radiation beam 

has been demonstrated for the first time. In this anal-
ysis the change in B0 is transient and does not appear 
to scale with dose. The magnitude of ΔB0 attributable 
to the beam is typically less than 1 μT and therefore is 
not expected to effect modulus imaging geometric in-
tegrity.  While it is unclear what physical processes 
are causing this effect, it is hoped that as they become 
better understood it may be harnessed for clinical ap-
plication. 
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Introduction: Gated beam delivery based on 
cine MRI is clinically used on the MRIdian 0.35 T 
MR-linac (Viewray Inc, USA) to manage intra-
fractional respiratory motion [1]. Gating has been 
shown to reduce healthy tissue dose, however, it 
comes with drawbacks such as increased treatment 
times and the need for patient compliance. Multileaf 
collimator (MLC)-tracking could address these limi-
tations; however, the total system latency (≈ 350 ms) 
needs to be accounted for in real-time [2]. Long 
short-term memory (LSTM) networks are machine 
learning models which capture temporal dependen-
cies of the input and are therefore ideally suited for 
motion prediction. We implemented LSTMs for the 
prediction of future tumor centroid positions based 
on clinically acquired 4 Hz sagittal 2D-cine MRIs 
and compared them with linear regression (LR) mod-
els. 

 
Materials and Methods: We collected 556 cine 
MRIs from 88 patients treated with breath-holds and 
gating with a MRIdian MR-linac at the University 
Hospital of the LMU (lung, pancreas, heart, liver, 
mediastinum). Superior-inferior (SI) motion traces of 
the target centroid were extracted from the cine 
MRIs using in-house software. Breath-holds were 
excluded, and the traces were normalized and 
smoothed by performing outlier replacement and 
applying a moving average filter. These patients 
were sub-divided in training (60%), validation (20%) 
and testing (20%) sets. Additionally, 15 cine MRIs 
from 3 patients treated in free-breathing with a 
MRIdian MR-Co60 at the Fondazione Policlinico 
Universitario Agostino Gemelli were collected and 
used as a second testing set (lung and pancreas). 
Stateless LSTM networks were optimized with two 
different training schemes to predict the future cen-
troid position in 250 ms, 500 ms, and 750 ms. For 
the offline LSTM, we iteratively optimized on the 
training set and applied the model unchanged to 
current motion. For the offline+online LSTM, we 
loaded the weights of an offline LSTM and re-
optimized continuously on recent motion. We im-
plemented a LR as baseline predictor and analytical-
ly solved it using two schemes. The offline LR is 
solved using data analogously to the offline LSTM 

while for the online LR we continuously solved from 
scratch based on recent motion.  

 
Results: The offline+online LSTM performed 

best for all forecast times for both testing sets, 
achieving a RMSE (500 ms forecast) of 1.20 mm and 
1.00 mm while the best performing LR model 
achieved a mean RMSE of 1.42 mm and 1.22 mm for 
the LMU and Gemelli testing set, respectively. 
Qualitatively, we found the LSTM to overshoot more 
but to more accurately predict steep inhalations and 
exhalations (Figure 1).  

 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Comparison of ground truth motion (black), 

LSTM prediction (red) and LR prediction (blue) for a 
Gemelli testing set (MR-Co60) patient with baseline drift 

for the 500 ms forecast. 
 
Conclusions: LSTM networks have potential as 

respiratory motion predictors and could be used to 
compensate for the system latencies present in 
MRgRT with MLC-tracking. An experimental vali-
dation of the implemented models on the Australian 
1.0 T MR-linac is ongoing. 
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Introduction: The concept of radiation beam 
matching applies to medical linear accelerators 
(LINACs) that have identical characteristics includ-
ing model, radiation quality, and multileaf collimator 
features (1). We have performed a preliminary study 
to investigate the possibility of beam matching for 
two Elekta Unity MR LINACs, one installed at Gen-
esisCare St. Vincent Hospital NSW and other at 
GenesisCare Murdoch WA.  

 
Methods: As of now there is no vendor-defined 

‘‘fine beam-match’’ criteria for Unity, Beam energy 
and wave guide angulation were modified to match 
beams during device acceptance testing and extended 
comparison was carried out during commissioning.  
St. Vincent Hospital machine is named as ACE and  
Murdoch one is named as K2. The beam matching 
criteria were based on the percentage depth dose 
(PDD), beam profile, output factors for field sizes 
2x2, 3x3, 5x5, 10x10, 15x15, 22x22, 40x22 & 57x22 
cm at Gantry angles 0 & 270 degree. Dosimetry 
measurements were carried out by using an PTW 
ionization chamber, farmer chamber of 0.125 & in 
0.6 cm3 volume and PTW microdiamond detector. 
An analysis of PDD and profile data was performed 
for different field sizes to evaluate beam matching. 
Beam profiles of both machines were analysed for γ-
value with Monaco Commissioning Utility (MCU) 
software. Profiles at depth of dmax, 5cm and 10cm 
were analysed. Further γ passing and was point dose 
measurements evaluated for 5 plans for 4 different 
sites (Prostate, Liver, and Oligo Pelvic & Oligo Ab-
domen nodes) with SNC MR ArcCheck. 

 
Results: The results indicated that the PDD10 of 
7FFF photon beams for 10x10cm field size for both 
LINACs have excellent compatibility each other with 
a deviation of less than 0.5%. The TPR 20/10 for 10 
× 10 cm2 was well matched, showing energy differ-
ences pf 0.71%. γ-index passing rate for field sizes 
upto 20x22 shows excellent match with 100% pass-
ing at 1.0 % of DD, 1 mm of DTA. Profiles for Field 
sizes 40x22 and 57x22 passes with 2.0 % of DD, 3 
mm of DTA. Output factor shows maximum differ-
ence of 0.4% (Table 1). 
 
Table Below: Output factor for both Linacs 

 

Below figure : a) shows PDD matching result for 
10x10cm Field Size and b) shows profile comparison 
for 22x22 Field Size.  

   

 
  Commissioning plan QAs were passed for gamma 

evaluation 3%/2mm above 95% and point dose dif-
ference within 2% for both machines. 

 
Conclusion: Beam matching of Unity MR Linacs 
allows for the use of a single Radcalc model across 
both machines for the purpose of secondary MU 
checks. There are also benefits for routine QA, as the 
same tolerance values for beam flatness and sym-
metry can be used for both linacs. However, beam 
matching in this case does not allow for simple direct 
transfer of patients from one machine to another for 
several reasons. Cryostat characterisation, a gantry 
angle dependent output factor correction is unique to 
each machine and cannot be perfectly matchted. 
There are also safety checks built into the TPS, 
where the patient ID is tied to the machine ID, which 
would inhibit transfer of patients. Beam matching of 
Unity MR Linacs does have its benefits, though not 
to the same extent of a conventional linacs. 
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Introduction: The Australian Clinical Dosimetry 

Service (ACDS) has conducted dosimetry audits of 

MR-linacs (MRLs) at four Australian radiation ther-

apy facilities. 5 Level Ib (on-site reference dosimetry 

checks) and 3 Level III (end-to-end testing) audits 

have been performed since 2019. 

 

Materials and Methods: ACDS auditors per-

form measurements on-site using ACDS’ dosimetry 

equipment for both levels Ib and III audits. In Level 

1b, the facility’s 1D water tank is used to check the 

ouput under locally-defined reference conditions. An 

ARPANSA-calibrated PTW30013 Farmer-type ioni-

sation chamber is used to measure beam output at 

Gantry 0˚ and Gantry 270˚/90˚, acknowledging the 

effect of helium levels in the cryostat and new refer-

ence recommendations from Elekta. A 10x10cm field 

size is used, and chamber readings are corrected for 

magnetic field-effect (kb). Small field output factors 

are measured with a PTW60019 microDiamond 

aligned to the beam central axis as defined by MV 

imaging. IAEA TRS-483 corrections applied refer to 

nominal field sizes. Measurements made by the audi-

tors are compared to the facility’s own measurements 

under the same conditions and the tolerances applied 

are the same as for conventional linacs. 

 

In Level III audits, the facility is sent a phantom 

in advance of the dosimetry audit for CT simulation 

and treatment planning. During this audit, dose is 

measured using seven IBA CC13 ionisation cham-

bers for IMRT and compared to the adapted planned 

dosimetry. 3DCRT and IMRT plans are delivered 

during the audit with the phantom aligned within 

1mm of the reference position. Adaptive workflows 

are tested for both positional shifts (Case 18), and a 

geometric deformations (Case 20). In both adaptive 

cases, the final planning target structure and dosime-

try goals are identical to Case 7, hence, similar 

measurement results from all three cases are ex-

pected. Indicative outcomes are provided using the 

the tolerances applied for conventional linacs. 

 

Results: All Level Ib audits have achieved a 

passing result within ACDS tolerances. The median 

(and range) dose difference is -0.5% (-0.9% to 

+0.5%) (see Fig 1). This is comparable to the mean 

(and standard deviation) dose difference on conven-

tional linacs, which range from -0.3% to +0.1% 

(±0.6% to ±0.7%) across the available energies. 

 

Two Level III audits returned indicative Out of 

Tolerance outcomes resulting in changes to clinical 

workflows being implemented prior to patient treat-

ment. The median dose difference (and range) across 

all in-volume measurement points in passing Level 

III cases 7, 18 and 20 is +1.5% (-2.9% to +4.7%), 

+1.2% (-3.7% to +4.5%), and +0.8% (-3.5% to 

+4.2%). Overall, outcomes in these cases for MRLs 

are comparable to outcomes in Case 7 on conven-

tional linacs, where mean (and standard deviation) 

dose differences across all points and energies range 

from -0.1% to +1.5% (±0.6% to ±2.1%) (see Fig 2). 

 

 
Figure 1. All Level Ib dose differences (conventional linacs in 

black, MRL in red). Action level = 1.4%, Tolerance = 2.1%) 

 

 
Figure 2. All Level III dose differences excluding indicative OT 

deliveries (conventional linacs in black, MRL in blue). Action 

level = 3.3%. Tolerance = 5% . 

 

Conclusions: The presence of the magnetic field 

and unique workflows required to perform irraditions 

on the MRL present a challenge for both auditors and 

end-users in performing accurate dosimetry meas-

urements. Level III end-to-end tests have successful-

ly identified necessary changes to clinical workflows. 

The ACDS audits conducted thus far have indicated 

that MRL audit outcomes are comparable to conven-

tional linacs. 
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Introduction: Geometric distortion is present in 
MR images primarily due to gradient non-linearities 
and B0 inhomogeneity. The use of MRI in radiother-
apy requires that these distortions are quantified, and 
– if exceeding some threshold – corrected. Existing 
tools are generally expensive, black box, and not 
suitable for general purpose sequences. 

 
In this work, we present an open-source and par-

ametric distortion phantom which can be constructed 
for around 1000 AUD. We also present open-source 
software for the analysis of data acquired with this 
phantom, covering quantification of distortion, char-
acterisation of magnetic fields via spherical harmon-
ics, automated reporting via interactive html, and 
distortion correction in both the image and k-space 
domains (Figure 1). 

Results: The open-source distortion phantom per-
formed well, with markers clearly visible on all im-
ages. Our software extracted the correct number of  
markers from all three images and was able to gener-
ate 1:1 matches even in the presence of large distor-
tions. For the Australian MRI-Linac, undistorted data 
over a DSV of 300 mm had mean distortion of 6.1±2 
mm (max 10.7). Following distortion correction, the 
total distortion on the Australian MRI-Linac was 
0.8±0.4 (max 2.2 mm). For the Elekta Unity over the 
same DSV with vendor distortion correction, these 
values 0.6±0.2 mm (max 1.3 mm). Both the k-space 
and image-domain distortion correction algorithms 
performed equally well at correcting distortion. 

Conclusions: We have developed an open-source 
hardware/software solution for the measurement, 
characterisation, reporting, and correction of geomet-
ric distortion in MRI. We tested marker extraction/ 
distortion quantification for Elekta Unity and further 
tested distortion correction on MRI-Linac.    

Materials and Methods: The distortion phantom 
was constructed from laser cut foam. 531 fish oil 
capsules were embedded in a spherical volume of 
300 mm diameter. This phantom was imaged with 
CT to provide a zero-distortion ground truth, on the 
Australian MRI-Linac magnet, and an Elekta Unity 
system. For the Australian MRI-Linac, FLASH gra-
dient echo images with a bandwidth of 260 Hz were 
acquired; for the Elekta Unity a 3D spin echo with a 
bandwidth of 740 Hz was used and vendor supplied 
distortion correction was applied. Our open-source 
software was used to extract the marker centroids, 
match the MR centroids to the CT, calculate the gra-
dient encoding fields, and characterise these fields 
with spherical harmonics. Using the spherical har-
monics, high resolution distortion maps were recon-
structed, and the images corrected with two different 
distortion correction algorithms, image-domain, and 
k-space-domain. 

 

 
Figure 2: Distortion map on the Australian MRI-
Linac magnet pre distortion correction.  

 
 
 

Figure 1: Modules/workflow of the open-
source mri distortion toolkit 
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Introduction: The optimal utilisation of MR-
guided radiotherapy in brain, head and neck, and  
breast cancer is currently being investigated. Here we 
aim to illustrate and evaluate the implementation and 
early experience of MR-guided radiotherapy for pa-
tients with brain, head and neck, and breast cancers at 
a single Australian public hospital. 

 
Methods and Materials: Staff involved in the 

program underwent credentialing processes and train-
ing in MR safety and MR-Linac workflows. Site spe-
cific implementation considerations including patient 
immobilization, planning techniques and dosimetry 
differences due to the MR environment, image se-
quence testing and development of robust quality as-
surance (QA) methodologies were investigated during 
commissioning. Patients were enrolled on a Feasibil-
ity of Imaging and Radiation Treatment Delivery on 
the MR-Linac (FIRM) trial. The FIRM trial has 2 
stages: Stage 1: end-to-end workflow testing, and 
Stage 2: Interventional treatment with standard of care 
fractionation. The Adapt to Position (ATP) online 
workflow was selected for all patients with brain, head 
and neck, and breast tumours. Workflow and different 
stages of treatment times were recorded.  

 
Results: We have successfully treated 17 brain, 8 

head and neck, and 6 breast patient on Phase 2 of the 
FIRM study since November 2021. More than 550 
fractions were adapted, delivered and QA performed 
successfully. Prior to opening phase 2 of the study 2 
brain patient, 3 head and neck, and 3 breast cancer pa-
tients were enrolled to Phase 1 of FIRM to facilitate 
and inform our development and site rollout process. 
5 patients required replan between simulation and 
fraction zero due to disease progression. Four patients 
required replan during treatment course. The average 
treatment time for brain, head and neck, and breast 
cancer patients were 30, 42 and 40 minutes, respec-
tively. Patient and QA pathways have been stream-
lined with a reduction in post treatment QA. Initial do-
simetric/ dose delivery testing confirmed appropriate 
and acceptable dose delivery as predicted in treatment 
plan. Cumulative (treated) plans were compared to 
reference plans and showed relatively similar dosime-
try, within acceptable uncertainties. The target dose 
coverage adjacent to the critical organs at risk was 
marginally improved in some treated plans compared 
to reference plan.  

 
Conclusion: The use of MR-Linac ATP workflow 

is feasible and was established in patients with brain, 
head and neck, and breast cancers in an Australian set-
ting.  
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Introduction: February 2022 saw the culmination 
of years of work with the clinical start to a new dedi-
cated MRI Simulation service in Radiation Oncology 
Princess Alexandra Hospital, Ipswich Road Campus.  
The simulator is conveniently located within the 
ROPAIR Radiation Oncology department, immedi-
ately adjacent to both existing CT simulators and the 
Gamma Knife Centre of Queensland. 

 
Materials and Methods: From the outset, the 

MRI Simulator team were acutely aware of potential 
benefits to be gained from the service and were heav-
ily focussed on maximising the clinical output with ef-
ficient, integrated workflows.  Members from medi-
cal, radiography, radiation therapy, physics, nursing 
and administrative teams worked together to create a 
safe and functional MRI Suite, which subsequently al-
lowed for the development of safe and efficient work-
flows.  A Siemens Magnetom Vida 3T with XT gradi-
ents was installed and commissioned. 

 
Results: During the first 6 months of operation, 

472 patients were scanned.  Of these, 220 were for the 
Gamma Knife Centre of Queensland and the remain-
der were for Linac-based Therapy Planning, predom-
inately composed of brain, head and neck, abdomen, 
prostate and spine cases. 

 
A significant clinical change has been the ability to 
confidently and accurately contour spinal cord and 
brachial plexus for head and neck patients, enabling 
improved dosimetry where planning target volumes 
are in close proximity to these organs.  For the prostate 
cancer cohort, the MRI Sim team work to match blad-
der and bowel filling with the CT simulation scan, im-
proving target delineation by providing near-perfect 
images with minimal translations and rotations of data 
sets required for registration. Workflow efficiency has 
been enhanced by upskilling Radiation Therapist staff 
to perform cannulations for contrast procedures.  The 
unit continues to scan an average of 20 patients per 
week, including a small number of interhospital pa-
tients from ROPART Radiation Oncology, located at 
Mater Hospital, Raymond Terrace, South Brisbane.  
Practice improvements are continually evolving and 
implemented clinically.   
 
The XT gradient is optimal for MR Therapy Planning, 
with this latest gradient technology allowing de-
creased scan times, excellent spatial resolution and 
minimal geometrical distortion.  Our system has 
achieved a mean and maximum definition error of 
0.3mm and 0.6mm respectively for a small grid phan-
tom (for brain imaging) and the largest deviation 

detected at 2.8mm, 18 cm from the isocentre on the 
CIRS large distortion phantom1. 

 
 
Evaluation:   The hybrid MR/RT imaging team 

and optimised MRI technology ensures examinations 
add valuable planning information, increasing RO 
confidence in margins, whilst reducing overall plan-
ning time, especially regarding time for image regis-
tration and contouring of targets and organs at risk.  
The ability to provide improved dosimetry has also 
been a significant benefit.  Patients have indicated that 
they tolerate the MRI Sim process well, with the focus 
on optimal scan times to allow for various treatment 
positions.  To date, usable planning images have been 
achieved for every single patient. 

 
Additionally, the new MRI Simulator has allowed 

improved overall access to dedicated MRI planning 
for ROPAIR patients. The service is provided at no 
additional cost to the patients, who were previously 
paying out-of-pocket costs at nearby private provid-
ers. 

 
Conclusion:  There have been many benefits fol-

lowing the implementation of the MRI Simulator.  
Thus far the focus has been on clinical implementa-
tion; however, the team has commenced research pro-
jects and aim to  accelerate this aspect of the MRI Sim-
ulator workload over the coming months. 
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Introduction: By generating a so called 'synthetic 
CT image' (sCT) directly from the MR images, the 
CT examination can be excluded and the uncertain-
ties in the registration of MR- and CT-images are 
eliminated. Basing the radiation treatment process 
solely on MR images is called 'MRI-only' and is ben-
eficial for the patient due to less CT examinations 
and more accurate target delineation.  
One aim of this project was to develop and validate a 
software tool for MRI-only in a clinical workflow. A 
second aim was to investigate the difference between 
calculated radiation doses based on sCT and CT 
prostate images, respectively. We also aimed at ex-
amining if an AIR™ coil positioned directly on the 
skin of the patients would affect the body contours 
and the associated  calculated doses. 

Materials and Methods: Comparisons of radiation 
dose calculations based on sCT versus CT from 10 
prostate patients were performed using the dose-
volume histogram statistics in Eclipse dose planning 
system (Varian Medical Inc.). The sCT-images were 
generated from T2W images using locally installed 
software called MRI Planner (Spectronic Medical 
AB). A method for calculating the 'gamma index' 
was  implemented in MICE Toolkit, aka HERO 
(NonpiMedical). For the evaluation of the AIR coil 
(GE Medical) three different similarity comparison 
methods were used, Hausdorff distance, Dice simi-
larity coefficient (DSC) and Surface Dice similarity 
coefficient (SDSC).  

Results: Fig. 1 shows that nine out of ten gamma 
indexes had values above 96.5% for 2%/2 mm. Fig. 2 
shows a box diagram of mean absorbed dose devia-
tion for PTV, CTV, bladder, rectum and femoral 
heads. CTV had the largest difference, but still with-
in 2,5%. In general the doses calculated on sCT were 
higher than those calculated on CT.  
The SDSC values for the skin contour using AIR coil 
are shown in Fig. 3. The maximum Hausdorff dis-
tances were within 5 mm and the impact on the dose 
calculation were negligible, less than 1% for the pa-
tient with the largest deviation (no 5 in Fig.3). 

Conclusions: The main purpose of this project was 
to develop a software tool to validate an MRI-only 
clinical workflow, and to investigate if the radiation 
dose calculation based on sCT data differed from 
calculations based on actual CT data. An implemen-
tation for gamma analysis in MICE toolkit has been 
proposed. The gamma index analysis showed good  

agreement between sCT and CT for the included 
prostate patients. Moreover, a software tool to evalu-
ate the AIR Coil effect on the skin contour has been 
developed. 

  

 
Figure 1. Gamma analysis for criterion 1%/1 mm(green), 
2%/2 mm(blue) and 3%/3 mm(orange). 

 
Figure 2. Deviations between sCT and CT mean doses (per-
centage of prescribed dose) for planning target volume 
(PTV), clinical target volume (CTV), femoral heads, bladder 
and rectum. 

 
Figure 3. The Surface Dice Similarity Coefficient,SDSC, 
[%] for tolerance criterion 2 mm and 3 mm for the skin con-
tour. 
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Introduction: One of the current constraints of 
MRI only workflows for radiation planning and daily 
image guidance for prostate cancer therapy, is the am-
biguity in identifying gold seed fiducial markers in the 
presence of prostate calcifications. Similar diamag-
netic properties and size can result in visual uncer-
tainty in T1 weighted images, and poor conspicuity in 
T2 weighted images. With accurate identification of 
gold seeds critical for consistent patient positioning 
during treatment, we investigated the use of a quanti-
tative susceptibility mapping post processing pipeline 
(QSMxT) (1) for improving identification of gold seed 
markers in the presence of prostate calcifications. 

 
Materials and Methods: 10 patients undergoing 

MRI in addition to CT simulation for prostate treat-
ment planning, were scanned with an in-phase multi 
echo T2*, 3D VIBE acquisition with 1.4mm isotropic 
resolution, to generate phase and magnitude images 
for post processing. QSMxT v1.1.13 (2) was used for 
offline processing. Phase-based masking was per-
formed with a threshold of 25% phase matching qual-
ity. A two-pass reconstruction was performed with all 
echoes reconstructed independently and combined by 
weighted averaging. Susceptibility values across man-
ually segmented calcifications, gold seeds, and pros-
tate tissue were assessed. Segmented regions con-
firmed by the patient CT were then overlayed onto a 
magnitude image to demonstrate the potential work-
flow with a QSM based image processing pipeline. 

 
Results: Group level analysis of susceptibility val-

ues measured from manually segmented voxels in 
gold seed, prostate tissue and calcification, demon-
strated similar susceptibility values for most voxels in 
gold seed and calcification (Fig. 1). Voxels located 
central to the segmented gold seed were found to have 
notably lower susceptibility than the equivalent cen-
tral voxels extracted from calcification. Using an au-
tomated mask clean up, we were able to identify sus-
ceptibility values two standard deviations below the 
mean, and overlay these regions onto a magnitude im-
age for clear gold seed identification (Fig. 2). 

 

 
Figure 1. Voxel level analysis of susceptibility across 10 prostate 
patients 
 

 
 
Figure 2. QSM image (left) with susceptibility based seed masking 
(centre) and magnitude image overlay (right) 

 
Conclusions: While susceptibility values meas-

ured in fiducial gold seeds and prostate calcification 
largely overlap, we observed a greater spread of val-
ues in gold seed, with voxels central to the gold seed 
displaying larger negative susceptibility than calcifi-
cations. We are currently developing a deep learning 
model to further improve the accuracy of this tech-
nique, using additional information such as seed 
shape. 
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Introduction: Synthetic-Computed Tomography 
(sCT) generation is a critical component of MRI-only 
radiation therapy workflows. Quality of the sCT is 
currently assessed by comparing its Hounsfield Units 
(HU) to their ground truth1, resulting in global or 
organ-wise values, but local error may have an im-
pact on treatment delivery and might not be high-
lighted with global scores. The aim of this study is to 
investigate the correlation between local errors (in 
terms of HU number, volume and distance to the 
prostate) and dose delivered at the isocenter. This is 
the first step to the definition of thresholds of accept-
ability of HU errors in sCT for safe MRI-only radia-
tion therapy practice.  
 

Method: Spearman correlation coefficient (SCC) 
between HU errors and dose were computed. A SCC 
close to -1 or 1 denotes a strong correlation, while a 
SCC close to 0 illustrate a weak relationship. 

A sensitivity analysis (SA) was then performed, 
following the Morris screening method2. A SA is 
designed to quantify the effect of parameters on the 
output; in this study the effect of intensity, size and 
distance of a volume of error on dose calculation. 
This aimed to define which parameter has the highest 
impact on the dose. It calculates the mean μ∗ and the 
standard deviation σ of the absolute values3 of the 
elementary effects of the parameters. Low μ∗ and σ 
indicate an insignificant factor and high μ∗ and σ 
stand for significant impact, and a non-linear effect 
on the output or a significant interaction with other 
factors. 

 
Data: Reference CT: 39 patients with localised 

prostate cancer aged 58 to 78 years were used in this 
study. For each patient, a CT scan was acquired on a 
GE LightSpeed RT or a Toshiba Aquilion, (256 x 
256 x 128 matrix with a voxel size of 1.17 mm x 
1.17 mm x 2.5 mm or 2.0 mm).  

Modified CT: To simulate local HU error, an arte-
fact of 50mm centered on the isocenter was added to 
the 39 planning CTs. The following parameters were 
assessed:  
- HU variation (from -400HU to +400HU, with a 

step of 25 HU) 
- Distance to the isocenter (from 0 to 100 mm, 

step of 10mm , with an error fixed at 200HU). 
This displacement followed a beam axis. 

- Size (diameter from 50mm to 2mm, error of 
200HU, located at 30mm from the isocenter) 

2147 images were thus used to compute the SCC.  
    Morris screening: 3692 images were generated. 
The features values and results presented Fig1 were 
obtained using  the sensitivity R package. 
(https://cran.r-project.org/web/packages/sensitivity/index.html) 
Dose planning: Intensity-modulated radiation thera-
py (IMRT) was planned on reference CT images 
using a dose grid resolution of 3 mm (39 fractions, 2 
Gy by fraction) with MatRad, an open-source soft-
ware for radiation treatment planning developed for 
research purposes. The beam parameters used to 
compute the dose on the reference CT were used to 
calculate the dose on the modified CT. 

 
Results: With an SCC of 0.99, and high μ∗ and σ 

(Fig1), the error in term of HU is the most determin-
istic factor for dose calculation, following by the the 
size and distance (Fig1) (SCC of 0.52 and -0.74 re-
spectively).  

 
Figure 1.Morris screening results, identifying the most influential 

factor. The 3 factors (HU in blue, distance in green and size in red) 
has a non-linear and/or non-monotonic effect on the dose. 

 
 Conclusion: For sCT, special attention should be 

paid to the presence of gas in the rectum: the sCT 
error can reach 1000 HU while being located close to 
the prostate. This can lead to a severe impact on the 
dose. This confirms the necessity to locally assess 
each generated sCT prior to its used in a clinical 
workflow.  
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Introduction: The NINJA TROG18.01 clinical 

trial is comparing two schedules of stereotactic pros-

tate treatments throughout Australia and New Zea-

land. A technical sub-study was incorporated to the 

trial to implement MRI-only treatment workflow in a 

multi-centre setting. 
 

Methods: A comprehensive implementation and 

evaluation guide for MRI-only was developed as part 

of the trial RT QA guidelines. A staged three-phase 

implementation was developed:1) conventional treat-

ment workflow with additional synthetic CT (sCT) 

evaluation against conventional CT dose (5 patients); 

2) MRI-only workflow with quality assurance CT 

scan acquired for comparison of sCT dose to QA-CT 

dose (10 patients); 3) fully MRI-only workflow with 

QA of sCT dose using MRI-based bulk anatomical 

density (BAD) map calculation (1) shown in Figure 

1. Isocentre doses (Δ𝐷𝑖𝑠𝑜) were compared along 

with 3D Gamma evaluation with 3%/3mm, 2%/2mm, 

2%/2mm and 1%/1mm criteria. PTV D98, D95, D50 

and D2) and Rectum D50 were compared. 

 
Figure 1. Phase 3 Full NINJA workflow for the MRI-only 

study 

 

Results: To date four centres are participating 

and two further centres are in development. At least 

56 patients have received MRI-only workflow at 

three centres (Phase 3). While all patients had differ-

ences within 2.5%, only one patient had greater than 

2% difference (-2.2%) between the sCT and BAD 

map isocentre dose calculations. Overall, the mean 

±1 SD Δ𝐷𝑖𝑠𝑜 between the scans was -0.95 ± 0.56%. 

All PTV dose differences were within 2.5% and the 

greatest difference was -2.3% for D2. The mean dif-

ference in Rectum D50 was -0.04 ± 0.62% and only 

one patient had greater than 2% difference (2.03%) 

(Figure 2). Overall, the mean gamma pass rates at 

3%/3mm, 2%/2mm, 2%/1mm and 1%/1mm criteria 

were 100.0 ± 0.1%, 100.0 ± 0.1%, 99.9 ± 0.1% and 

96.8 ± 2.5% respectively (Figure 3). 

 

 
Figure 2. DVH metric differences between sCT dose and 

BAD dose 

 

 
Figure 3. Gamma metric differences between sCT dose and 

BAD dose 

 

Conclusion: For MRI-only workflows sCT dose 

calculations were in close agreement to optimised 

bulk density calculations. MRI-only prostate work-

flow can be implemented in a multi-centre setting 

with appropriate quality assurance to validate sCT 

dose calculations.  

  

References: 

1. Bulk anatomical density based dose calculation for 

patient-specific quality assurance of MRI-only 

prostate radiotherapy (J. Choi et al.), Frontiers in 

Oncology. 9, (2016). 

  

Acquisition of MRI scans 

Generation of synthetic CT (via 
cloud) 

MRI-only plan generated (contouring, 
dose calculation) 

Preliminary RO MRI-only plan ap-
proval 

Approval and Treatment using MRI-only 
plan 

Creation of bulk anatomi-
cal density (BAD) map 

Hounsfield units 

Comparison of sCT dose and 
BAD map dose 



 
 

COMPARISON OF POPULAR SCT GENERATION METHODS FOR MRI ONLY 
DEFINITIVE PELVIC RADIOTHERAPY 

Laura M O’Connor1,2, Jae Hyuk Choi1,3, Jason A Dowling4, Helen Warren-Forward2, Jarad Martin1, Peter Greer1, 3 
Correspondance:Laura.O’Connor@calvarymater.org.au 
 

1 Calvary Mater Hospital, Newcastle, NSW, Australia, E-mail address 
2 School Health Sciences, University of Newcastle, Callaghan, NSW, Australia 
3 School of Mathematical and Physical Sciences, University of Newcastle, Newcastle, NSW, Australia 
4 CSIRO Australian E-Health Research Centre, Herston, QLD, Australia 
 

Introduction: To move away from the conven-
tional use of CT in radiation therapy treatment plan-
ning, a synthetic CT (sCT) is created from the MRI, 
to facilitate MRI based treatment planning. The sCT 
is an estimation of the electron densities of the tis-
sues in the body, which allows for dose calculation in 
the radiation therapy treatment planning systems. 
Several method of sCT creation have been reported 
on in the literature, which can be summarised into 
essentially four popular methods; bulk density as-
signment, tissue class segmentation, atlas based and 
computer learning [1]. Each of these methods have 
their advantages and trade-offs in their accuracy, 
time and ease of conversion. sCT methods have been 
predominantly developed to date for prostate and 
brain treatment sites. Reviews of sCT generation 
methods in the literature have compared the com-
monly used techniques for brain and limited pelvic 
sites, not on the same cohort of patients. 

This work applied four of the most popular meth-
ods of sCT creation for MRI only radiation therapy 
treatment planning for male and female rectum, anal 
canal, cervix and endometrium neoplasms. The sCT 
methods are validated against conventional CT, in 
regards to Hounsfield Unit estimation and plan do-
simetry.  

Materials and Methods: Paired MRI and CT 
scans of 40 patients (20 male and 20 female), treated 
for a range of pelvic malignancies was used for sCT 
generation and validation. Bulk density assignment, 
tissue class segmentation, hybrid atlas and deep 
learning sCT generation methods were applied to all 
40 patients. Each sCT creation method used was 
based on successfully applied methods in the litera-
ture [2-4]. Dosimetric accuracy assessed by dose 
difference at ICRU reference point, DVH parameters 
and 3D gamma dose comparison. Hounsfield Unit 
estimation assessed by mean error and men absolute 
error in HU value between each sCT and CT. Statis-
tical significance was determined using a Mann-
Whitney U-test with a significance level of 0.05. 

Results: The median percentage dose difference 
between the CT and sCT was <1.0% for all sCT 
methods (Table 1). The highest agreement in median 
percentage dose difference was for the deep learning 
method, and the lowest agreement was for the bulk 
density assignment. For the bulk density sCT, there 
was a statistically significant difference in the medi-
an percentage dose difference at the ICRU reference 
point between the male and female cohort (p=0.002) 

of -0.89% (interquartile range (IQR) of -1.15, -0.72), 
and -0.09% (IQR of -0.83, 0.09) respectively. The 
mean 3D gamma dose agreement at 3%/2mm 
amongst all sCT methods was 99.8%. The highest 
agreement at 1%/1mm was 97.3% for the deep learn-
ing method and lowest was 93.6% for the bulk densi-
ty method. 

Conclusion: Bulk density assignment, tissue 
class segmentation, hybrid-atlas and deep learning 
methods of sCT generation all result in similarly high 
dosimetric agreement for MRI only planning of male 
and female cancers of the rectum, anal canal, cervix 
and endometrium. Choice of sCT generation tech-
nique can be guided by department resources availa-
ble and image guidance considerations, with minimal 
impact on dosimetric accuracy. 
Table 1  ICRU median percentage dose difference and median 
DVH dose difference by sCT method 

   ICRU %DD  DVH %DD  

 Median IQR p-value Median IQR 

Deep 
learning 

-0.03 -0.31, 
0.13 

1.00 0.18 -0.05,  
0.40 

Hybrid-
Atlas 

-0.30 -0.57,  
-0.02 

0.82 -0.27 -0.77,  
0.12 

Tissue 
Class  

-0.48 -0.85,  
-0.28 

0.68 -0.48 -0.66,  
0.11 

Bulk  
Density 

-0.73 -1.01,  
-0.10 

0.64 -0.33 -0.67,  
0.185 
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Introduction: In the current Elekta Unity MR-
Linac (MRL) radiotherapy workflow, a simulation-
CT provides reference anatomical and voxelised 
electron density (ED) information for treatment 
planning. Each contoured organ is then assigned an 
average bulk-density value, which is later used to 
assign densities to structures contoured on the daily 
MR scans (Figure 1). An MRL provides opportuni-
ties to explore novel MR-only workflows [1] and 
accurate ED estimates are required without simula-
tion-CT [2-4]. This MRL-based study investigates 
the dosimetric impact of using an individual- and 
population-based bulk-density override.  

Figure 1. In a standard MRL adaptive workflow, CT simula-
tion data is used to generate the required ED information for each 
structure. These EDs are then assigned to the contours of the pa-
tients’ anatomy, of which are created from the daily on-treatment 
MR-scan.  

 
Materials and Methods: Datasets of 74 male-

pelvis patients treated on the St Vincent’s Unity 
MRL were analysed retrospectively. Their individu-
al-EDs were extracted and the population value was 
calculated for several organs (bladder, rectum, sig-
moid colon, patient outline, bone, femurs and GTV). 
10 patients with outlying organ ED values had their 
reference plans recalculated to find an Individual-ED 
Dose (IndD) and Population-ED Dose (PopD). Per-
centage differences in mean dose were calculated 
between these plans and the voxelised simulation-CT 
Dose (sCTD).  

 
Results: The individual-EDs of all selected pa-

tients remained within 5% of the population average 

for solid soft tissue organs, and within 8% for bony 
structures. The largest residual variation was ob-
served for hollow organs (rectum, sigmoid) due to 
variable amounts of gas included in the contour. The 
differences in maximum and mean doses, and also in 
minimum doses for target structures only, between 
sCTD and IndD/PopD plans remained ≤ ±1.9%, 
±2.9% and ±3.7% for soft tissue organs, target or-
gans, and bony structures, respectively. The average 
of the 10 patients mean dose differences between 
these noted plans is presented in Figure 2. No clear 
correlation was observed to occur between structures 
with larger differences in their individual-ED values 
compared to the population, and %differences in 
dose indices between the 3 calculated plans. 

Figure 2. The average of all 10 patients’ percentage difference 
in mean dose; when calculated between both sCTD and IndD, and 
sCTD and PopD. The average dose difference calculated for each 
organ is presented, with error bars representing the standard devia-
tion found between all patients.  

 
Conclusions: Given the comparable dose differ-

ences observed between PopD and IndD (current 
clinical method), using a population-based ED was 
deemed feasible in an MRL workflow.  
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