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1 Abstract  

Purpose 

To assess technical aspects of lung radiotherapy planning that could be optimised for 

treatment and develop ways of using them to improve the planning process in a clinical 

setting, with a particular focus on robust optimisation.  

Methods 

An assessment of auto-contouring using DLCExpert was made for organs at risk (OARs) on 

lung computed-tomography (CT) scans. A comparison of 3D and 4D CT tumour outlining 

for lung radiotherapy was conducted for 29 lung tumours. A dosimetric analysis was carried 

out for 20 of the patients by re-optimising the 4D outlined plans to a new 3D planning target 

volume (PTV). 3D and 4D robust optimisation methods using the treatment planning system 

RayStation were compared to a margin-based planning approach for 14 patients with lung 

cancer receiving stereotactic ablative radiotherapy (SABR). Doses to the gross tumour 

volume (GTV) across breathing phases and OAR doses were compared. A method of 

extracting breathing traces from a lung 4D cone-beam CT (4DCBCT) was also developed 

and tested. A thorax phantom was programmed with breathing traces and used to measure 

doses for robustly-optimised plans.  

 

Results 

The analysis for lung contouring using DLCExpert showed excellent agreement for lungs 

and heart with comparable values to the literature. The tumour outlining study showed that 

GTV4D and PTV4D were significantly smaller (p<0.05) than their respective 3D volumes. 4D 

plans produced lower OARs doses that were statistically significant (p<0.05) for heart 

(average), cord (1cc) and lungs (volumes ≥10Gy and ≥5Gy). The 3D robust optimisation 

produced plans that were comparable to the margin-based plans with doses for lung (volume 

≥20Gy) found to be significantly lower (p<0.05). 4D robust optimisation using GTV D99 

doses from the clinical plan gave higher OAR doses than the margin-based plans. 4D 

optimisation using the PTV prescription gave similar OAR doses to the margin-based plans 

with a statistically significantly lower dose to 0.5cc of normal lung (p<0.05). Some GTV 

doses had less variance over the phases than for the margin-based plans. The method of 

extracting traces was better than a centroid method for 4DCT but was not adequate for 

4DCBCT.  

 

Conclusions 

4DCT outlining allows for smaller PTVs and reduces OAR doses. Auto-contouring may 

provide a time-saving benefit. Robust optimisation can produce plans with less GTV 

variance over the breathing phase and some lower doses to OARs using certain methods.   
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5 Preface 
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completes small research studies as part of their work which has resulted in conference 
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MPhys and MSc as detailed below.  
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6 Journal Format 
 

This thesis is presented in journal format as the main areas of the work could logically be 

divided into sections which are related and are being prepared for journal submission. This 

also allows the work to be published and to add to the research in this area. Each chapter has 

an individual reference list with references from other sections provided at the end of the 

thesis. The thesis contains 4 papers which are all linked by the theme of lung radiotherapy 

planning. Papers 1, 2 and 4 are in publishable format with the intention of publishing in the 

near future. Paper 1 has been presented as an oral presentation at the Mirada User Group 

Meeting 2020. Paper 2 has been presented as a poster at the UK Imaging and Oncology 

Congress (UKIO 2020). Paper 4 has been presented as an oral presentation at UKIO 2020, 

the Medical Physics and Engineering Conference 2020 and the European RayStation User 

Group Meeting 2020. Paper 1 has an additional section on lung contouring which is part of 

the thesis work but will be removed for publication. The papers included are listed below.  

 

 

Paper 1- Different Approaches to Measuring the Effectiveness of Deep Learning 

Contouring Implementation in Clinical Settings 

Paper 2- Evaluation of 3D and 4D Tumour Volumes for Lung Treatment Planning 

Paper 3- Extraction of Breathing Traces from 4D Cone-Beam CT 

Paper 4- Robust Optimisation for Lung SABR Planning  
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7 Introduction 
 
 

Lung cancer is responsible for 18% of cancer deaths and was the leading cause of cancer 

death in 20201,2. The overall 5-year survival for lung cancer is low, with only 10 to 20% of 

patients surviving 5 years after diagnosis through 2010 to 20141. Approximately 80% of lung 

cancer patients will receive radiotherapy at some point during their treatment3. Therefore, it 

is important to optimise the radiotherapy planning process to achieve the best possible 

treatment outcome. 

Lung radiotherapy planning provides extra challenges due to the motion within the lung and 

technologies are constantly evolving which can improve the process. Delineation of 

structures plays an important part in all radiotherapy planning and artificial intelligence has 

recently been implemented in commercial software to improve this. 4DCT and 4D cone-

beam CT (4DCBCT) are now available. 4DCT can be used for outlining the tumour and 

OARs for treatment and 4DCBCT used for matching on treatment to provide more accurate 

tumour coverage. Robust optimisation is now commercially available and this can be used 

to improve tumour coverage across all parts of the breathing cycle (breathing phases).         

The work in this thesis aims to assess these technical aspects of lung radiotherapy planning 

that could be optimised for treatment and develop ways of using them to improve the 

planning process, with a particular focus on robust optimisation.  

All text has been written by the author. The co-author contributions are listed below. 

 

Paper 1- Different Approaches to Measuring the Effectiveness of Deep Learning 

Contouring Implementation in Clinical Settings 

The study design was decided upon at each centre in collaboration with Mirada (Mirada 

Medical Ltd, Oxford, UK). Zoe Walker chose the unpaired study design for Coventry and 

collected and collated the data for Coventry. The outlines were created by dosimetrists. The 

co-authors have collected the data from the others centres. Zoe Walker has performed 

statistical analysis on the data from all sites and produced the tables and figures and the text 

for each section. Statistical advice was provided from Peter Kimani. The co-authors have 

provided guidance on analysis of the results and have helped to review the paper.  
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Paper 2- Evaluation of 3D and 4D Tumour Volumes for Lung Treatment Planning 

Zoe Walker designed the study with guidance from Raj Shrimali and Jo Hamilton. Outlines 

were provided by clinicians and 5 re-plans were carried out by dosimetrists and 15 by Zoe 

Walker. All other work was carried out by Zoe Walker. Statistical advice was provided from 

Peter Kimani. Jane Rogers, Raj Shrimali and Rob Chuter have helped to review the paper.   

 

Paper 3- Extracting Breathing Traces from Cone-Beam CT 

All work has been carried out by Zoe Walker. Weibing Xu provided assistance on scripting 

in RayStation. Robert Chuter and Jane Rogers have helped to review the paper.   

 

Paper 4- Robust Optimisation for Lung SABR Planning  

All work has been carried out by Zoe Walker. Gareth Baugh and Bonnie Godyn provided 

guidance on robust optimisation in RayStation. Robert Chuter and Jane Rogers have helped 

to review the paper.   
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8 Literature Review 
 
8.1 Introduction 

 

To ensure an adequate dose is delivered to the tumour whilst sparing the organs at risk 

(OARs), the doses delivered from radiotherapy need to be as accurate as possible. 

Optimisation of the treatment plan requires accurate outlining of the tumour and OARs. 

There are now commercial methods available such as atlas-based auto-contouring and deep 

learning contouring (DLC) to improve the time taken and consistency of OAR delineation. 

The outlining of lung tumours also requires methods to provide accurate delineation 

throughout the breathing cycle such as the use of 4DCT.     

Aspects such as patient setup, organ motion and anatomical change can cause delivered dose 

distributions to be different from those planned. Planning target volumes (PTVs) are 

normally used to account for uncertainties, but there remain inherent inaccuracies in these 

as estimates of systematic and random errors have to be made such as patient setup 

uncertainty, contouring uncertainty and delivery uncertainty. More recently, robust 

optimisation has become available in commercial treatment planning systems which may be 

able to solve some of the limitations of using a PTV.  

The aim of this chapter is to review the literature on robust optimisation in radiotherapy 

treatment planning with a particular focus on lung tumour planning using the RayStation 

treatment planning system (RayStation, RaySearch Laboratories, Stockholm, Sweden). 

Outlining for lung planning and on-treatment imaging for lungs will also be discussed. 

 

8.2 Outlining in Radiotherapy  

 

8.2.1 Outlining Methods 

 

In order to optimise a radiotherapy treatment plan, outlines of the tumour volume and OARs 

are required. Highly conformal dose distributions can be created, giving a high dose to the 

target whilst sparing normal tissue. Hence it is imperative to ensure the structures are 

accurately delineated. This is of particular importance for stereotactic ablative radiotherapy 

(SABR) where there are steep dose gradients4. Structures can be outlined manually but this 

is time consuming, especially for areas where there are several complex contours such as 

head and neck5. Manual contouring is also user dependent6. It has been shown that 

differences in outlines between observers lead to significant differences in lung SABR 

plans7.  
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An alternative to manual outlining is to use atlas-based auto-contouring. This is available in 

commercial treatment planning systems for OARs and uses a library of images which have 

been contoured. The atlas image is registered to the patient image and the contours 

transformed onto the patient scan using deformable registration8. Atlas-contouring has been 

shown to reduce contouring time and improve consistency for sites such as head and neck, 

prostate, rectum, endometrium and lung.9–15 However, atlases are limited by the deformation 

between scans16, the limited range of patients within an atlas17 and can be time-consuming 

to run.    

 

Recently, artificial intelligence techniques in the form of deep learning have been developed 

for auto-contouring, using neural networks to train on large datasets of contoured images18.  

 

van Dijk et al., (2020)19 compared DLC, to manual and atlas-based contouring for 22 OARs 

of 104 head and neck cancer patient CT scans using the software by Mirada Medical (Mirada 

Medical Ltd, Oxford, UK). The study found that DLC significantly improved the contouring 

time taken for the majority of the contours with timing including editing of the DLC 

contours. The qualitative assessment showed that DLC gave significantly better contours 

than atlas-based contouring for the majority of the OARs assessed. Users also showed 

preference of DLC contours over atlas-based contours. However, manual contours were still 

preferred over DLC contours.  

 

Wong et al., (2020)20 compared manual contouring to DLC for 60 central nervous system, 

52 head and neck and 50 prostate CT scans using the software Limbus Contour (Limbus AI, 

Canada). The study found a time saving using DLC for all sites but did not time the editing 

of DLC contours. Qualitative assessment showed that the DLC accuracy was comparable to 

inter-observer variability when OARs were contoured by experts.    

 

Lustberg et al. (2018)21 compared manual, atlas-based and DLC for OARs on 20 lung CT 

scans using the DLCExpert software. The study found there was an overall time saving using 

atlas-based contouring and DLC compared to manual contouring with a larger difference 

seen for DLC. The time saving was significant for all OARs compared to manual contouring 

except for the left lung and oesophagus contoured with the atlas method. Although there was 

no significant difference in dice coefficient scores for atlas-based contouring and DLC, 

subjective scoring was better for DLC.  
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8.2.2 Lung Tumour Outlining 

 

Lung outlining poses a further outlining challenge as there is breathing motion to consider. 

A 4DCT is commonly used for outlining a lung tumour as it allows the tumour motion to be 

captured. One method of outlining using a 4DCT is the internal target volume (ITV) 

approach. This involves binning the 4DCT into phases and outlining a GTV on each of these. 

The GTVs are then combined to produce an ITV22. Alternatively, an ITV may be outlined 

directly using the maximum intensity projection (MIP) created from the 4DCT23.  

 

Motion compensated reconstructions can also be created from 4DCT scans for outlining. For 

example, Wolthaus et al. (2006)24 presented the concept of the mid-ventilation CT (MidV) 

where the scan represents moving structures close to their time-weighted average position. 

It was found that the treatment volume using this scan for outlining was reduced by up to 

50% compared to a free-breathing scan. It has also been shown that using motion 

compensated CT for lung OAR contouring can reduce inter-observer and intra-observer 

error25.  

 

If a 4DCT is not used then larger PTV margins need to be added to account for the tumour 

motion. There are a few small-scale studies comparing PTVs created using a 4DCT (PTV4D) 

and PTVs created using a 3DCT (PTV3D). The majority of these papers compare outlines 

but do not compare dosimetric consequences26–29.  

 

Callahan et al., (2014)30 compared PTVs using a 3D positron emission tomography/CT 

(PET/CT) and 4D PET/CT for 29 patients with lung cancer in free-breathing. Several PTV3D 

and PTV4D volumes were created using margins of 5 mm, 10 mm and 15 mm and an 

asymmetrical margin. Plans were created on the set of PTVs3D and transferred onto the 4D 

scan to assess any geometric misses. It was found that PTV3D margins could not be reduced 

from 15 mm as this would increase the chance of geometric miss due to respiratory motion. 

The paper provided a good assessment of PTV margins, but did not assess any differences 

in doses to OARs.  

 

Wang et al., (2009)31 compared 3 PTVs generated for 10 SABR lung cancer patients using 

CT scans. An ITV was created from the MIP and a 3 mm PTV margin added to create a 

PTV4D. An ITV was also created from a free-breathing CT and end-exhale and end-

inspiration breath-hold scans. A 3 mm margin was added to create a PTV (PTV3DCT
 ). A 5 
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mm anterior-posterior, left-right margin and a 10 mm superior-inferior were also added to a 

free-breathing GTV to create a conventional 3D PTV (PTVCONV). Treatment plans were 

created based on PTV4D and adapted to create plans based on the other 2 PTVs. The effect 

of the PTV was also assessed using the daily pre-treatment images. The study found that 

PTV4D was significantly smaller compared to the other PTVs and planning using this gave 

a daily target coverage equivalent to the other plans. Using PTVCONV significantly increased 

dose to normal lung tissue compared to the other methods. Although the paper provides a 

dosimetric assessment, doses to specific OARs were not assessed and this is a small-scale 

study only for patients receiving SABR.  

 

Hof et al., (2009)32 evaluated 3D and 4D PTVs for 14 SABR lung cancer patients. PTV4D 

was created by outlining an ITV over the breathing phases and expanding by 3 mm 

isotropically. The PTV3D was created by expanding a GTV from a free-breathing CT by the 

motion measured on the 4DCT in each direction and then adding a 3 mm isotropic margin. 

Plans were created for each PTV. The authors found that PTV4D was significantly smaller 

than PTV3D and using PTV4D significantly reduced the mean lung dose. This study again did 

not assess other OARs and the PTV3D incorporated the 4DCT scan so was not an independent 

assessment of a 3D scan compared to a 4D scan.  

 

The only study found providing a dosimetric assessment for non-SABR lung patients using 

CT was Bai et al., (2014)33. PTV3D and PTV4D were compared for 10 patients with peripheral 

non-small cell lung cancer (NSCLC). The PTV4D was created by outlining a GTV on each 

phase, expanding these by 7 mm isotropically to create a clinical target volume (CTV) and 

expanding the CTV by 5 mm isotropically to create a PTV. The PTV3D was created by 

expanding the CTV on the 20% by motion observed with the patient on a simulator following 

their 4D scan.  The diaphragm, lung and GTV motion were used. Plans were created for both 

PTVs. As with the other studies, it was found that planning to a PTV4D significantly 

decreased dose to normal lung tissue. In addition, the authors found reduction in the heart 

and spinal cord doses but these were not significant. Although this study provides more 

analysis of doses to OARs it is again a small-scale study. 

 

The literature suggests that using a 4DCT can create smaller PTVs and spare normal lung 

tissue. However, there are problems with using PTV margins for lung treatment planning 

and this is discussed further in the next section.  
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8.3 Problems with Planning Target Volumes in Lung Plans  

Traditionally in radiotherapy treatment planning, a PTV method is used to incorporate 

uncertainties such as interfraction and intrafraction motion, organ motion delineation and 

setup uncertainties34. This method has been defined and recommended by the International 

Commission on Radiation Units and Measurements (ICRU)35,36. For lung cancers, the 

tumour motion can be evaluated using 4DCT but a PTV margin is still required to account 

for the other uncertainties. Radiotherapy for lung tumours is now commonly planned using 

intensity modulated radiation therapy (IMRT) or volumetric modulated arc therapy 

(VMAT), where optimisation is used to try to conform dose to the target whilst minimising 

dose to the OARs37. One problem with this method is the breathing pattern during treatment 

may not match that from the 4DCT and this has been shown to cause under-dosing of the 

tumour38. However, if all possible different breathing scenarios were accounted for this 

would increase the dose to normal tissue39. A breath-hold technique could be used which has 

been shown to be feasible for patients with lung cancer,40,41 but there is also evidence within 

studies that not all patients can tolerate this and patients often require training in order to 

implement the technique42–44. In addition, the technique is slower than conventional delivery 

due to the beam being paused to allow the patient to recover between breath-holds45. 

Abdominal compression,46,47 tracking48 and gating49 have also been investigated.  

Although these methods can be used to quantify or minimise tumour motion, a PTV margin 

still needs to be added to account for the other uncertainties such as interfraction motion, 

intrafraction motion and setup uncertainties. There are inherent inaccuracies from using 

these in lung planning as dose optimisation will occur over large amounts of air which has a 

lower density to the tumour volume. Literature shows that a high fluence delivery is needed 

to deliver dose to this tissue due to the lack of electronic equilibrium50. In addition, if a 

patient is treated in free-breathing then the tumour could be at any point within the PTV, 

hence the delivered dose would be different to the plan.  

 

A potential method to overcome the density issue is to override the electron density of the 

PTV. Although results suggest that this provides a more accurate dose distribution and 

reduced monitor units compared to using no electron density override, there is variation as 

to the best density to use for any override51–53. Only one paper was found54, that used the 

RayStation dose calculation algorithm with a density override for lung plans and the authors 

found that this resulted in unsatisfactory target coverage.  
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Another solution is to use robust optimisation within a planning system which optimises the 

dose for variation of patient position in addition to the clinical goals55. This is discussed 

further in section 8.4.   

 

8.4 Robust Optimisation Techniques  

 

There were two main methods for robust optimisation of a radiotherapy treatment plan found 

within the literature. The first is stochastic programming (also known as expected value 

optimisation or probabilistic planning) where each uncertainty has an importance weight or 

a probability of occurring. The probabilities are also known as probability density functions 

(PDFs). The optimiser then minimises an objective function over all uncertainties with more 

weight given to more likely scenarios56. There are several examples of this method within 

the literature57–59. The second method for robust optimisation is minimax optimisation which 

will be explained below.  

 

The commercial treatment planning system, RayStation, uses the minimax optimisation 

method. This approach was first presented by Goitein (1985)60 and within RayStation it 

involves minimising the penalty of the worst-case scenario within a specified interval59. 

Hence, it does not use a probability density function but the user defines patient setup errors. 

The plan is optimised for multiple geometries and the worst value used in the objective 

function. One potential problem with this method is that low probability cases could be over 

optimised resulting in a loss of plan quality54. In addition, the approach could be overly 

conservative as fractionation is not accounted for and so the worst case is assumed for every 

fraction. Lowe et al. (2016)61 developed a method to incorporate reducing setup uncertainties 

due to fractionation for a range of sites for proton therapy. It was shown that not 

incorporating the effect of fractionation reducing setup uncertainness can result in target dose 

compromise and increased dose to normal tissues.    

 

It has been demonstrated in the context of proton therapy that stochastic programming and 

minimax optimisation can give similar results62. More recently, studies have shown that 

results can be different depending on uncertainties, geometry and planning objectives63,64.  
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8.5 Clinical Examples of Robust Optimisation 

 

8.5.1 Robust Optimisation using Protons  

 

Robust optimisation was initially created for intensity modulated proton therapy (IMPT), as 

the sharp Bragg-peak dose fall-off and steep dose gradients cause these plans to be very 

sensitive to patient position uncertainties65. Several papers have reported that robust 

optimisation has helped to mitigate this problem and the most relevant papers for the project 

(those including lung plans) are discussed below.  

 

Fredriksson et al. (2011)59 used minimax optimisation to perform robust optimisation for 

IMPT on a lung case, paraspinal case and prostate case. The technique was compared to 

margins, single field uniform dose and material override techniques. It was found for each 

case that the minimax method provided superior lung sparing, spinal cord sparing and rectum 

sparing to the other methods while still providing good target coverage. The dose 

calculations were performed in RayStation using a pencil beam algorithm, but the minimax 

optimisation was carried out using Matlab (The MathWorks, Natick, MA).   

 

Liu et al. (2012)66 also used a worst-case robust optimisation method to plan a lung, skull 

base and a prostate. It was found that the plans were all less sensitive to range and setup 

uncertainties than conventional PTV plans and gave less dose to normal tissue for the same 

target coverage when uncertainties were present.    

 

Li et al. (2015)67 compared PTV-based and worst-case robustly optimised plans for 9 

patients with lung cancer. Each patient had a weekly CT while on treatment and dose 

variation and equivalent uniform dose (EUD) were calculated on this. The dose variation 

was significantly lower for the robustly optimised plans. In addition, only 3 patients had an 

EUD change of greater than 5% using robust optimisation compared to 6 patients using PTV-

margins.  

 

Ge et al. (2019)68 developed an in-house 4D robust optimisation system that included setup 

and range uncertainty for all respiratory phases. Ten patients with lung cancer were planned 

using this method and compared to the conventional PTV plans. The 4D robust plans were 

found to have superior target coverage and were more robust when uncertainties were 

present.   
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8.5.2 Robust Optimisation using Photons  

More recently, robust optimisation has started to be used for photon treatment planning. 

There is limited evidence of robust optimisation being used for photon radiotherapy for a 

few sites with all papers presenting small studies.   

A few papers have evaluated robust optimisation for breast planning with varying results. 

Mahmoudzadeh et al. (2015)69 evaluated robust optimisation for 8  cancer patients receiving 

IMRT to the whole breast. A 4DCT was taken and probability mass functions created based 

on breathing cycles for the robust optimisation using a script in Matlab. The robustly 

optimised plans were found to provide equivalent or better heart sparing for all patients. 

Byrne and Hu (2016)55, also evaluated robust optimisation for IMRT breast treatments but 

only created plans on a phantom. However, RayStation was used rather than an in-house 

script. The robustly optimised plans were found to be comparable to conventional planning 

at ensuring CTV coverage with setup variations. However, plan quality and OAR doses were 

not assessed in this study. In contrast, Nguyen et al. (2018)70 compared optimisation using 

virtual bolus to robust optimisation in RayStation for 5 VMAT breast cancer patients and 

found that only the virtual bolus method was able to maintain target coverage.  However, the 

OAR doses were found to be similar.   

 

There are very small studies for robust optimisation in prostate planning but all show 

promising results. Chu et al. (2005)71 developed a probabilistic model of robust optimisation 

for IMRT and used this for one prostate case. The method gave less dose to healthy tissue 

compared to conventional IMRT planning and maintained the target prescription dose under 

patient shifts. Baum et al. (2006)72 included coverage probabilities into the optimiser for 10 

prostate plans and showed that these plans were more robust for target coverage compared 

to margin-based plans. Bohoslavsky et al. (2013)73 created a plugin for a planning system 

(Pinnacle, Philips Radiation oncology systems, Fitchburg, WI) to carry out robust 

optimisation. Three prostate cases were planned, achieving similar or better target coverage 

and rectal wall sparing compared to PTV-based plans.   

 

Miura et al. (2017)74 used robust optimisation in RayStation to create VMAT plans for 

targets within a phantom simulating stereotactic body radiation therapy (SBRT). It was 

found that the dose to 99% of the target (D99%) was not significantly different from PTV-

based planning when applying a setup error to the plan. However, for a lesion at the patient 

periphery, it was found that the standard deviation of the D99% was significantly lower than 
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a PTV-based plan when applying setup errors. However, no assessment was made of the 

doses to OARs.  

 

In a larger patient study, Fontanarosa et al. (2013)75 compared robustly optimised plans to 

margin based plans for 20 IMRT head and neck cancer patients. Again, the robustly 

optimised plans provided lower OAR doses while maintaining the dose to the tumour. There 

is also a prospective randomised pilot trial currently underway to compare margins against 

robust optimisation in IMRT for head and neck squamous cell carcinoma (NCT03552965 

(2018))76 where the primary outcome is to measure xerostomia (dry mouth) at different time 

points. This should provide a larger dataset that is randomised, potentially yielding clinically 

relevant outcomes.   

  

There is also evidence for the use of robust optimisation for lung planning and these papers 

are discussed in more detail in the following section. 

  

8.5.3 Robust Optimisation for Photon Lung Plans  

4D optimisation is designed to compensate for the blurring effect of tumour motion by 

optimising over all the breathing phases57. Papers have shown that using this technique can 

give high dose conformity and a reduction in dose to normal tissue77,78. The 4D optimisation 

method assumes no uncertainty on the tumour motion.   

Chan et al. (2006)79 improved upon the previous studies on 4D optimisation by developing 

a model of uncertainty in the motion PDF and including this in a robust optimisation 

algorithm. The PDF was created using the 4DCT and the Varian real-time position 

management (RPM) system (Varian Medical Systems, Palo Alto, USA) breathing trace for 

a particular patient. Uncertainties were created using the RPM trace from 4 different patients. 

A plan on a phantom was then robustly optimised using an in-house script using the PDF 

and uncertainties from patient data. The authors found that the robust method delivered 38% 

less dose to healthy tissue compared to a PTV-margin method. Although it showed the 

potential benefits of robust optimisation, this paper was a proof of concept rather than a full 

study.   

 

Bortfeld et al. (2008)57 extended the work by Chan et al. (2006)79 to a clinical case rather 

than a phantom. Again, the breathing traces for 5 patients were recorded over their treatment 

course using the RPM system. The RPM amplitude was scaled for each patient to the 

anatomical amplitude from the 4DCT planning scan. A PDF was created for each patient 
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based on the amount of time the tumour spends in each phase. The PDF from 4 patients was 

used to give an uncertainty and the PDF from another patient used to test the robustness. 

Different combinations of the 5 patients were used and were compared to a margin method. 

It was found that the robust method delivered a comparable dose to the tumour but reduced 

the dose to the lung by 11% on average compared to the margin method. The margin method 

did deliver a more homogeneous dose to the tumour. However, the result is only based on 

data from 5 patients so might not be generalisable.   

 

Vrancic et al. (2009)80 also applied the method developed by Chan et al. (2006)79 but 

delivered plans to a phantom to verify them. The data from 6 patients’ RPM traces were used 

to obtain a PDF although these were a combination of patients with lung, mediastinum and 

liver cancer. Unlike the work by Bortfeld et al. (2008)57, the plans were non-clinical but 

designed to deliver dose to a simple target. The plans were delivered to a 2D ion chamber 

array with the array programmed to move with the breathing cycle from 2 patients. The 

authors found that the robustly optimised treatment plan delivery gave a reduction of 12% 

in dose to areas outside the target compared to a margin-based plan. However, approximately 

46% more MUs were required for the robust plan. A limitation of this study, Chan et al. 

(2006)79 and Bortfeld et al. (2008)57, is that they all assume the external RPM signal is 

correlated to tumour motion. It has been shown that the RPM surrogate can give a large 

difference between external and tumour motion in the ant-post direction81.   

 

Heath et al.  (2009)58 compared 2 4D robust optimisation techniques (probabilistic and a  

worst-case) to a mid-ventilation margin-based technique for 5 patients with lung cancer. The 

techniques were designed to be robust against different breathing patterns. They found that 

all methods produced similar target coverage but the two 4D robust approaches gave better 

OAR sparing. The authors also recommended use of a worst-case optimisation as it was 

more computationally efficient and was able to consider the dose variation in the OARs. The 

limitations of this study include the small dataset and the breathing variation at treatment 

being estimated rather than measured. The authors used amplitude and baseline variations 

from imaging at planning but estimated a standard deviation of 5 mm to account for breathing 

variations. A potential improvement suggested by the authors would be to adjust the plan 

based on daily 4DCBCT or fluoroscopy images. In addition, no measurements were made 

to validate the robustness of the different plans or to test the effect of interplay. This is when 

the target movement and multi-leaf collimator (MLC) movement are not synchronised, 

meaning parts of the tumour may receive less or no radiation if they are behind MLCs82.  

 



27 
 
 

Nohadani et al. (2010)83 implemented an optimisation method for lung IMRT plans using a 

spatiotemporal optimisation over all 4D phases with a Monte Carlo algorithm. Although 

indicated as a robust technique, this method was not a true robust optimisation as it still used 

PTV margins. The sensitivity of the plan was measured through modelling irregular 

breathing by extending a 4D phase so it overlapped the following phase. It was found that 

the 4D robust plan was not sensitive to irregular breathing for all phases but there were 

significant improvements for target coverage and OAR sparing compared to 3D gated 

treatments for tumours with large amplitudes of motion. However, this method was only 

tested for 2 patients, one with a small tumour and a large amplitude of motion and one with 

a large tumour and a small amplitude of motion. It was only tested through modelling rather 

than using a phantom.  

 

An extension to the previous papers was provided by Chan and Mišić (2013)39 who 

developed a 4D adaptive robust approach. Using the same PDFs as Bortfeld et al. (2008)57, 

the patient’s breathing motion PDF during treatment was combined with the original 

uncertainty to create a new uncertainty. This was repeated for each fraction in order to 

mitigate the uncertainties that occur each day and the uncertainties that might only be present 

at the start of the treatment course. It was found that the adaptive robust method improved 

tumour coverage compared to the static robust method and it also reduced OAR doses. 

However, the tumour dose homogeneity was slightly better for the static method and the 

maximum dose to the spinal cord was slightly lower but within clinical tolerance. The 

authors suggest that escalating doses to match the mean lung dose or V20 lung dose for the 

static or adaptive robust plans, could lead to significant improvements in tumour control. 

However, only 2 patient datasets were used for this study and no commercial software is yet 

available to incorporate an adaptive robustness approach, so the clinical viability is limited. 

The authors also do not indicate how the on-treatment PDF is measured. In addition, this 

approach would require extra work compared to other methods due to creating a new 

uncertainty every fraction.  

 

More recently, the use of commercial treatment planning software for robust optimisation 

for lung planning is evident within the literature. Zhang et al. (2018)84 planned 20 lung 

tumours at different locations within the lungs using robust optimisation and traditional PTV 

margins. For the plans using PTV margins, GTVs were outlined on each phase of a 4DCT 

and combined to create an ITV. This was expanded by 0.5 cm left-right, 0.5cm anterior-

posterior and 1 cm superior-inferior to create a PTV. The robust optimisation plans were 

created in RayStation using minimax optimisation. The setup errors used were 0.5 cm left-
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right and anterior-posterior and 1 cm superior-inferior based on RTOG 0236 and 0915 

protocols85,86. IMRT and VMAT plans were created for both methods. The results were 

similar to the previous papers with the robust optimisation plans providing better target 

coverage, better conformity index, lower OAR doses but worse homogeneity index, all of 

which were statistically significant when compared to the margin-based plans. The mean 

dose and R95 (D95 (isodose that covers 95% of the ITV)/ prescription dose), variation was 

greater for the margin-based plans and the authors suggest this could be because the target 

volume was larger for these plans. In addition, the margin-based plans had higher monitor 

units, therefore the delivery time could be quicker for robustly optimised plans. A robustness 

test was carried out by perturbing dose distributions in all 3 directions with shifts from 

clinical experience and other studies87,88. It was found that for all perturbed doses, D99, D98 

and D95 were all ≥95% of the prescription dose. No correlation was found between mean 

ITV dose and the tumour size, site or motion. Although this was a larger study, again no 

measurements were made to verify the delivery of the plans.  

 

Liang et al. (2019)89 compared VMAT PTV-based plans with robustly optimised plans in 

RayStation for lung SBRT treatments for a phantom and 9 patients using 4DCT scans. A 

PTV-based plan using a 5 mm margin was compared to a robustly optimised plan on an ITV 

using 5 mm setup uncertainties. A limitation of the paper is that the authors do not indicate 

how they decided on these setup errors. However, the robustness of the plans was tested 

more thoroughly than other studies. For the robustly optimised plans, the ITV D99 was 

evaluated for 14 error scenarios including diagonal directions. The authors also agreed with 

other studies with results showing both methods gave good tumour coverage, but the robust 

plan gave lower lung tissue doses for every phantom plan and patient plan. In contrast to 

Zhang et al. (2018)84 it was found that the margin-based and ITV robust based plans had 

similar monitor units. This may be due to the different prescriptions and fractionations in the 

2 papers. All error scenarios for both phantom and patient met the ITV D99 criteria. In 

addition to the other studies, the authors also report that high dose spillage and integral body 

dose were reduced with the robustly optimised plans. Again, the study had a small dataset 

and it did not account for actual tumour motion in the optimisation.   

 

Liu et al. (2019)90 created a lung cancer phantom simulation using 4DCT data from a patient 

and a spherical tumour. VMAT plans were created for 3 different sphere diameters using  

robust optimisation in RayStation. The uncertainties were estimated from patient’s breathing 

amplitudes to ensure that there was 80% tumour probability position coverage. Breathing 

curves from 3 patients were used with the digital phantom to validate the plans. These were 
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obtained from fiducial markers imaged with x-ray fluoroscopy. It was found that the robust 

method significantly reduced dose uncertainty if the tumour amplitude was 10 mm or larger. 

The accumulated dose over 5 fractions to the tumour significantly increased for 2 patients 

(2% on average) that had large amplitudes, but the authors suggest that if the amplitude is 

less than 10 mm or the standard deviation of the amplitude is less than 1 mm that 4D-robust 

optimisation is not required as an average dose increase of 0.1% was found. However, this 

study only includes 3 patient breathing traces so more data is required to assess this 

conclusion.    

 

Leung et al. (2020)91 compared lung SBRT margin-based planning on the average intensity 

projection (AIP) and MidV, to robustly optimised planning on the AIP and phases for 13 

patients with lung cancer. For margin-based planning, a 5 mm margin was added to the ITV 

for the AIP plans and a margin calculated using the van Herk formula34 for the MidV GTV 

plans. The setup errors for the robust planning also came from the van Herk formula. The 

study found that the MidV robustly optimised plans produced lower GTV and lower OAR 

doses with significant results for chest wallV30 (volume of chest wall receiving at least 30Gy) 

and normal lungV20 (volume of normal lung receiving at least 20Gy). Each plan was 

calculated on every breathing phase with all plans providing GTV D50 (median dose of GTV) 

of at least the prescription dose. Plans were also renormalised to GTV D50
 which reduced the 

difference in GTV coverage between all planning methods. For robustly optimised plans on 

the phases, there was only statistical difference in GTV coverage for GTV D2 (minimum 

dose to hottest 2% of the GTV) compared to the margin-based MidV method. However, 

there are no measurements to assess the delivery of any of the plans assessed.      

One full paper and a conference abstract were found that measured the delivery of robustly 

optimised lung plans rather than simulating errors, both using RayStation. In a conference 

abstract, Fusella et al. (2016)92 investigated robust optimisation of lung SBRT for 3 patients 

and a moving phantom with plans robustly optimised over all phases. GafChromic film in a 

phantom was used to measure the robustly optimised plans and doses were perturbed in the 

planning system, simulating uncertainties to test the robustness of the plans. The simulated 

plans with errors of up to 3 mm, showed less than 2.5% difference in ITV, CTV and OAR 

dose-volume histograms. The film results showed good agreement to planned doses and it 

was found that the robust plans gave similar or slightly improved results compared to PTV 

plans. Unlike the other papers, there is no indication of any significant reduction in OAR 

doses. However, as this is not a full paper there is a lack of detail regarding the methods used 

and it has not been through the full peer review process.   
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In the full paper, Archibald-Heeren et al. (2017)54 compared VMAT lung planning using 

PTV margins with and without the ITV overridden to tissue, average scans and robust 

optimisation using RayStation. All plans were created on a phantom (CIRS thoracic 

phantom) rather than patient scans and the 4DCT simulated by moving the tumour insert. 

For the margin methods the GTVs were outlined on each phase and combined to create an 

ITV with a 5 mm PTV margin added. Robust optimisation was performed over all phases, 

excluding intermediate breathing cycles and with offsets in the superior and inferior 

directions. The intermediate breathing cycle test was carried out to see if optimisation speed 

could be improved. The offset plan was to allow the evaluation of robust planning when 

multiple datasets are not available. Uncertainties of 5 mm were used which were obtained 

from Ruben et al. (2016)93. In addition, a margin-based plan was also created overriding the 

density of the ITV excluding the GTV. Measurements were made in the phantom with film 

and small volume chambers. The ion chamber results in the GTV and lung showed good 

agreement to the plans and gamma film results showed the delivered dose matched the 

planned dose well. The margin-based plans produced up to 25% dose escalation where the 

PTV contained air. When the density override was used, this was reduced but this also had 

the undesirable effect of an under dose to the GTV. The authors found that the robust 

methods reduced variation in the maximum dose across the breathing cycle and this was 

most pronounced for larger tumour motion. This is the opposite conclusion to Zhang et al. 

(2018)84 who found no correlation. Although this paper provides the greatest number of 

measurements for verifying robustly optimised plans, the phantom and tumour movement 

were a very simple approximation compared to patient anatomy. In addition, no comment 

was made with regards to optimisation speed for the phase exclusion plan.    

 

8.6 The Importance of Robust Optimisation Results  

 
The majority of papers found have shown that robust optimisation provides lower doses to 

OARs while still maintaining the same target coverage and hence there may be potential to 

dose escalate. Toxicities such as radiation pneumonitis currently limit the doses that can be 

given to the tumour94 and robust optimisation may mitigate this. Dose escalation has been 

shown to improve local control and overall survival for patients with lung cancer95–97.  

 

Alternatively, if the current doses were maintained, robust optimisation could reduce the 

dose to OARs and hence reduce side effects from treatment such as radiation pneumonitis 

in patients with lung cancer receiving SABR treatment. Although radiation pneumonitis that 
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is grade 3 or above is rare, it has been reported that there are life-threatening situations in up 

to 12% of cases7,98, therefore it is important to reduce these toxicities.     

8.7 On-Treatment Patient Imaging   

 
Robustly optimised plans may give lower doses to the OARs in the planning system but this 

needs to correspond to the actual dose that is delivered so it is important to ensure the patient 

is in the correct position. 3D cone-beam CT (3DCBCT) is normally used for linac-based 

image guidance. However, this does not provide information about internal movement. In 

addition, the 3DCBCT is acquired over more than one breathing cycle which can cause the 

images to become blurred99.  

 

One solution is to use a 4DCBCT. This is a slower scan than a 3DCBCT in order to sample 

more of the breathing cycle. A breathing signal is extracted from the projections and the 

projections are then binned to form a respiratory correlated image100. 4DCBCT allows the 

tumour motion to be visualised and has been shown to reduce motion artefacts that are 

present in 3DCBCT scans and increase image guidance accuracy101,102.  

 

However, there are also drawbacks to the use of 4DCBCT. The acquisition time is longer 

than a 3DCBCT meaning the patient remains in the treatment position for longer, potentially 

increasing movement uncertainty and their breathing at imaging might not be representative 

of treatment102. The dose from a 4D-CBCT has also been shown to be higher than that from 

3DCBCT103. In addition, it has been noted that there is no standardised method for matching 

4DCBCT scans and there is variation between centres99,104.   

  

8.8 Project Aims  

 

The project assesses technical aspects of lung radiotherapy planning that could be optimised 

for treatment. This includes assessing outlining using artificial intelligence in the form of 

DLCExpert and how this can be evaluated in a clinical setting. Performing lung tumour 

outlining using 3D and 4D CT scans is compared. The literature has shown that this can 

reduce PTV volumes but there is little assessment of the dosimetric impact especially for 

lung cancer patients not receiving SABR treatment. Plans are re-optimised for this project 

using both methods for a cohort of patients not receiving SABR treatment.  

    

The project evaluates methods of robust optimisation using RayStation including 

measurements of these plans on a phantom using realistic breathing traces. The literature has 
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shown the potential benefits of robust optimisation over margins in small studies for lung 

photon planning. However, studies have not directly compared margin-based, 3D robust and 

4D robust planning for SABR lung planning. This study assesses all 3 methods for SABR 

lung planning.  

 

Although some studies assessed optimisation over breathing phases, these studies in general 

did not measure the delivery of the plans and did not use commercial software for robust 

optimisation. One of the studies that measured delivery92 did not use patient specific traces. 

Archibald-Heeren et al. (2017)54 did not use real 4DCT scans and planned to a phantom 

volume. Only Vrancic et al. (2009)80 tested robust optimisation on actual breathing traces 

and this was only for 2 patients with motion obtained from an external marker rather than 

internal anatomy. The project involves programming a phantom with realistic breathing 

traces from 4DCT scans and assess the delivery of different robustness methods. In addition, 

a method is developed to extract patient breathing traces from patient 4DCBCT scans and 

the phantom programmed to simulate these which has not been attempted in previous studies. 

The dosimetry of different robustness methods is therefore assessed in a situation that is 

more clinically relevant by using actual tumour motion rather than an external surrogate.  

 

 

8.9 Conclusions   

 

The review showed evidence for the use of  robust optimisation for photon lung planning but 

studies were small and limited. The majority of papers showed the potential of robust 

optimisation to provide adequate target coverage with reduced OAR doses compared to 

conventional margin methods. This means that robust optimisation has the potential to 

reduce toxicities or to dose escalate, potentially increasing overall survival. The project adds 

to the current literature by assessing robust optimisation on a clinically relevant lung dataset 

using RayStation. The project uses actual patient breathing traces to assess the delivery of 

the plans which has not been done using 4DCBCT.   

 

The review has also shown that auto-contouring can be used to improve outlining in 

radiotherapy including lung, with DLC out performing manual contouring and atlas-based 

contouring. Although there are some studies comparing DLC to manual contouring, there is 

limited evidence of large-scale multi-centre studies. The project analyses results from a 

multi-centre study for prostate and head and neck with data for lung also analysed.  
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In addition, literature showed that outlining lung plans using a 4DCT resulted in smaller 

PTVs and reduced normal lung doses. The majority of papers were small studies and did not 

analyse other OARs or focused on SABR planning. The project adds to the current literature 

by assessing a larger cohort of patient PTV volumes for lung tumours with a variety of 

tumour stages.  
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9 Different Approaches to Measuring the Effectiveness of Deep 

Learning Contouring Implementation in Clinical Settings 
 

This paper is an auto-contouring study that was initially carried out for head and neck and 

prostate with 3 other centres. It has been developed to include lung auto-contouring and the 

whole paper with head and neck and prostate analysis has been included for completeness. 

The analysis and methods used to evaluate auto-contouring for head and neck and prostate 

could also be applied to further lung data. 

 

Walker Z.1, Bartley G.1, Kelly D.2, Navarro C.3, South C.3, Temple S.2, Chuter R.4 

 
1 Medical Physics, University Hospitals Coventry and Warwickshire NHS Trust, Coventry, 

UK; 2Radiotherapy Physics, The Clatterbridge Cancer Centre NHS Foundation Trust, 

Wirral, UK; 3Department of Medical Physics, Royal Surrey County Hospital NHS 

Foundation Trust, Guildford, UK; 4The Christie Medical Physics and Engineering, The 

Christie NHS Foundation Trust, Manchester, UK. 

 

Abstract 

Purpose 

To evaluate the use and implementation of deep learning contouring (DLC) for prostate and 

head and neck organs at risk (OARs) across 4 NHS centres in England using the commercial 

system Mirada DLCExpert. 

 

Methods 

103 CT scans from 2 centres were included for the prostate evaluation and 310 CT scans 

from 4 centres were included for the head and neck evaluation. Generic models in Mirada 

were used for the prostate evaluation and at 3 of the centres for the head and neck evaluation. 

The time taken to contour using the existing method at each centre was compared to the time 

taken to edit the contours using DLCExpert and statistical analysis performed. Dice 

similarity coefficient (DSC) and distance to agreement (DTA) were assessed for the OARs. 

13 OARs for patients with lung cancer using a manual method and DLCExpert were also 

assessed for one centre and inter-observer variability was assessed for one centre. Centres 

were allowed to implement their own methodology for assessment of DLCExpert with 

paired and un-paired studies being performed.  

 

Results 

The mean time saved for prostate OAR contouring using DLCExpert compared to the 

existing clinical method across 2 centres was 1.5±1.5 minutes. At both centres the DTA and 

DSC showed the best agreement for the femoral heads and the worst agreement for the 
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rectum. The mean time saved for head and neck OAR contouring using DLCExpert 

compared to the existing clinical method across the 4 centres was 16.2±8.6 minutes. There 

was no time-saving for the centre that already used an atlas-based method, only for centres 

where a manual contouring method was used. The mandible, brainstem and right parotid 

scored highly for both DSC and DTA. For lungs, contouring using DLCExpert showed 

excellent agreement for the lungs and heart compared to clinical contours and the 

oesophagus showed least agreement to clinical contours.  

 

Conclusions 

Clinical implementation of non-centre specific models for prostate and head and neck OAR 

contouring using Mirada DLCExpert can provide time savings. A generic model can be 

implemented and tested in different ways with use of a paired or non-paired study to fit in 

with the clinical workload at the centre. The DSC and DTA values showed good agreement 

with clinical contours for the majority of structures. The potential for reducing inter-observer 

variability has been shown but further work is needed to confirm this. 

 

9.1 Introduction 

 

It is important to have accurate organ at risk (OAR) contours for radiotherapy planning to 

ensure healthy tissue is spared. Techniques such as volumetric modulated radiotherapy or 

intensity modulated radiotherapy allow highly conformal dose distributions with steep dose 

gradients to be created so it is imperative that the contours are accurate. The accuracy of 

OAR contouring has been shown to be correlated to toxicity1,2. Manual methods of 

contouring are very labour intensive and there is inter and intra-observer variation3-5. In 

addition, the contour quality and time spent contouring can depend on the experience of the 

user1,6.     

 

An alternative method is to use atlas-based auto-contouring which has been shown to reduce 

contouring time and improve consistency for sites such as head and neck, prostate, and lung7-

9. However, atlas-based contouring is limited by the deformation between scans10 and the 

limited range of patients within an atlas11. In addition, atlas-based auto-contouring has been 

shown to be inferior for small and thin OARs12.  

 

Recent advances in artificial intelligence have created further auto-contouring capabilities in 

the form of deep learning, using neural networks to train on large datasets of contoured 
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images13. Studies have shown that deep learning outperforms manual and atlas-based 

contouring14-17.    

 

However, there is very little evaluation of the same deep-learning contouring (DLC) system 

at multiple centres within the literature. Kiljunen et al. (2020)15 carried out a study involving 

6 centres to assess DLC for prostate OARs on CT scans but only 5 patients were analysed at 

each clinic. Oktay et al. (2020)18 assessed DLC for 83 prostate and 26 head and neck CT 

scans from 3 centres but only 10 scans were used to assess the time saving of DLC. Also, 

individual images were assessed rather than evaluating clinical the implementation at each 

centre. Wong et al. (2020)19 analysed DLC for 36 head and neck, 60 prostate and 21 central 

nervous system OARs at 2 centres. However, this was a conference abstract so there is not 

a detailed discussion of the results available.       

 

This study aims to evaluate the use of DLC and the lessons learned from the introduction of 

a commercial DLC system (DLCExpertTM, Mirada Medical Ltd., Oxford UK) for prostate 

and head and neck across four NHS centres in England. 

 

A local evaluation for lung auto-contouring has also been included.  

 

9.2 Methods 

 

9.2.1 Deep Learning Contouring Software 

 
Each centre was given the freedom to implement Mirada as was applicable to their clinic. 

All centres were using Mirada WBx 2.0 from September 2019 to June 2020 and Mirada 

WBx 2.2 from June 2020 to November 2020. The deep-learning contouring system within 

Mirada (DLCExpertTM) implements convolutional neural networks (CNNs) in order to 

classify OARs on a CT scan. Each voxel is classified using a 14-layer multiclass CNN14. 

The prostate and lung models used were trained on CT scans contoured using internal 

guidelines and the head and neck model was trained on CT scans contoured using consensus 

guidelines20. 

9.2.2 Patient Selection  
 

A total of 103 patient CT scans from 2 NHS centres (The Christie and Coventry) were 

included in the prostate study. Any images with significant artefacts e.g. from artificial hips 

were excluded. A total of 310 patient CT scans from 4 NHS centres (The Christie, Coventry, 

Clatterbridge, Surrey) were included in the head and neck study.  
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Coventry and Clatterbridge selected consecutive patients for the study; hence different 

patients were outlined for the original clinical method compared to the DLC method for the 

timing data. Clatterbridge timings were collected using an SQL query of the ARIA database 

(Varian Medical Systems, Palo Alto, USA) for all patients that had a head and neck planning 

task completed within 2 weeks of an import/OAR outlining task being completed. Timings 

from all other centres were recorded manually.   

 

9.2.3 Contouring Time 

 

OARs were outlined using the existing clinical method at each centre and the total time taken 

to outline selected OARs were recorded for each patient in the study. OARs were also 

contoured automatically using DLCExpert. The DLCExpert contours were edited to match 

local clinical contour guidance and the time taken recorded. The methods for each centre are 

summarised in Table 9.1 for prostate and Table 9.2 for head and neck. 

 

9.2.4 Quantitative Evaluation 

 

Since centres used paired and unpaired studies, timing data was assessed for statistical 

significance separately using paired and unpaired T-tests after the data was assessed for 

normality using the Shapiro-Wilk test. All statistical analysis was performed in SPSS (v25, 

IBM). 

 

Contours created with the existing clinical method were quantitatively compared to those 

created with DLCExpert by assessing the Dice Similarity Coefficient (DSC) and distance to 

agreement (DTA). DSC is a measure of the intersection of 2 volumes (A and B) with a value 

of 0 meaning no overlap and a value of 1 meaning perfect overlap21. It is given by the 

following equation:  

 

𝐷𝑆𝐶𝐴,𝐵 =
(2|𝐴 ∩ 𝐵|)

(|𝐴| + |𝐵|)
 

 

The distance to agreement is the shortest distance from a point on one contour surface to the 

other contour surface. Mean DTA was used which is the mean of all the distances 

calculated22. The exact methods used were decided upon by each centre and included use of 

the software ADMIRE (v3.21.2, Elekta AB, Sweden) and in-house scripts within planning 

systems.  
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9.2.5 Inter-Observer Variability 

 

Inter-Observer variability was assessed by The Christie for head and neck outlining. Manual 

and DLCExpert edited contours were outlined by 2 consultants and 2 registrars. All outliners 

contoured parotids, submandibular glands, eyes, larynx, oral cavity, mandible, pharyngeal 

constrictor muscles, brainstem, spinal cord, oesophagus, optic nerves and optic chiasm. DTA 

was calculated for different permutations of the different observers compared to each other 

for both manual and edited DLC contours. 

 

 

9.2.6 Lung Study 

  

The current thesis focuses on lung planning and DLC contouring can also be used for this 

site. A generic model (Thorax_CT_NL007_M0) was assessed on a subset of 13 patients with 

lung cancer at Coventry. A paired study was used where the DLC contour was compared to 

the clinical contour for each patient. The DSC and DTA were recorded.   
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Table 9.1: Methods of assessing auto-contouring using Mirada DLCExpert for prostate 
organs at risk. 

 The Christie Coventry 

   

Number of patients 9 (same patients for 

existing method and 

DLC) 

94 (42 manual, 42 

DLC, 10 for DSC and 

DTA) 

 

Study design Paired Unpaired 

Number 

of manual 

contourers 

 

2 (both outlined 9 

each) 

 

4 

Staff group Dosimetrists Dosimetrists 

Existing method Manual Manual 

DLCExpert model Generic  

Prostate_CT_NL006_

GN  

 

Generic 

Prostate_CT_NL006_

GN (bladder and 

rectum) 

Prostate_CT_NL010_

NN (femoral heads) 

 

OARs Bladder, femoral 

heads, rectum 

Bladder, femoral 

heads, rectum 

 

Targets  None 

 

None 

Editing software Pinnacle v16 (Philips 

Radiation oncology 

systems, Fitchburg, 

WI) 

 

RayStation v7 

(RaySearch, Sweden) 

Timing Method Manual Manual 
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Table 9.2: Methods of assessing auto-contouring using Mirada DLCExpert for head and 

neck organs at risk. 

 The Christie Coventry Clatterbridge Surrey 

Number of 

Patients 

10 (10 Manual, 

10 DLC, 10 

DSC and DTA) 

 

50 (20 manual, 

20 DLC, 10 for 

DSC and DTA) 

224 (40 manual, 

169 DLC, 15 

for DSC and 

DTA) 

26 (9 manual, 

7 DLC 10 for 

DSC and 

scoring) 

 

Study Design Paired Unpaired Unpaired Unpaired 

Number of 

contourers 

4 (all 4 outlined 

all 10 patients) 

 

3 6 1 

Staff group Clinicians Dosimetrists Planning 

radiographers 

 

Clinicians 

Existing 

Method 

 

Manual Atlas Manual Manual 

DLCExpert 

Model 

 

Generic + Local  

 

Generic Generic Generic 

DLC OARs Eyes, parotids, 

submandibular 

glands, 

brainstem, 

larynx, 

mandible, oral 

cavity, spinal 

cord 

 

Brainstem 

mandible, 

parotids, spinal 

cord 

Mandible, 

parotids, 

submandibular 

glands. 

Brainstem, 

parotids, spinal 

cord  

OARs from 

other source 

 Atlas for orbits, 

optic nerves, 

lens 

 Atlas for 

orbits, optic 

nerves, lens 

 

Editing 

software 

                

Pinnacle v16 

(Philips 

Radiation 

oncology 

systems, 

Fitchburg, WI) 

 

 

RayStation v7 

(RaySearch, 

Sweden) 

 

Eclipse v15.6 

MR5 (Varian 

Medical 

Systems, Palo 

Alto, USA) 

 

 

Eclipse v13.7 

(Varian 

Medical 

Systems, Palo 

Alto, USA) 

 

Timing 

Method 

Manual Manual Aria (with >3 

hours and <10 

minutes 

removed) 

Manual 
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9.3 Results 

 

9.3.1 Prostate OAR Contouring 

 

The total mean time saved for prostate OAR contouring using DLCExpert compared to the 

existing clinical method across the 2 centres was 1.5±1.5 minutes (Table 9.3). T-tests were 

performed as the Shapiro-Wilk test indicted the data from both centres was normally 

distributed. The paired T-test and unpaired T-tests indicate that the time differences between 

the manual and DLC contouring methods are not significant at the 5% level. The distribution 

of all results is shown in Figure 9.1  

 

At both centres the DTA and DSC showed the best agreement for the femoral heads and the 

worst agreement for the rectum (Table 9.4 and Table 9.5). 

 

 

Table 9.3: Average prostate organ at risk contouring times for 2 centres using manual 
contouring and Mirada DLCExpert. Standard errors used. P-value from paired T-test for 

The Christie and for unpaired T-test for Coventry. 
 Average OAR contouring time 

(minutes) 

 The Christie Coventry 

Manual 

 

15.0±0.7 12.5±0.5 

DLCExpert 

 

13.0±1.3 11.5±0.3 

Average time 

difference 

(negative is time 

saving) 

 

-2.0±1.4 -1.0±0.6 

p-value 0.17 0.09 

 

 
Table 9.4: Average dice similarity coefficient (DSC) for prostate organs at risk for 2 centres 

comparing manual contouring and Mirada DLCExpert. Standard errors used. 
Structure DSC 

 The Christie Coventry 

Rectum 

 

0.58±0.05 0.71±0.02 

Bladder 

 

0.84±0.01 0.82±0.02 

Femoral Head Left 

 

0.90±0.08 0.82±0.01 

Femoral Head Right 0.89±0.03 

 

0.92±0.01 
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Table 9.5: Average distance to agreement (DTA) for prostate organs at risk for 2 centres 
comparing manual contouring and Mirada DLCExpert. Standard errors used. 

Structure DTA (mm) 

 The Christie Coventry 

Rectum 

 

4.8±0.4 5.4±0.8 

Bladder 

 

2.5±0.3 2.0±0.3 

Femoral Head Left 

 

2.2±0.7 1.4±0.2 

Femoral Head Right 2.3±0.6 1.2±0.1 

 

 

   
Figure 9.1: Box and whisker plot of contouring times for prostate organs at risk from 2 
centres using manual and DLC contouring. The boxes indicate the interquartile range 
(IQR), the line indicates the median and the cross indicates the mean. The whiskers 

indicate the highest and lowest values within 1.5 times the IQR and data outside this 
range indicated by circles.  
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9.3.2 Head and Neck OAR Contouring 

 

The total mean time saved for head and neck OAR contouring using DLCExpert compared 

to the existing clinical method across the 4 centres was 16.2±8.6 minutes (Table 9.6). If the 

existing clinical method is manual, (excluding Coventry) the average time saving was 

22.5±8.4 minutes. A paired T-test was performed for The Christie data as the Shapiro-Wilk 

test indicted the data was normally distributed. The other data was assessed using a Wilcoxon 

signed rank test. The p-values indicate that the difference between the existing and DLC 

contouring methods are significant at the 5% level for The Christie and Coventry. The 

distribution of all results is shown in Figure 9.2 and Figure 9.3. 

 

The mandible, brainstem and right parotid scored highly for both DSC and DTA across all 

centres where the structures were analysed (Table 9.7 and Table 9.8). 

 

Table 9.6: Average head and neck organ at risk contouring times for 4 centres using an 
existing clinical method and Mirada DLCExpert. Standard errors used. 

 Average OAR contouring time (minutes) 

 The Christie Coventry Clatterbridge Surrey 

Existing Method 

 

18.3±1.5 11.9±1.2 74.7±7.6 10.4±1.0 

DLCExpert 

 

10.0±0.8 18.00±0.6 62.5±3.1 8.4±0.2 

Average time 

difference 

(negative is time 

saving) 

-8.3±1.7 +6.1±1.3 -12.2±8.2 -2.0±1.0 

 

p-value 

 

<0.01 

 

0.01 

 

0.54 

 

0.279 
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Table 9.7: Average dice similarity coefficient (DSC) for head and neck organs at risk for 4 
centres comparing existing clinical contouring and Mirada DLCExpert. Standard errors 

used. – indicates the structure was not analysed by that centre 
 DSC 

 The Christie Coventry Clatterbridge Surrey 

 

Brainstem 0.77±0.02 0.80±0.01 - 0.80±0.01 

 

Mandible 0.84±0.02 0.90±0.01 0.85±0.01 - 

 

Parotid Left 0.68±0.04 0.82±0.02 0.75±0.02 0.81±0.01 

 

Parotid Right 0.75±0.03 0.84±0.01 0.72±0.02 0.81±0.01 

 

Spinal Cord 0.69±0.04 0.68±0.04 - 0.78±0.02 

 

Submandibular 

Left 

0.52±0.07 - 0.71±0.02 - 

 

Submandibular 

Right 

 

0.63±0.07 - 0.66±0.02 - 

Larynx 

 

0.62±0.04 -   

Oral Cavity 0.74±0.03 -   

 

 

 

Table 9.8: Average distance to agreement (DTA) for head and neck organs at risk 3 
centres comparing the existing clinical contouring and Mirada DLCExpert. Standard errors 

used. – indicates the structure was not analysed by that centre. 
 DTA (mm) 

 The Christie Coventry Surrey 

 

Brainstem 2.8±0.3 1.7±0.1 1.8±0.2 

 

Mandible 2.1±0.5 0.6±0.1 - 

 

Parotid Left 4.3±0.7 2.4±0.5 2.3±0.5 

 

Parotid Right 2.9±0.3 2.4±0.4 2.6±0.3 

 

Spinal Cord 6.6±3.3 1.0±0.1 3.1±0.6 

 

Submandibular Left 3.9±0.7 - - 

 

Submandibular Right 

 

3.1±0.7 - - 

Larynx 

 

5.1±1.3 - - 

Oral cavity 5.5±0.6 - - 
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Figure 9.2: Box and whisker plot of contouring times for head and neck organs at risk from 
3 centres using an existing clinical method (manual contouring for The Christie and Surrey 

and Atlas-based contouring for Coventry) and DLC contouring. The boxes indicate the 
interquartile range (IQR), the line indicates the median and the cross indicates the mean. 

The whiskers indicate the highest and lowest values within 1.5 times the IQR and data 
outside this range indicated by circles. 

 

  
Figure 9.3: Box and whisker plot of contouring times for head and neck organs at risk from 

a centre using an existing clinical method (manual contouring) and DLC contouring. 
Timings were collected using the record and verify system Aria. The boxes indicate the 

interquartile range (IQR), the line indicates the median and the cross indicates the mean. 
The whiskers indicate the highest and lowest values within 1.5 times the IQR and data 

outside this range indicated by circles. 
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9.3.3 Inter-Observer Variability 

 

The results from The Christie inter-observer variability study showed that the DTA between 

the observers for the majority of DLC-edited OARs for head were less than manual contours 

(Figure 9.4).  
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Figure 9.4: Distance to agreement (DTA) for manual and MiradaDLC edited head and neck 

OARs for different permutations of 4 observers compared to each other.  
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9.3.4 Lung OAR Contouring 

 

The results show excellent agreement for both lungs. The oesophagus contouring produced 

contours that showed least agreement to clinical contours with a large DTA and low DSC 

(Table 9.9). 

 

Table 9.9: Average distance to agreement (DTA) and dice similarity coefficient (DSC) for 
lung organs at risk for 13 patients at Coventry. 

Structure DTA (mm) DSC 

   

Lung Right 

 

2.0±0.6 0.97±0.003 

Lung Left 

 

1.1±0.1 0.97±0.004 

Cord 

 

1.1±0.12 0.78±0.03 

Heart 5.2±0.8 

 

0.86±0.02 

Oesophagus 6.3±3.2 

 

0.64±0.06 

 

 

9.4 Discussion 

 

The timing data for prostate contouring showed a time saving using Mirada DLCExpert for 

both centres analysed, although this was not statistically significant. Kiljunen et al. (2020)15 

found a larger time saving of 12 minutes (46%) compared to manual contouring for their 

multi-centre study of 30 prostate patient CT images. However, this also included the 

prostate, seminal-vesicles and penile bulb in addition to the OARs analysed in this study 

which may be why the time saving is larger. Zabel et al. (2021)23 found a time saving of 8.5 

minutes (44%) using DLC software on 15 prostate CT scans for bladder and rectum outlining 

but the manual contouring included contouring by a radiation therapist and editing by a 

radiation oncologist. The times collected in the current study only include initial manual 

contouring and therefore manual contouring will be faster.  

 

The time savings for using Mirada DLCExpert for head and neck contouring were for centres 

that used manual contouring as their existing clinical method. Oktay et al. (2020)18 found a 

time saving of 93% using DLC software compared to manual contouring for head and neck 

CT scans. A maximum time saving of 45% was found in this current study. However, Oktay 
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et al. (2020)18 measured an average manual contouring time of 87 minutes for experts which 

was longer than the average time taken in any of the centres analysed in this current study.  

 

The centre where the time saving using Mirada DLCExpert was statistically significant had 

a combined model using their own data and the generic model. This suggests that DLC 

models developed with local data may provide a larger time-saving benefit. In addition, The 

Christie tested more structures than the other centres which may contribute to the larger time 

saving. Coventry was the only centre to observe a time increase when using DLCExpert 

which could be because the centre has a well-established atlas-based contouring system and 

the timing study was only carried out for a limited number of structures.  

 

The DSCs obtained show the generic model performed well for the bladder and femoral 

heads. The DSC for rectum and bladder were slightly lower than other studies where generic 

models were used but the results for the femoral heads were better than or comparable to 

other studies (Table 9.10).  

 

Table 9.10: Mean Dice Similarity Coefficient (DSC) for prostate OARs from the study 
compared to literature. 

Structure Mean DSC 

 The 

Christie 

Coventry Kiljunen et 

al. (2020) 

Oktay et al. 

(2020) 

Mean (SD) 

Zabel et al. 

(2020) 

Rectum 

 

0.58±0.05 0.71±0.02 0.84 0.87 (0.03) 0.86 

Bladder 

 

0.84±0.01 0.82±0.02 0.93 0.96 (0.02) 0.97 

Femoral 

Head Left 

 

0.90±0.08 0.82±0.01 0.68 0.98 (0.01) - 

Femoral 

Head Right 

0.89±0.03 

 

0.92±0.01 0.69 0.98 (0.01) - 

 

 

The majority of DSCs obtained for head and neck OARs were comparable to other studies, 

for example, Oktay et al. (2020)18 (mean (SD): mandible 0.938 (0.025), left parotid 0.843 

(0.046), brainstem 0.849 (0.068)) and Ibragimov et al. (2017)24 (mandible 0.895±0.036, left 
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parotid 0.766±0.031, left SMG 0.697±0.133). The DSCs for spinal cord were lower than 

other studies (e.g. Oktay et al. (2020)18 (Mean (SD): 0.806(0.077)) and Ibragimov et al. 

(2017)24 (0.87±0.032). However, it should be noted that the model by Ibragimov et al. 

(2017)24 was tested on data from the same centre so was not a generic model.  

 

The DSCs for lung showed the generic model performed extremely well for both lungs and 

heart. The DSCs for lungs, heart and spinal cord were comparable to Lustberg et al. (2018)17 

and Vu et al. (2020)25 who found DSCs for lungs close to 1, heart approximately 0.9 17,    

0.85 25 and spinal cord 0.83 17, 0.96 25. They also found that their models underperformed 

for the oesophagus with a DSC of approximately 0.7 17 and 0.63 25 which is consistent with 

the data in this study. However, they both used a model trained on their own clinical data 

rather than a generic model.    

 

Each centre was given the freedom to choose their own method of recording contouring 

times and this resulted in centres using paired studies and non-paired studies with different 

patient numbers. A sample size calculation was performed for both prostate and head and 

neck timing using a standard statistical method for an unpaired and paired data set26. A 

significance level of 0.05, an 80% power and a standardised difference of 0.3 were chosen. 

Using the standard deviation from the data in this study, a difference between the 2 datasets 

of approximately 0.6 minutes and 0.7 minutes would be detectable for prostate and head and 

neck respectively for the paired study. A difference between the 2 datasets of approximately 

0.3 minutes and 0.5 minutes would be detectable for prostate and head and neck respectively 

for the unpaired study. The calculation gave 51 patients required in each group for an 

unpaired study. If the study was paired then only 26 patients would be required in total. The 

benefit of an unpaired study however, is that no additional clinical work needs to be 

undertaken as measurements do not need to be repeated.     

 

The results from The Christie suggests that inter-observer variability is improved through 

the use of DLC contouring which agrees with other studies15. However, this is a small study 

and further assessment is needed across a larger multi-centre dataset which has currently not 

been carried out within the literature.    

 

A limitation of the study is that different DSC/DTA software was used by each centre so the 

values cannot be directly compared. However, they do give an indication of which contours 

were closer to clinical ones than others. It has been shown that a DSC larger than 0.65 should 

give a time saving27 and although no individual contour times were calculated, the majority 

of contours analysed here had a DSC greater than 0.65. However, it has recently been shown 
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for a lung study28 that surface DSC and added path length provide a better indicator of time-

saving using auto-segmentation. It would be useful to assess these metrics for each structure. 

 

Vandewinckele et al., (2020)29 have produced recommendations for implementation and 

quality assurance of artificial intelligence applications in radiotherapy. In addition to the 

overlap and distance metrics used here, they also recommend to compare the overall volume 

and the dosimetric impact of the delineation uncertainty. It may be that the dosimetric impact 

of a DLC contour that is minimally different to a clinical contour is not clinically significant. 

van Rooj et al., (2019)30 showed that differences in DLC contours patients with head and 

neck cancer did not produce clinically significant differences in radiotherapy plans.        

 

 
9.5 Conclusions 

 

The study shows clinical implementation of non-centre specific models for prostate and head 

and neck OAR contouring using Mirada DLCExpert can provide time savings. The study 

demonstrates that a generic model can be implemented and tested in different ways with use 

of a paired or non-paired study in order to fit in with the clinical workload at the centre. The 

DSC and DTA values showed good agreement with clinical contours for the majority of 

structures. The potential for reducing inter-observer variability has been shown but further 

work is needed to confirm this. 
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Abstract 

Purpose 

To assess the difference in target volumes and dosimetric impact of using a 4DCT compared 

to a 3DCT for lung radiotherapy tumour outlining.  

 

Methods 

Gross tumour volumes were outlined for 29 patients with lung cancer using a 3DCT (GTV3D) 

and a 4DCT (GTV4D). PTVs were created using 1.5 cm superior/inferior, 1 cm 

anterior/posterior/left/right margins for the GTV3D and 5 mm isotropic margins for the 

GTV4D. All patients were planned in RayStation using 6MV volumetric modulated arc 

therapy (VMAT) with one or two arcs, with the dose prescribed to the PTV from the 4DCT 

(PTV4D). 20 patients were retrospectively re-planned with the dose prescribed to the PTV 

from the 3DCT (PTV3D), ensuring that the original clinical goals for tumour volume 

coverage and organs at risk (OARs) were still met. The volumes of GTVs and PTVs using 

both methods and were compared. The doses to the OARs were compared using a Wilcoxon 

signed rank test.  

Results 

The GTV4D volumes were larger than the GTV3D volumes in 93% of patients analysed. The 

PTV4D volumes were smaller than the PTV3D volumes in 86% of patients. There was a 

statistically significant difference in both GTV and PTV volumes when using the 4DCT to 

outline compared to the 3DCT (p<0.001). The OAR doses were statistically significantly 

lower for the lungs V5, (p=0.002), lungs V10 (p=0.002), average heart (p=0.04) and 1cc cord 

(p=0.007).  

Conclusions 

The use of 4DCT for lung tumour outlining significantly reduces the PTV volume and the 

doses to OARs. This could reduce radiation induced toxicity or alternatively allow for dose 

escalation.    

 



56 
 
 

10.1 Introduction 

 

Treating tumours with radiotherapy can be challenging for sites where the tumour is moving. 

A 4DCT can be used for radiotherapy treatment planning to capture the full range of 

respiratory motion of a tumour and the organs at risk (OARs), thus allowing planning target 

volume (PTV) margins to be reduced1,2. It is of particular importance for patients with lung 

cancer where tumour motion can be large. Studies show that amplitudes in the superior-

inferior direction are largest, with average amplitudes of 6.9 mm and 12 mm quoted in 

literature3,4 and up to 53 mm being observed3. 

Several studies have investigated the differences in outlines created for lung tumours using 

a 3DCT or 4DCT5-8 as well as 3D and 4D PET/CT9. These have shown that outlining using 

a 4D dataset can reduce target volumes compared to using a 3D dataset.  

Few studies have compared the dosimetric impact of the differences in 3D and 4D CT 

outlines through re-optimising plans. Wang et al., (2009)10 and Hof et al., (2009)11 evaluated 

doses for patients receiving lung stereotactic ablative radiotherapy (SABR). Both studies 

found that using 4D PTVs decreased lung doses but doses to other OARs were not assessed. 

Bai et al., (2014)12 assessed doses for non-SABR lung cancer patient CT outlines and again 

found that dose to lung was lower using 4D PTVs in addition to the spinal cord and heart 

doses. However, this was a small-scale study of 10 patients who all had stage T1 tumours. 

A larger study of different stage tumours re-optimising lung plans using 3D or 4D PTVs has 

not been performed.   

The sparing of normal tissue through using 4D outlining may allow for dose escalation12 and 

therefore greater tumour control. Studies have shown that dose escalation in non-small-cell 

lung cancer can give improvements in tumour control13,14 and this could improve overall 

survival.  

This study investigates the differences between outlining lung tumours using a 3D or 4D CT 

and how optimising the plan using 3D or 4D outlined tumour volumes affects the doses to 

OARs. The dataset is from clinical patients with a variety of tumour stages.  
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10.2 Methods 

 

10.2.1 Patient Selection  

 
Twenty-nine patients with lung tumours were included in this study that had a 4DCT for 

radiotherapy planning. As this was a prospective study and the outlining was part of the 

planning process, as many patients were recruited as possible but these were not consecutive 

as those where a 3D outline was not saved were excluded. In addition, those with a clinical 

target volume (CTV) expansion outside standard protocol were excluded. The patients 

analysed were treated by 3 different clinicians. The tumour characteristics are given in Table 

10.1.  

 

Table 10.1: Tumour characteristics for lung tumours included in the study. n is the 
number of tumours. One was a colorectal metastasis and did not have a tumour stage. 

 

Tumour 

stage 

n Nodal 

involvement 

n Metastatic n Location n 

1 4 N0 4 M0 18 Rt upper 9 

2 2 N1 6 M1 10 Lt upper 7 

3 10 N2 13   Lt lower 1 

4 12 N3 5   Rt lower 3 

      Mediastinum 1 

      Unspecified 7 

 

10.2.2 Image Acquisition 

 
All patients were scanned at University Hospital Coventry on a GE discovery CT590 (GE 

Medical Systems) and had a contrast-enhanced helical 3DCT from the larynx to the mid-

abdomen, covering the entire lung volumes for treatment planning. Patients had a localised 

axial 4DCT for tumour outlining with scan limits specified by a clinician. Patients were 

scanned in free-breathing and were uncoached with the breathing trace obtained using the 

Varian real-time position management RPM system (Varian Medical Systems, Palo Alto, 

CA) with 2 marker reflective block placed on the surface of the patient. The 4DCT was 

reconstructed into 10 bins using the Advantage4D software (GE Medical Systems). The 
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images were acquired at the planning appointment, with the patient in the same position, and 

the resulting images were fused for planning. 

 

10.2.3 Tumour Delineation 

 
Patients were outlined using the anatomy module in RayStation (version 7, RaySearch, 

Sweden). The local outlining protocol mandates that the radiation oncologist starts by 

outlining the GTV on the 3DCT image, before using the fused 4DCT to add in the motion 

envelope in order to create an internal target volume (ITV). Therefore, the GTV outlined on 

the 3DCT (GTV3D) and the ITV were saved at the time of outlining by the oncologist. An 

isotropic 0.5 cm CTV margin and an anisotropic PTV margin of 1 cm 

left/right/anterior/posterior and 1.5 cm superior/inferior were added to the GTV3D to create 

PTV3D. This outlining method was previously used at the centre prior to the introduction of 

4DCT. Immediately after outlining the GTV3D, clinicians use the 4DCT to contour a moving 

GTV (GTV4D). This was copied to the 3DCT and a 0.5 cm isotropic CTV and a 0.5 cm 

isotropic PTV margin were added to create a PTV4D as per the current local protocol.  

The average PTV volumes using the 2 methods were calculated and compared using a 

Wilcoxon signed rank test as the data was found to be not normally distributed. The volumes 

of 4DGTV and 4DPTV outside the 3DPTV were calculated to assess any geometric misses as in 

Callahan et al. (2014)9.  

 

10.2.4 Treatment Planning 

 
The 3DCT was used for planning and dosimetric calculations with OARs outlined on this 

scan and the scan subsequently used as reference image for online verification using cone-

beam CT. All patients were planned in RayStation using 6MV VMAT with one or two arcs, 

with the dose prescribed to the PTV4D. Twenty of the patients were re-planned with the dose 

prescribed to the PTV3D, ensuring that the original clinical goals for tumour volume coverage 

and OARs were still met. Conformity indices were calculated for the prescription dose and 

half of the prescription dose using both methods to ensure that the conformity in both plans 

was similar. The OAR doses from the PTV3D plans were compared to the clinical PTV4D 

plans. The percentage volume of PTV4D covered by 95% of the prescription dose from the 

3D plan (D95) was assessed as in Callahan et al. (2014)14. The doses to the OARs from the 

2 methods were compared using a Wilcoxon signed rank test. All statistical analysis was 

performed in SPSS (V25, IBM). 
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10.3 Results 

10.3.1 GTV and PTV Volumes 

The GTV4D volumes were larger than the GTV3D volumes for 27 of 29 patients (93%) 

(Figure 10.1). For the entire cohort on average the GTV4D was larger compared to GTV3D 

by 26(±5)% (range -1% to +98%).  

The PTV4D volumes were smaller than the PTV3D volumes for 25 patients of 29 (86%) 

(Figure 10.2). For the entire cohort, on average the PTV4D was smaller compared to the 

PTV3D by 24(±3)% (range -52% to +16%). 

There was a statistically significant difference in both GTV and PTV volumes when using 

the 4DCT to outline compared to the 3DCT (Table 10.2). The distribution of the results is 

shown in Figure 10.3.  

 

Table 10.2: Mean volume of 3D and 4D GTVs and PTVs for 29 lung tumours and the 
difference in means.  The p-value significance was computed from a Wilcoxon signed rank 

test comparing the volumes of the 3D and 4D structures. 
 

Structure Mean Volume (cm3) 
Difference in means 

4D-3D (cm3) 
p-value 

3DGTV 170.8±33.0 
+21.0±47.3 <0.001 

4DGTV 191.8±34.0 

3DPTV 610.1±69.8 
-143.6±93.8 <0.001 

4DPTV 466.5±62.7 

 

Five patients had a volume of 4DGTV extending outside the 3DPTV. The average 

percentage volume of 4DGTV missed was 0.12(±0.06)% (range 0.02% to 0.3%).  

Twenty-five patients had a volume of 4DPTV extending outside the 3DPTV. The average 

percentage volume of 4DPTV missed was 3.22 (±0.59)% (range 0% to 27.65%).  
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Figure 10.1: GTV4D vs GTV3D for 29 lung tumours. The black line is a one-to-one 
relationship between the GTV4D and the GTV3D. 

 

 

 

Figure 10.2: PTV4D vs PTV3D for 29 lung tumours. The black line is a one-to-one 
relationship between the PTV4D and the PTV3D. 
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Figure 10.3: Box and whisker plot of 3D and 4D GTV and PTV volumes for 29 lung 
tumours. The boxes indicate the interquartile range (IQR), the line indicates the median 
and the cross indicates the mean. The whiskers indicate the highest and lowest values 

within 1.5 times the IQR and circles indicate all data points.  
 

10.3.2 Treatment Plans 

Eighteen plans had areas of the PTV4D that would not have been covered by the D95 of the 

3D plan. The average percentage volume of PTV4D not covered by the D95 from the 3D plan 

was 3.5±2.3%.  

 

The OAR doses were statistically significantly lower for the lungs V5, lungs V10, average 

heart and 1cc cord using the 4D outlines compared to the 3D outlines (Table 10.3).  
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Table 10.3: Average organ at risk (OAR) doses for plans using a PTV3D outline and a PTV4D 
outline. Doses for lungs are for lungs excluding ITV or GTV3D.  P-values are from a 

Wilcoxon signed rank test. 
OAR 3D Outline 4D Outline p-value  

Lungs V5 (%) 47.2±2.9 42.8±3.1 0.002 

Lungs V10 (%) 31.1±2.5 28.8±2.6 0.002 

Lungs V20 (%) 20.9±2.0 20.8±2.7 0.052 

Heart average (Gy) 10.0±1.8 8.5±1.6 0.004 

Cord 1cc (Gy) 25.4±2.3 23.3±2.1 0.007 

 

 

10.4 Discussion 

The results show that the GTV4D was larger than the GTV3D for 93% of patients analysed 

and this was statistically significant. The average volume increase of 26% when the GTV is 

outlined using the 4DCT is comparable to other studies, for example Ahmed et al. (2017)8 

who observed an increase of 25%. This suggests that a 4DCT is required to capture the full 

range of respiratory motion of lung tumours. 

The PTV4D was smaller compared to the PTV3D by 24% on average which was also 

comparable to other studies such as Hof et al., (2009)11 who found a 31% reduction and Bai 

et al. (2014)12 who found a 15.5% reduction. The study here also indicates that the PTV3D 

margins that were previously used at the centre were not always adequate to cover the tumour 

motion with 5 patients having GTV4D outside PTV3D. However, these volumes were very 

small in comparison to the tumour volume and would not be clinically significant as the 

volumes are likely to be less than inter-observer variability when outlining. It has been 

shown that the mean dice score from contouring of CTV from a large set of trial data outlined 

by 21 clinicians was 0.815. This variation would be larger than the maximum percentage 

volume difference seen here of 0.3%. In the work here, different clinicians have outlined 

different patients. Further work could be carried out to assess inter-observer variation of 

tumour delineation within the current dataset.   

 

The difference in OAR doses for the 4D plan compared to the 3D plan were statistically 

significant for the heart, cord and lungs V10 and V5. The absolute reduction in average dose 

was similar to Bai et al. (2014)12 as shown in Table 10.4, although they also found the lung 

V20 to be statistically significant. All plans in the study still met the clinical goals for lung 

planning even though the 4D doses were statistically significantly lower. However, reducing 



63 
 
 

doses to OARs can reduce toxicity. Ghita et al. (2019)16 found significant correlation 

between V10 and mean lung dose with late response in a lung study irradiating mice. It has 

also been shown that V5, V10, V20, mean lung dose of the ipsilateral lung and V5, V10, V20, 

V30 and mean lung dose of the bilateral lung of the ipsilateral lung are associated with Grade 

≥2 radiation-induced lung injury17. Liao et al. (2010)18 found strongest correlations with 

pneumonitis for V5 to V30 in the ipsilateral lung. However, it has been suggested that mean 

lung dose or average dose in proportion to the whole lung volume may be better indicators 

of radiation pneumonitis in stereotactic radiotherapy19. Further work will be required to 

assess this for the patients in this study.  

 

Table 10.4: Dose difference for OARs using 4D tumour outlining compared to 3D tumour 
outlining in this study and literature. The differences are the 3D parameter values minus 

the 4D parameter values. 

 Absolute difference in parameter (3D-4D) 

Parameter Current Study Bai et al. (2014) 

Lungs V5 (%) 4.4 3.12 

Lungs V10 (%) 2.3 4.75 

Lungs V20 (%) 0.1 3.0 

Heart average (Gy) 1.5 0.78 

Cord 1cc (Gy) 2.1 1.95 

 

Although the absolute differences in doses are small, the reduction in heart dose is still 

important clinically. The Radiation Therapy Oncology Group trial 0617220 evaluating 

different doses for non-small cell lung cancer, reported that heart dose was associated with 

a worse overall survival at a median follow-up of 2 years. A reduction in the OAR doses 

could allow for dose escalation and dose escalation has been shown to improve local control 

and overall survival for patients with lung cancer21,22.  

  

In the current study the 3D and 4D GTVs for each patient were both outlined in one session 

by the same clinician at the same sitting with the same background information (radiology, 

pathology and clinical information) for each patient. This will have helped to reduce some 

of the bias that may affect planning studies using retrospectively outlined structures. There 

could be a potential bias from creating the 4D contours using the knowledge of the 3D 

contours but all contours were reviewed across all phases before they were accepted.  
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Another limitation is that the 3D and 4D plans were not always planned by the same 

members of staff. In order to reduce any dependence of plan quality on the observer 

producing the plan, the same planning parameters were used in the 3D plan as the clinical 

4D plan as a starting point. The number of iterations for optimisation were not available for 

the clinical plans so this could not be matched. However, the conformity index for the GTV 

was compared and there was found to be an average of 0.001 difference between the 3D and 

4D plans.  

 

10.5 Conclusions 

The previous 3D PTV margins used did not always incorporate the full range of motion, 

although the volumes not covered were very small. The use of 4DCT for lung tumour 

outlining significantly reduces the PTV volume and the doses to organs at risk. This could 

reduce radiation induced toxicity or alternatively allow for dose escalation.    
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Abstract 

Purpose 

To develop and test a method of breathing trace extraction from binned 4D cone-beam CT 

(4DCBCT) data. This would be of benefit as this data is normally clinically available rather 

than individual projection data and the tumour motion is used rather than a surrogate.   

 

Methods 

The Amsterdam shroud script from the open-source Reconstruction Toolkit (RTK) was used 

to create an Amsterdam shroud from binned moving images. A Python script was created to 

obtain the amplitude change at each breathing phase in the craniocaudal direction by taking 

a profile through each phase in the Amsterdam shroud image and shifting to match the 

adjacent phase. For 4DCBCT images, the breathing period for each phase was obtained by 

extracting frame rate and phase from the scan.sort file. The scan.sort file is a text file 

generated in Elekta XVi for each 4DCBCT reconstructed scan and contains frames and their 

allocated phase. The method was tested for a generated dataset of a square box moving by a 

fixed number of pixels, a 4DCT and 4DCBCT of an in-house phantom moving at 1.5 cm 

amplitude and a 4DCT and 4DCBCT of 2 lung cancer patient tumours. The method was also 

compared to computing the centroid of a moving outline.  

 

Results 

The script agreed with the generated data to within 2%, with the largest error seen at 1 mm 

movement. The script overestimated the amplitude of the phantom movement across the 

breathing cycle and by 4% at the peak for the phantom 4DCT. This was better than the 

centroid method which gave a peak amplitude of 8% less than expected. For the 4DCBCT, 

the script underestimated the amplitude of the phantom movement across the breathing cycle 

and by 17% at the peak. The centroid method performed better on the 4DCBCT giving a 

peak amplitude 7% larger than expected. 
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Conclusions 

A method using the Amsterdam shroud on binned images was shown to work for theoretical 

data. On 4DCT images, the method outperformed a tumour centroid method. However, for 

4DCBCT, the results were not adequate, with the amplitude being underestimated by the 

method. Further development and testing are required to see if this method could be adapted 

for 4DCBCT. 

 
 
11.1 Introduction 

 

Respiratory motion can cause tumours in the thorax and abdomen to move1,2 which can cause 

issues for radiotherapy treatment where a precise dose is planned and delivered to a tumour 

volume. To evaluate tumour movement for radiotherapy treatment planning, a 4DCT can be 

used. On treatment, the tumour movement can be assessed using 4D cone-beam CT 

(4DCBCT) using a kV imager mounted to the linear accelerator gantry.  

To produce a 4D dataset, a breathing trace needs to be correlated with the images obtained. 

The breathing trace can be obtained using an external surrogate such as a marker block on 

the patient surface3 or an abdominal belt4. The problem with use of a surrogate it that is 

external and it may not correlate with the internal motion5,6. Fiducial markers can be used 

which are implanted but this invasive and fiducial migration is also a concern7. 

Methods have also been developed to extract a breathing trace from the images obtained. 

One method uses pixel variations between image projections within a region of interest to 

obtain a breathing trace at each angle10,11. Another method uses an Amsterdam shroud 

technique. This applies a cranio-caudal filter to images and projects each image on the 

cranio-caudal axis. The images are then combined to create a 2D image known as an 

Amsterdam shroud. The temporal derivate (i.e. subtracting each column from the adjacent 

column) of the shroud is taken and projected onto the cranio-caudal axis. Each 1D column 

aligned to the adjacent column giving displacements which indicate the breathing signal8,9. 

This is the method used by Elekta for 4D reconstruction in their CBCT (XVi) system. Other 

methods for breathing trace extraction have also been developed. Vergalasova et al. (2011)13 

used a Fourier method by monitoring changes in Fourier transform phase to obtain a 
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breathing signal. Yan et al., (2013)12 used local principal component analysis (LPCA) which 

uses feature extraction and distinguishing gantry movements from breathing movements.  

All methods found in the literature for 4DCBCT breathing trace extraction require individual 

projections and these are not always readily available. One study used binned data for 

breathing trace extraction from 4DCT only, using a volume of interest method13. The study 

presented here develops and tests a method of breathing trace extraction from 4DCBCT 

using binned data with an Amsterdam shroud technique to see if this would be a feasible 

approach. This would be of benefit as binned data is normally available in clinics and 

breathing trace extraction from these images would be useful for programming of phantoms 

with realistic breathing traces for measurements to assess planning techniques or delivery. 

The traces extracted will also be from the tumour motion rather than a surrogate.     

  

11.2 Methods 

 

11.2.1 Breathing Trace Extraction 

 
Phase-binned images were exported from XVi and a Python script created to import the 

images and allow the user to select the coronal slice and area of focus for movement analysis 

(Figure 11.1).  

 

Figure 11.1: Left-Coronal slice of the 50% phase XVi of moving phantom. Right-Area of 
this slice cropped for use in Amsterdam shroud code. 

 

The selected area was analysed using the Reconstruction Toolkit (RTK) Amsterdam shroud 

script (RTK 2.2.0)14. RTK is open-source software that is used for CBCT reconstruction and 
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has scripts for image manipulation. The Amsterdam shroud script projects each 2D image 

onto a 1D axis after applying filtering and was run on each phase for the selected area to 

give an Amsterdam shroud image (Figure 11.2).  

 

                Figure 11.2: Example of an Amsterdam shroud for each breathing phase of a 
moving phantom using the Python script and RTK software. 

 

The amplitude was calculated from the Amsterdam shroud in the cranio-caudal direction for 

each of the ten phases by computing a profile for each phase and matching it to the adjacent 

phase in Python (Figure 11.3). The displacement needed to match one phase to the next in 

pixels was multiplied by the length per pixel to obtain a displacement in millimetres. Each 

coronal slice throughout the visible tumour volume was assessed and the slice with the 

maximum total amplitude selected. 
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Figure 11.3: Example of the profile taken in the inferior to superior direction from the 
Amsterdam shroud for 0% phase and 10% phase using the script in Python. The result 

shows the match after the 10% profile has been shifted. 

 

11.2.2 Tests with synthetic data 

The process for obtaining a breathing amplitude was tested for synthetic datasets of a white 

square moving in the sup-inf direction with a black background. The square was tested with 

movements of 10, 5, 4, 3, 2 and 1 pixels sup-inf to replicate the range of movements seen in 

4DXVi scans.  

 

11.2.3 Phantom Test 

The process was tested for an in-house phantom moving with a fixed amplitude of 1.5 cm 

and period of 4 s. It was scanned using 4DCT with the Varian Real-Time Position 

Management (RPM) system (Varian Medical Systems, Palo Alto, USA) using a marker 

block with 2 reflectors as a surrogate for tumour motion and a 4DCBCT was acquired using 

4DXVi (version 5.0.4, Elekta, Crawley, UK). For the 4DCT, the amplitude from each bin 

was compared to a sine wave with the amplitude and frequency of the phantom. The average 

breathing period was obtained from the RPM breathing trace file by calculating the time 

between the peaks of the trace.  

For the 4DXVi, the breathing period for each phase was obtained by extracting the frame 

rate and phase from the scan.sort XVi file. The calculated amplitude of each phase from the 
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Python analysis was applied to the corresponding phase from the scan.sort XVi file to give 

a breathing cycle. The breathing cycle generated was compared to a sine wave with the 

amplitude and frequency of the phantom. The sine wave was also binned into 10 points and 

compared to the generated breathing cycle as the binned sine wave would represent the best 

cycle that could be achievable using the binned data. The sine waves were fitted to the 

generated data by selecting the offset that would minimise the residuals of the sine wave and 

the generated data.     

 

11.2.4 Comparison to Centroid of Tumour 

The gross tumour volume (GTV) for the in-house phantom was outlined on each breathing 

phase and the centroid of each outline calculated using a script developed in RayStation to 

obtain the maximum displacement of the outline in each cardinal direction. This was carried 

out for the 4DCT and the 4DXVi. The maximum displacement in the superior-inferior 

direction was then compared to the Amsterdam shroud method. 

The method was tested for 2 patients with lung cancer who had previously received 

stereotactic ablative radiotherapy (SABR) and had previously had a 4DXVi. The GTV had 

been outlined on each breathing phase by a clinician and the centroid calculated using the 

method explained above. The maximum displacement in the superior-inferior direction was 

compared to the Amsterdam shroud method. The amplitudes were also compared with the 

trace obtained at the planning 4DCT scan using an external surrogate.   

 

11.3 Results 

 

11.3.1 Tests with synthetic data 

The script agreed with generated data to within 2% with the largest error seen at 1 mm 

movement (Table 11.1). 
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Table 11.1: Comparison of pixel movement for generated sets of data using the 
Amsterdam shroud script and the expected results. 

 

Movement (pixels)   

Expected Script 

Difference to expected 

(%) 

1 1.02 2.00 

2 1.99 -0.50 

3 3.02 0.67 

4 3.99 -0.25 

5 4.92 -1.60 

10 9.93 -0.70 

 

 

11.3.2 Phantom Test 

For the 4DCT, the script overestimated the amplitude of the phantom movement across the 

breathing cycle and by 4% at the peak (Figure 11.4).  

For the 4DXVi, the script underestimated the amplitude of the phantom movement across 

the breathing cycle and by 17% at the peak (Figure 11.5). Using the scan.sort XVi file to 

calculate the time between the 0% phases gave a frequency of 4s which matched the phantom 

period.  
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Figure 11.4: Generated breathing cycle from a 4DCT using the Amsterdam Shroud script 
compared to a sine wave from a moving phantom. 
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Figure 11.5: Generated breathing cycle from a 4DCBCT using the Amsterdam Shroud 
script compared to a sine wave from a moving phantom (top) and a binned sine wave 

(bottom). 
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11.3.3 Comparison to Centroid of Tumour 

The script managed to extract a trace for all scans tested. Implementing the Amsterdam 

shroud script on the 4DCT of the phantom gave a peak amplitude of 4% larger than expected. 

This was more accurate than the centroid method which gave a peak amplitude of 8% less 

than expected. However, the centroid method performed better on the 4DXVi giving a peak 

amplitude 7% larger than expected compared to 17% lower than expected using the script 

method (Table 11.2). The amplitudes obtained from the patient XVi scans were larger than 

from the CT scans.  
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Table 11.2: Tumour amplitudes from a centroid method and script method for 2 patients 
and a moving phantom using 4DCT and 4DXVi images, including specified amplitudes for 
the phantom. The average amplitude from the Real-Time Position Management system 

(RPM) at the time of 4DCT is also given where available.   
 Peak Amplitude (mm) 

Scan Centroid 

Method 

Script Method Specified RPM 

Average 

Phantom CT 13.8 15.5 15.0 - 

Patient A CT 11.3 8.7 - 10.0 

Patient B CT 3.5 4.1 - 5.8 

Phantom XVi 16.1 12.5 15.0 - 

Patient A XVi - 17.0 - - 

Patient B XVi - 5.9 - - 

 

 

11.4 Discussion 

 

The Amsterdam shroud technique used showed good agreement with a theoretical dataset 

amplitude of within 2% showing that in principle the method could extract a signal from a 

moving object. There was no consistent overestimation or underestimation or trend between 

amplitude and error. However, this was only tested for 5 theoretical situations where there 

was maximum contrast between the pixel value of a moving object and the background pixel 

value.  

The Amsterdam shroud technique showed better agreement to a known amplitude from a 

phantom for 4DCT than 4DXVi. The agreement was better than using a centroid method for 

4DCT but worse than using a centroid method for 4DXVi. The difference in amplitude using 

the Amsterdam shroud technique for the 4DXVi suggests that the method is not good enough 

to be used with binned 4DXVi data. This could be due to the lower contrast to noise ratio 

(CNR) of the 4DXVi scans compared to the 4DCT scans. Calculating this for the tumour 

insert of the phantom compared to the lung gives a CNR of 8 for the 4DXVI and 16 for the 

4DCT. Other studies do not report comparisons with a known amplitude as their aim was to 

extract a signal to obtain a breathing trace to reconstruct the data. Instead, the data was 
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assessed to see if a periodic signal was obtained and the quality of the reconstruction 

assessed8,15. 

Another reason for the large difference in amplitude for the 4DXVi in this study may be due 

to the binned data and low contrast causing a blurred edge of the tumour insert in the 

Amsterdam shroud. Rit et al. (2012)16 used an Amsterdam shroud method to extract a 

breathing trace from 33 lung cancer patient CBCTs using the diaphragm. They found that 

when there was lack of horizontality of the diaphragm, the Amsterdam shroud was blurred 

and this prevented breathing trace extraction. The algorithm used failed in 28% of patients.  

A potential problem with the method used in this study is that the tumour motion was 

assessed rather than diaphragm motion. The aim was to produce a breathing trace that would 

correspond to tumour motion hence why the tumour volume was selected as the region of 

interest on the scans. Studies have shown that the diaphragm is a good surrogate for tumour 

motion in the sup-inf direction17,18,19 and the Amsterdam shroud technique was originally 

designed to extract a signal from the diaphragm rather than a tumour8. Further work could 

be conducted to select the diaphragm rather than the tumour as a region of interest and 

compare this to current result. However, due the tumour position, the diaphragm is not 

always visible in the patient scan.   

A potential benefit of the Amsterdam shroud method adopted in this study is the use of 

binned data as individual projections are not always readily available. Also, the signal from 

individual projections may not represent the true signal as different parts of the tumour or 

diaphragm might be tracked at different gantry angles9. Wolthaus et al., (2006)13 used binned 

data for 4DCT breathing trace extraction using a volume of interest for the tumour and for 

the diaphragm. The trace from the tumour showed good agreement with the trace from the 

diaphragm but no assessment to a known amplitude was made. Further work is needed to 

assess if the method used in the current study can be used for 4DCT.    

Due to the poor result for XVi, it is possible that another method may be more suited to 

breathing trace extraction using binned data such as pixel intensity or a Fourier transform 

method. Martin et al. (2014)15 assessed these methods and the Amsterdam shroud method 

for 4DCBCTs of mice and found that all methods were comparable but that the Amsterdam 

shroud method had lower errors in projection sorting. However, this was not for binned data 

so further assessment is needed for this.  
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11.5 Conclusions 

A method using the Amsterdam shroud on binned data has been presented and this was 

shown to work for theoretical data. The method performed better than a centroid method 

outlining a moving volume of known displacement. However, for a 4DXVi of known 

displacement, the results were not adequate, with the amplitude being underestimated by the 

method. Further development and testing are required to see if this method could be adapted 

for 4DXVi. 
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Abstract 

Purpose 

Robust optimisation offers a solution to the inaccuracies using planning target volumes 

(PTVs) for lung planning, by including a full range of gross tumour volume (GTV) positions. 

The aim of this research is to evaluate the difference between methods of robust optimisation 

for stereotactic ablative radiotherapy (SABR) lung planning using 4DCT. 

Methods 

Fourteen lung cancer patients who had previously received volumetric modulated arc 

therapy (VMAT) SABR were planned in RayStation using a margin-based PTV method, 

robust optimisation on a 3D scan and robust optimisation over 10 4D phases. Two 4D robust 

plans were created. One (4D robust (D99)) was optimised to ensure the GTV D99 received 

that of the original plan and the other (4D robust (PTV)) optimised to ensure that the GTV 

received the original prescription dose. Clinical goals were compared and robustness 

assessed for the 3D robust method by perturbing the dose. An in-house moving phantom was 

programmed with 2 patient breathing traces obtained from 4DCT and on-treatment 4D cone-

beam CT scans. Plans were delivered to the phantom to assess the dosimetry. 

Results 

The GTV D99 was comparable for both the margin-based and 3D robust plans under 

perturbation. Lung V20Gy and V12.5Gy for 3D robust planning were statistically significantly 

lower than those from the margin-based plans. GTV D99 and GTV D50 were higher on 

average across all phases for the 4D robust (D99) plans compared to the margin-based plans. 

GTV D99, D50 and D2 were lower on average across all phases for the 4D robust (PTV) 

plans compared to the margin-based plans. The variance of the margin-based plans was 

higher than that from the 4D robust (D99) plans for D99, D50 and D2 and this was 

statistically significant. The variance of the margin-based plans was lower than that from the 

4D robust (PTV) plans for D50 and D2 and this was statistically significant. The average 

organ at risk (OAR) doses were higher for the 4D robust (GTV D99) plans when deformed 

onto the 3DCT than the margin-based plans except for the chest wall dose. The lungs, 

oesophagus and skin doses were higher and this was statistically significant. The average 
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OAR doses for the 4D robust (PTV) plans when deformed onto the 3DCT were similar to 

margin-based plans except for the dose to 0.5cc of lung which was lower and this was 

statistically significant. Chamber measurements were within 2.5% of the expected treatment 

planning system doses for all but 2 of the robust plan deliveries.  

Conclusions 

Robust optimisation on a 3D CT scan could be implemented clinically with comparable 

plans being achieved with reduced lung doses. Robust optimisation over breathing phases 

can produce less variable GTV coverage across breathing phases.   

 

12.1 Introduction 

 

Approximately 20% of non-small cell lung cancers (NSCLC) are early stage (I or II) at 

diagnosis1. Although the tumours may be operable, many of these patients have other co-

morbidities, therefore surgery would be too risky and hence stereotactic ablative 

radiotherapy (SABR) can be used as an alternative.  

Due to the large amount of movement in the lung, immobilisation to limit movement or 4D 

imaging are recommended for lung SABR treatments2. A 4DCT scan can be used to obtain 

an internal target volume (ITV). This is an outline of the gross tumour volume (GTV) taking 

into account the tumour motion. Planning target volume (PTV) margins are traditionally 

used to account for other uncertainties in radiotherapy treatment delivery. There are inherent 

inaccuracies from using these in lung radiotherapy planning as dose optimisation will occur 

over large amounts of air or lung tissue with a lower density to that of the tumour volume. It 

has been shown that a high fluence delivery is needed to deliver dose to this tissue due to the 

lack of electronic equilibrium3.  

One solution to these inaccuracies is to use robust optimisation within the planning system 

which optimises the dose for variation of patient and tumour position in addition to 

traditional clinical goals. Robust optimisation is widely used in proton therapy with some 

examples of use for lung cancer in the literature4-6. However, it has only recently become 

commercially available for photon planning with a few small studies assessing its use for 

lung cancer treatment7-9 and only one evaluating its use in lung SABR10.  

This study uses the commercial treatment planning system, RayStation (version 7 and 9, 

RaySearch Laboratories, Stockholm, Sweden) which applies a minimax robust optimisation 

method that involves minimising the penalty of the worst-case scenario4. The aim of the 

study is to evaluate the use of RayStation for robust optimisation of SABR lung plans using 
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3D and 4D robust optimisation methods and to compare these to the currently used PTV-

margin based method.  

 

12.2 Methods 

 

12.2.1 Scanning 

 
Fourteen consecutive patients with lung cancer previously treated with SABR were included 

in this retrospective planning study. The tumour locations and prescriptions are shown in 

Table 12.1. All patients were scanned on a GE discovery CT590 (GE Medical Systems) and 

had a helical 3DCT for treatment planning from the larynx to the mid-abdomen to encompass 

the organs at risk (OARs) and a localised axial 4DCT for tumour outlining with scan limits 

specified by a clinician as per local protocol. The 4DCT was binned into 10 phases and 

reconstructed to produce an average intensity projection (Ave-IP) and a maximum intensity 

projection (MIP) using the software Advantage4D (GE Medical Systems).  

 

Table 12.1:Number of patients (n) with locations and prescriptions assessed in the study. 
 

Location n 

Left upper lobe 

Right upper lobe 

Right lower lobe 

Right middle lobe 

 

4 

6 

3 

1 

Prescription n 

54Gy/3# 

55Gy/5# 

55Gy/8# 

6 

7 

1 
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12.2.2 Outlining 

 
All patient CT scans were outlined using the anatomy module in RayStation. For the clinical 

plans, OARs were outlined by dosimetrists on the 3DCT and ITVs outlined by clinicians 

using the MIP and checked on the phases by the clinician. For the retrospective study, 

clinicians outlined GTVs on the 0% and 50% phases corresponding to inhale and exhale 

respectively. The outlines were propagated to all phases using deformable registration in 

RayStation and checked and edited by the clinician. Deformable registration was carried out 

between adjacent phases. For example, the 0% phase was registered to the 10% phase and 

the 50% phase registered to 60% phase. OARs were deformed from the 3DCT to all phases 

and also checked and edited. 

 

12.2.3 Planning Methods 

 
A summary of all planning methods assessed are shown in Figure 12.1.  
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Figure 12.1: Scans and planning methods used. 
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12.2.4 Margin-based Planning  

 
All patients had clinical radiotherapy plans created for lung SABR with prescription doses 

given in Table 12.1. Plans were created in RayStation using partial arc flattening filter free 

VMAT delivery with 6MV x-rays and had 5 mm isotropic PTV margins applied to the ITV. 

Plans were optimised to ensure 95% of the PTV received the prescription isodose and the 

OAR doses met the optimal constraints from the UK SABR Consortium guidelines2. Where 

achievement of optimal constraints was not possible, mandatory constraints were accepted. 

If mandatory constraints could not be achieved then this was discussed with the clinician 

who would decide whether to proceed with the plan. Plans were initially optimised with the 

air in the PTV overridden to the density of water to optimise the segments and then a further 

monitor unit only optimisation carried out with no density override. These plans will be 

referred to as margin-based (clinical PTV).   

 

12.2.5 3D Robust Planning  

 
Patients were retrospectively planned in RayStation using robust optimisation on the 3DCT. 

No PTV margin was applied to the ITV and 5 mm isotropic errors in patient position were 

applied for the robust optimisation giving 7 scenarios for robust optimisation. There are 6 

scenarios for each patient setup uncertainty in addition to the nominal scenario of no patient 

setup uncertainty. The same partial VMAT arc angles and isocentre were applied as in the 

margin-based plans. The optimisation parameters were amended to optimise over the robust 

ITV rather than the PTV and the plan optimised to ensure the ITV achieved the same dose 

to 99% of the volume (D99) as the PTV-based plan. The dose-fall off was amended to 

account for the robust ITV settings and all other optimisation parameters that were in the 

original optimisation were included. The plans were renormalised to ITV D99 to compare to 

the original margin-based plans. 

 

12.2.6 4D Robust Planning  

 
Patients were retrospectively planned using robust optimisation over the 0%, 20% and 50% 

phases with the 20% phase selected as the nominal scan. No PTV margin was applied to the 

ITV and 5 mm isotropic errors in patient position were applied for the robust optimisation. 

This gave 21 scenarios for robust optimisation (7 scenarios for each phase selected). The 

same GTV optimisation parameters as the 3D robust planning were used except for transition 

structures were not included. Transition structures are rinds around the PTV which are used 

to control the dose to normal tissue. These were not used for the 4D robust plans as a 
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transition structure would have to be created on each phase and optimised over each phase, 

therefore increasing the calculation time significantly. The dose-fall off was amended to 

account for the robust GTV on each phase. These plans will be referred to as 4D robust 

(GTV D99). Plans were also created using the same 4D robust settings but with the dose to 

the GTV optimised to receive the original prescription dose. These plans will be referred to 

as 4D robust (PTV). The 4D robust plans were not renormalised to a particular phase as this 

could affect the coverage on other phases. 

3DCT and 4DCT scans were taken of an in-house thorax phantom with a tumour insert 

moving 1.5 cm in the sup-inf direction. The scan was reconstructed into 10 phases and the 

tumour insert over the phases was outlined. The lung and cord were outlined on the 3D scan. 

A margin-based 3D plan and 4D robust plan (GTV D99) were created as detailed above. The 

4D robust plan was optimised over all phases (70 scenarios) and also over the 0%, 20% and 

50% phases. An optimisation over all of the phases was also performed for one of the patients 

whose tumour was moving with an average amplitude of the dataset. This was to test the 

difference between optimising over all phases or over 3 phases.  

12.2.7 Re-optimising of Margin-based Plans 

 
The GTVs from all the phases were copied to the 3DCT and summed and a 5 mm margin 

added to create a phases PTV. A new 3D margin-based plan was created using the same 

parameters as the clinical plan but re-optimised to ensure 95% of the phases PTV received 

the prescription dose. This was to allow for a fair comparison to the 4D robust optimisation. 

These will be referred to as margin-based (phases PTV) plans.    

12.2.8 Analysis 

 
The OAR doses from 3D robust planning methods were compared to the margin-based 

(clinical PTV) plans and a Wilcoxon signed rank test performed. This was used as the data 

was found to be not normally distributed. All 3D robust plans and clinical margin-based 

were perturbed in 1 mm increments by up to 5 mm in the x, y and z directions in RayStation 

to assess the robustness of the plans.  

The dose from the margin-based (clinical PTV), margin-based (phases PTV), 4D robust 

(D99) and 4D robust (PTV) plans were recalculated on each breathing phase and the GTV 

doses compared. The doses for the 4D robust plans on each phase were then deformed to the 

3D CT and summed in order to compare OAR doses to the margin-based (phases PTV) 

plans.   
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12.2.9 Phantom Imaging and Planning  

 
A script was developed in RayStation to calculate the centroid of each GTV to obtain the 

maximum displacement of the outline for each patient in each cardinal direction. The patient 

with the maximum GTV displacement (patient A) and the patient with an average GTV 

displacement (patient B) were selected to be measured. Breathing traces for these patients in 

the superior-inferior directions had previously been obtained from their 4D cone-beam CT 

(CBCT) images using an Amsterdam shroud script created by the author11.  

The breathing traces were formatted to be imported into software controlling a CIRS 

dynamic thorax phantom movement (CIRS Motion Control 2.1.2, 2013) and were set to be 

the superior-inferior motion of the phantom. An image of the phantom is shown in Figure 

12.2. Due to the low resolution of the 4D cone-beam CT (4DCBCT), the motion in the left-

right and ant-post directions were obtained by calculating the maximum displacement of the 

GTV centre on the CT scan from the centroid script. This was manually entered into the 

CIRS software. 

A 4DCT scan of the CIRS dynamic thorax phantom was obtained using the departmental 

clinical SABR lung protocol with the phantom movement programmed with CBCT 

breathing traces from the script for patient A and patient B. The phantom was also scanned 

with the breathing traces for patient A and B obtained from the Real-time Position 

Management (RPM) system (Varian Medical Systems, Palo Alto, USA) at the time of the 

4DCT planning scan. Each scan was performed with a pinpoint chamber within the 2 cm 

spherical tumour insert as this was nearest the tumour size of patients A and B. The scans 

were reconstructed into 10 breathing phases, a maximum intensity projection (MIP) and an 

average intensity projection (Ave-IP). The images were imported into RayStation and the 

pinpoint chamber volume outlined. A quality assurance (QA) plan was created to calculate 

doses from a margin-based (clinical PTV) plan, 3D robustly optimised plan and a 4D robust 

(GTVD99) plan for both patients on the phantom scan for the corresponding movement. The 

isocentre was shifted on the phantom to ensure the chamber was in the high dose region.    

12.2.10 Pinpoint Dose Measurements 

 
All beams were delivered using an Elekta Versa HD linear accelerator (Elekta, Crawley, 

UK). The CIRS phantom was positioned on the couch with the phantom movement set as in 

the QA plan. A 4DCBCT was performed for each setup and the scan matched to the average 

intensity projection scan of the phantom. Couch shifts were applied to ensure the phantom 

was in the correct position. The PTW pinpoint chamber type 31014 was used with a sensitive 

volume of 0.015cm3 (radius of sensitive volume 1mm and length of sensitive volume 5mm). 
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The plans were delivered twice each and the pinpoint dose calculated, corrected for output 

and compared to the average chamber dose in the planning system. 

 

 

 

Figure 12.2: Image of the CIRS moving lung phantom used for pinpoint measurements. 
The cylindrical rod of lung equivalent material moves and the pinpoint chamber was 

placed in the centre of the tumour (blue sphere). Image reproduced from 
https://www.cirsinc.com/products/radiation-therapy/dynamic-thorax-motion-phantom/ 

 

 

12.3 Results 

 

12.3.1 3D Robust Planning 

  

The GTV D99 was comparable for both the margin-based and robust plans when the patient 

was shifted in the right-left and ant-post directions (Figure 12.3). The GTV D99 was higher 

for the robust plans shifted in the superior and inferior directions, although this was not 

statistically significant (Table 12.2). 
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Figure 12.3: Plots of GTV D99 for margin-based (clinical PTV) and 3D robustly optimised 
plans for different patient shifts. Shift directions: top: right to left, middle: post to ant, 

bottom inf to sup. 
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Table 12.2: P-values for different patient shift scenarios from a Wilcoxon signed rank test 
for GTV D99 comparing the margin-based (clinical PTV) and the 3D robust planning 

methods.  
 

 p-value 

Shift (mm) Right to left Post to Ant Inf to Sup 

-5 0.925 0.387 0.975 

-4 0.778 0.286 0.975 

-3 0.778 0.331 0.975 

-2 0.638 0.331 0.975 

-1 0.510 0.249 0.975 

1 0.245 0.730 0.414 

2 0.397 0.778 0.158 

3 0.778 0.826 0.124 

4 0.975 0.683 0.124 

5 0.638 0.433 0.140 

                                                                                                                                                                                                                         

 

The 3D robust planning method produced plans where dose constraints were met or where 

they were not met, they were also not met in the original clinical plan. Most doses to the 

OARs were comparable between the 3D robust plans and the margin-based plans (Figure 

12.4 and Figure 12.5). The volume of normal lung receiving at least 20Gy (V20Gy) and the 

volume of normal lung receiving at least 12.5Gy (V12.5Gy) for 3D robust planning were 

statistically significantly lower at the 5% level than those from the clinical margin-based 

plans (Table 12.3). The monitor units for the 3D robust plans were lower on average than 

the margin-based plans but the difference was not statistically significant at the 5% level 

(Table 12.4). 

 

 

 

  



92 
 
 

 

Figure 12.4: Box and whisker plot of doses to volumes of organs at risk using margin-
based planning and 3D robust optimisation for SABR lung patients. The boxes indicate the 
interquartile range (IQR), the line indicates the median and the cross indicates the mean. 

The whiskers indicate the highest and lowest values within 1.5 times the IQR and data 
outside this range indicated by circles. 

 

Figure 12.5: Box and whisker plot of volume of lungs-GTV risk receiving 20Gy and 12.5Gy 
using margin-based planning and 3D robust optimisation for SABR lung cancer patients. 
The boxes indicate the interquartile range (IQR), the line indicates the median and the 

cross indicates the mean. The whiskers indicate the highest and lowest values within 1.5 
times the IQR and data outside this range indicated by circles. 
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Table 12.3: Doses to organs at risk for 3D robust plans and margin-based (clinical PTV) 
plans. P-values are from a Wilcoxon signed rank test.  

 Dose (Gy)   

OAR 3D Robust Margin p-value  

Chest Wall (0.5cc)  47.4±5.0  46.7±5.1  0.116 

Heart (0.5cc) 9.6±2.8 9.9±3.1 0.937 

Cord (0.5cc) 7.0±3.1 7.2±0.8 0.778 

Skin (10cc) 13.4±4.2 13.9±4.3 0.875 

Skin (0.5cc) 19.3±4.0 19.3±4.4 0.875 

Lungs-GTV (0.5cc) 65.7±0.6 66.0±0.5 0.470 

Oesophagus (0.5cc) 9.3±1.0 9.0±1.1 0.706 

    

OAR Volume (%) p-value 

Lungs-GTV (V20) 3.9±0.4 4.1±1.1 0.026 

Lungs-GTV (V12.5) 7.5±0.8 7.9±0.8 0.012 

 

 

Table 12.4: Monitor units for 3D robust and margin-based (clinical PTV) plans. P-values 
are from a Wilcoxon signed rank test.  

Method MU p-value 

3D Robust 2995.6±255.8  
 

0.245 
Margin 3152.4±252.3 

   

 

  

 

12.3.2 4D Robust Planning 

 
GTV D99 and GTV D50 were higher on average across all phases for the 4D robust (D99) 

plans compared to both margin-based plans. GTV D2 was lower on average across all phases 

for the 4D robust (D99) plans compared to both margin-based plans (Figure 12.6 and Table 

12.5). GTV D99, D50 and D2 were lower on average across all phases for the 4D robust 

(PTV) plans compared to both margin-based plans (Figure 12.6 and Table 12.6).  

The variance of the margin-based (phases PTV) plans was higher than that from the 4D 

robust (D99) plans for D99, D50 and D2 and this was statistically significant at the 5% level 

using Levene’s test (Table 12.5). This test was used as it tests for homogeneity of variances. 

The variance of the margin-based (phases PTV) plans was lower than that from the 4D robust 

(PTV) plans for D50 and D2 and this was statistically significant at the 5% level using 

Levene’s test (Table 12.6).  

The monitor units for the 4D robust plans were lower on average than the margin-based 

plans with the difference being statistically significant for the 4D robust (PTV) plans (Table 

12.7). 
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When the 4D robust (PTV) plans were deformed onto the 3DCT then summed, the dose to 

95% of the PTV was lower than the original clinical prescription for 5 of the patients (Table 

12.8). This was carried out to compare this method to the clinical margin-based plans.  
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Figure 12.6: Box and whisker plot of top: GTVD99, middle: GTV D50 and bottom GTVD2, 
using 4D robust planning and margin-based planning methods for SABR lung cancer 

patients. The boxes indicate the interquartile range (IQR), the line indicates the median 
and the cross indicates the mean. The whiskers indicate the highest and lowest values 

within 1.5 times the IQR and data outside this range indicated by circles. 
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Table 12.5: Mean values for D99, D50 and D2 and variance for 4D robust (GTV D99) plans 
and margin-based (phases PTV) plans. Errors on the mean are quoted. P-values are given 

for Levene’s test of variances.  
 D99 D50 D2 

 Mean (%) Variance p-value Mean (%) Variance p-value Mean (%) Variance p-value 

4D Robust 

(GTV D99) 

120.2±0.3 9.9  

0.004 

128.6±0.2 5.8  

<0.001 

132.8±0.3 10.3  

<0.001 

Margin-Based 

(Phases PTV) 

116.2±0.3 16.8 127.8±0.4 22.4 134.3±1.5 32.7 

 

 

Table 12.6: Mean values for D99, D50 and D2 and variance for 4D robust (PTV) plans and 
margin-based (phases PTV) plans. Errors on the mean are quoted. P-values are given for 

Levene’s test of variances.  
 

 D99 D50 D2 

 Mean (%) Variance p-value Mean (%) Variance p-value Mean (%) Variance p-value 

4D Robust 

(PTV) 

107.2±0.3 13.4  

0.113 

116.6±0.5 35.2  

0.002 

121.3±0.6 58.2  

0.001 

Margin-Based 

(Phases PTV) 

116.2±0.3 16.8 127.8±0.4 22.4 134.3±1.5 32.7 

 

 

Table 12.7: Monitor units (MU) for 4D robust planning methods and margin-based 
planning methods for SABR lung cancer patients with p-values from a Wilcoxon rank test. 

Method MU p-value 

4D Robust (GTV D99) 
 

2894.2±244.4 
 

 

0.249 
Margin (phases PTV) 3065±285.3 

4D Robust (PTV) 2526.0±221.4 
 

0.006 
Margin (phases PTV) 3065±285.3 
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Table 12.8: Values of PTV D95 for each patient after deforming the 4D Robust (PTV) plans 
onto each phase and summing on the 3DCT. 

Patient PTV D95 (%) 

1 99.5 

2 86.6 

3 94.4 

4 98.5 

5 111.3 

6 109.1 

7 97.2 

8 106.3 

9 101.1 

10 110.8 

11 104.4 

12 100.0 

13 114.6 

14 109.9 

 

 

The average OARs doses were higher for the 4D robust (GTV D99) plans when deformed 

onto the 3DCT than the margin-based (phases PTV) plans except for the chest wall dose 

(Figure 12.7 and Figure 12.8). The lungs, oesophagus and skin doses were higher and this 

was statistically significant at the 5% level (Table 12.9).  

The average OARs doses for the 4D robust (PTV) plans when deformed onto the 3DCT were 

similar to margin-based (phases PTV) plans (Figure 12.7 and Figure 12.8) except for the dose 

to 0.5cc of lung which was lower and this was statistically significant at the 5% level (Table 

12.10).  
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Table 12.9: Organ at risk doses for 4D robust plans (prescribed to GTV D99) compared to 
margin-based plans using a PTV obtained from the phases. P-values are from a Wilcoxon 

signed-rank test.  

OAR Dose (Gy) p-value 

 

4D Robust 

(GTV D99) 

Margin 

(phases PTV) 

 

Chest Wall (0.5cc) 42.6±4.3 42.9±4.8 0.249 

Heart (0.5cc) 10.0±2.9 8.6±2.6 0.056 

Cord (0.5cc) 7.8±1.0 7.3±0.9 0.594 

Skin (10cc) 15.0±4.4 14.0±4.2 0.035 

Skin (0.5cc) 19.1±4.5 18.6±4.3 0.245 

Lungs-GTV (0.5cc) 67.4±0.5 66.5±0.6 0.140 

Oesophagus (0.5cc) 9.6±1.1 8.4±1.0 0.022 

    

OAR Volume (%) p-value 

Lungs-GTV (V20) 4.5±0.6 3.8±0.6 0.005 

Lungs-GTV 

(V12.5) 8.6±1.0 7.3±0.9 

 

0.003 

 

 

Table 12.10: Organ at risk doses for 4D robust plans (prescribed to clinical PTV 
prescription dose) compared to margin-based plans using a PTV obtained from the 

phases. P-values are from a Wilcoxon signed-rank test.  
 

OAR Dose (Gy) p-value 

 

4D Robust 

(PTV) 

Margin 

(phases PTV) 

 

Chest Wall (0.5cc) 41.2±4.5 42.9±4.8 0.463 

Heart (0.5cc) 9.6±2.8 8.6±2.6 0.124 

Cord (0.5cc) 7.3±0.8 7.3±0.9 0.650 

Skin (10cc) 13.9±4.3 14.0±4.2 0.660 

Skin (0.5cc) 19.1±4.4 18.6±4.3 0.594 

Lungs-GTV (0.5cc) 60.2±1.1 66.5±0.6 0.001 

Oesophagus (0.5cc) 8.9±1.0 8.4±1.0 0.510 

    

OAR Volume (%) p-value 

Lungs-GTV (V20) 4.1±0.4 3.8±0.6 0.433 

Lungs-GTV (V12.5) 8.2±0.9 7.3±0.9 

 

0.167 
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Figure 12.7: Box and whisker plot of doses to volumes of organs at risk using margin-
based planning and 3D robust optimisation for SABR lung cancer patients. The boxes 

indicate the interquartile range (IQR), the line indicates the median and the cross 
indicates the mean. The whiskers indicate the highest and lowest values within 1.5 times 

the IQR and data outside this range indicated by circles. 

 

Figure 12.8: Box and whisker plot of volumes of lungs-GTV receiving 20Gy and 12.5Gy 
using margin-based planning methods and 4D robust optimisation for SABR lung cancer 
patients. The boxes indicate the interquartile range (IQR), the line indicates the median 
and the cross indicates the mean. The whiskers indicate the highest and lowest values 

within 1.5 times the IQR and data outside this range indicated by circles. 
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Optimising over all of the phases or just the 0, 20 and 50% phases made minimal difference 

to the clinical plan and the phantom plan. Figure 12.9 and Figure 12.10 show results for all 

phases deformed and summed onto the 3DCT. 

 

 

Figure 12.9: Dose-volume histogram for a 4D robust (GTV D99) plan for a SABR lung 
cancer patient optimised over all phases and optimised over the 0, 20 and 50% phases. 

Results are for all phases deformed and summed onto the 3DCT.  
 

 
Figure 12.10: Dose-volume histogram for a 4D robust (GTV D99) plan for a lung phantom 

with moving insert optimised over all phases and optimised over the 0, 20 and 50% 
phases. Results are for all phases deformed and summed onto the 3DCT. 
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12.3.3 Pinpoint Measurements 

The results from the pinpoint measurements were all within 2.5% except for two 4D robust 

deliveries with the phantom moving using the RPM trace (Table 12.11). Two pinpoint 

measurements were taken for each beam and the average dose per beam summed to obtain 

the measured dose. The repeatability was not explicitly tested but the difference between the 

two pinpoint readings per beam was up to 3% (1.2% on average). Interplay effects were not 

tested as measurements were started at an arbitrary point in the breathing cycle. Therefore, 

the difference between readings could indicate interplay effects.  

 

Table 12.11: Doses for different planning methods for 2 SABR patients (A and B), 
measured using a pinpoint chamber in a CIRS moving thorax phantom. The phantom was 

programmed with movement obtained from 4DCBCT or the real-time position 
management system (RPM) as indicated. Errors were combined in quadrature to obtain 

the error in pinpoint measurement dose. 
Plan Movement TPS Dose 

(Gy) 

Measured 

Dose (Gy) 

% Dose 

Difference 

(Measured to 

TPS) 

A: Clinical Margin 4DCBCT 15.1 14.9±0.4 -0.8 

A: 3D Robust 4DCBCT 14.9 14.6±0.4 -2.1 

A: 4D Robust 4DCBCT 16.1 16.0±0.4 -0.6 

A: Clinical Margin RPM 14.5 14.6±0.4 +1.0 

A: 4D Robust RPM 14.8 15.6±0.4 +5.3 

B: Clinical Margin 4DCBCT 28.6 28.9±0.7 +1.2 

B: 3D Robust 4DCBCT 27.5 28.1±0.7 +2.2 

B: 4D Robust 4DCBCT 29.0 29.4±0.8 +1.3 

B: Clinical Margin RPM 28.2 28.9±0.7 +2.3 

B: 4D Robust RPM 28.6 29.7±0.8 +4.1 
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12.4 Discussion 

 
The 3D robust planning method produced clinically acceptable plans with lung V20Gy and 

V12.5Gy volumes that were statistically smaller than those from the clinical margin-based 

plans at the 5% level when compared using a Wilcoxon rank test. The differences in volumes 

were very small but any reduction in dose could allow for further dose escalation. It has been 

shown that V20Gy and V12.5Gy are associated with grade ≥2 radiation pneumonitis12 and 

that this is one of the main toxicities that limits dose escalation in SABR doses13. All other 

differences in OAR doses for this study were not statistically significant. Other studies have 

found other OARs to be significantly lower with robust optimisation in addition to the lungs. 

For example, Zhang et al. (2018)7 found the heart and spinal cord doses to be significantly 

lower but this study was optimising over all phases rather than an ITV on a 3D scan. Leung 

et al. (2020)10 found the chest wall dose to be significantly lower when optimising over an 

ITV on a mid-ventilation CT. However, the plans were not re-normalised for GTV D99 

coverage so it was found that GTV D98 was also significantly lower.  

 

The OAR doses for the 4D robust plan (GTV D99) were higher than the corresponding 

margin-based plan. Other studies have found that the OAR doses were lower using robust 

optimisation8,10. However, these studies were optimising so the GTV D99 received the 

prescription isodose rather than the GTV D99 from the margin-based plan. When the GTV 

was optimised to achieve the prescription dose (4D robust (PTV)) the OAR doses were more 

comparable to the margin-based plans with only the dose to 0.5cc of lung being statistically 

significantly lower. However, when deformed and summed on the 3DCT, the dose to 95% 

of the PTV was lower than the prescription for 5 of the patients.   

 

The difference in OAR doses between the margin-based plans and robust plans may be lower 

in this study than other studies due to the method used to optimise the margin-based plans. 

The margin-based plans were initially optimised with the air in the PTV set to water. This 

should decrease the multi-leaf collimator margins around the PTV and hence the dose to the 

surrounding normal tissue. Only one study was found that compared robust optimisation to 

a density override method. Archibald-Heeren et al. (2017)9 performed a 3D robust 

optimisation on an Ave-IP, similar to that performed here with a density override and found 

that the mean and maximum lung doses were higher on average for these robust plans than 

margin-based plans using an ITV. They also found the maximum lung dose was also higher 

for the 4D robust plan compared to the density override plan. 
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The coverage of the GTV in the presence of patients shifts, showed that margin-based 

planning and 3D robust planning gave comparable levels of robustness. The 3D robust 

planning gave a higher dose to GTV D99 in the superior direction than the margin-based 

plan but this was not statistically significant. Although no comparison was made to margin-

based plans, both Zhang et al. (2018)7 and Liang et al. (2019)8 found that ITV D99 was 

greater than 95% of the prescription for all robustly optimised plans when perturbed up to 5 

mm. However, only 6 patients were analysed in Zhang et al. (2018)7 and only 9 patients 

were analysed in Liang et al. (2019)8. For the study here, only one patient had GTV D99 less 

than 95% of the prescription upon perturbation of 4 mm.  

 

For the 4D robust (GTV D99) plans, GTV D99 and D50 were higher across all phases than 

the margin-based plans. Leung et al. (2020)10 found that margin-based plans on the Ave-IP 

had higher GTV D98, D50 and D2 doses than robustly optimised plans. However, the plans 

were optimised so the GTV D99 received the prescription dose rather than the GTV D99 

dose from the original clinical plan. Hence, the GTV dose will be lower in this case. One 

reason for the smaller differences in OAR doses observed here may be due to the use of a 

transition structure in the optimiser for some of the margin-based plans which was a rind 

around the PTV with a maximum dose in the optimiser. This was not used for the 4D robust 

plans due to the computation time. For this study with 21 scenarios computed for 4D robust 

optimisation, an average iteration took approximately 48 s for only the GTV set to be robust.  

Further work should be carried out creating a transition structure for each GTV on the phases 

and a robust optimisation performed with this structure also set to be robust across the 

phases.  

 

The variation of GTV D99, D50 and D2 was found to be lower in the 4D robust plans (GTV 

D99) plans compared to the margin-based plans and this was statistically significant. The 

variation of GTV D99 was also lower in the 4D robust (PTV) plans but higher for D50 and 

D2. Archibald-Heeren et al. (2017)9 found that the robust methods reduced variation in the 

maximum dose across the breathing cycle and this was most pronounced for larger tumour 

motion. However, Leung et al. (2020)10 found that the variation was not statistically 

significant between both datasets and that the interquartile range from robustly optimised 

plans was more variable. The result for both sets of 4D robust plans here suggests that 

coverage of the GTV D99 across the phases is more uniform. However, as all values for 

GTVD99 we above the prescription, then clinically this is not significant.  

 

The normalisation of robust plans varies across literature. Liang et al. (2019)8 optimised to 

cover the ITV D99 on all error scenarios over a static CT set. This made the plans hotter than 
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if they had been re-normalised. For this study the 3D robust plans were re-normalised to 

compare directly with the margin-based plans. The 4D plans were not re-normalised as it is 

only possible to re-normalise on the nominal scenario and this would not ensure that the 

worst-case scenario was robust over the phases. This means that there will still be variation 

across the breathing phases. It has been shown in other studies that re-normalisation of the 

GTV to D50 can reduce the variation in GTV doses among patients and methods10,14 and 

further work should be done to investigate this for the current study.  

 

The monitor units for all robustly optimised plans were lower than the margin-based plans. 

This was also found by Zhang et al. (2018)7. The reduction in monitor units could reduce 

the overall treatment time and there could be fewer breathing cycles during treatment.  

 

The pinpoint measurements showed good agreement (within 2.5%) with the planning system 

for all plans except two 4D robust plans with no obvious bias towards a better result for 

margin-based or robust plans. The 2 results that were greater than 3% could suggest that the 

4D robust plans were more complex. On further examination, the difference in chamber 

measurements compared to the TPS dose for patient B was larger for the first arc (7.6%). 

The average equivalent square for this arc over all segments was 1.3 cm smaller than the 

margin-based plan, suggesting that this arc was more complex. The majority of results 

agreeing within 2.5% to the planning system is similar to Archibald-Heeren et al. (2017)9 

who measured static geometry and found a difference compared to the treatment planning 

system dose of +1.8% for 4D robustly optimised plans and +0.9% difference for margin-

based plans. It would be beneficial to measure a larger set of plans and use film as this would 

allow comparison at the edges of the field rather than a point dose in the centre. 

 

The study only optimised robustly over 0%, 20% and 50% breathing phases rather than all 

of the phases. The comparison for the phantom and one patient showed minimal differences 

between the 2 methods. Further comparisons should be made for clinical plans to ensure that 

the optimisation over fewer breathing phases is valid for a larger population.  

 

A limitation of this study is that the GTV contours on the phases were obtained 

retrospectively and sometimes by different clinicians to those who outlined the original ITV. 

In addition, some of the contours were created via deformable registration and although 

contours were reviewed and edited this could cause a bias in the contours produced. 

However, all of the margin-based plans were re-optimised using a new phase-based PTV so 

the comparison between margin-based and 4D robustly optimised plans is still valid.     
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In addition, only a small number of patients have been assessed in the current study with a 

maximum tumour amplitude of 1.1 cm. It would be beneficial to conduct a larger study to 

see if the range of tumour motion observed is representative of the population.   

 

12.5 Conclusions 

Robust optimisation on a 3D CT scan could be implemented clinically with comparable 

plans being achieved. Robust optimisation over phases can produce less variable GTV 

coverage across breathing phases. Care would have to be taken when implementing 

clinically to ensure adequate coverage of the GTV. The lower monitor units of robust 

optimisation could be beneficial but the time taken to optimise plans is slow which could 

limit clinical implementation of this technique.  
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13 Critical Appraisal 
 

 

13.1 Introduction 

The topics of this thesis were selected as they are all applicable to lung treatment planning. 

With 80% of patients with lung cancer receiving radiotherapy as part of their treatment3, any 

time-saving through the use of software such as DLCExpert could free up staff time to 

perform other tasks and treatment plans could be produced more quickly. This is important 

for cancer patients in the NHS in England, Scotland and Northern Ireland who should have 

no more than a 31 day wait from diagnosis/decision to treat to the first definitive treatment 

or no more than a 62 day wait from urgent GP referral to first treatment105. Any time savings 

could allow staff to work on other planning improvements such as those assessed in this 

project.  

 

As previously discussed, lung cancer is the leading cause of cancer death1 so it is imperative 

that treatments are continuously improved. Although the use of 4DCT is now common in 

radiotherapy departments, the work in the 3D vs 4D outlining paper has shown the 

dosimetric benefits of using 4D outlining for treatment planning. Using 4D PTVs lowered 

lung doses but there is still the consideration of air within the PTV. The paper on robust 

optimisation suggests that there is less variation over the GTV when robust optimisation 

over breathing phases is used. There is also the challenge of measuring dose from plans 

where the target is moving. The paper on breathing trace extraction explored an Amsterdam 

shroud method for binned data. Although the technique was not satisfactory for 4DCBCT 

scans, the method showed that the data could potentially be used for breathing trace 

extraction using 4DCT scans.  

 

All of the topics within the thesis could potentially improve treatments for lung radiotherapy. 

This paper will appraise the research process used including strengths and limitations of the 

work carried out, how the project contributes to clinical practice and further work. 

 

13.2 Outlining for lung radiotherapy 

The lung study using Mirada was only a small-scale study performed at one site to test if 

DLCExpert could be applied for this site. The focus of the paper was for prostate and head 

and neck as these models were available across all sites. A strength of the paper is there is a 

large set of data from multiple centres. The results contribute to clinical practice as there was 
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limited multi-centre data in the literature using generic models. This paper allows other 

centres to see results from clinical implementation across several centres and the potential 

time-saving benefits. It also provides clinical values for DSC and DTA for different sites 

using DLCExpert which there is limited assessment of within the literature. This would be 

useful for centres to benchmark against if they were implementing the system clinically. 

 

Due to the nature of the study where all centres were allowed to perform their own 

implementation of the system, different methods were used for analysis and this is a 

limitation of the study. If the same metrics were used then differences in timings could be 

correlated with metrics as done in other studies106,107. Further work could be carried out to 

assess the surface DSC and added path length. In addition, a comparison of vendors would 

be useful for other centres who want to implement DLC but in practice this would be difficult 

to achieve.  

 

The 3D vs 4D paper adds to the literature as there was only one paper found providing a 

dosimetric analysis of non-SABR patients, which was small-scale assessing only peripheral 

tumours. A strength of the paper here is the cohort of patients assessed which covered a 

range of tumour stages and positions due to selection of sequential patients and the 3D and 

4D outlines were performed by the same clinician. However, a limitation is that the 4D 

outline was derived from the 3D outline and may cause bias in the 4D outline. This method 

was used as it was easy to implement for clinical patients with minimal extra time required 

and the 3D outline was done as part of the clinical workflow. An alternative, more robust 

method, would be to have the same clinician outline a 4D GTV for clinical use and then 

outline the 3D GTV after a period of time had passed without using the 4D GTV for 

reference.  

 

Inter-observer variation is an important area where further work should be carried out for 

lung radiotherapy treatment planning. It would be beneficial to investigate if DLC provides 

increased consistency and to evaluate the inter-observer variability for tumours in addition 

to OARs. The importance of this has been highlighted by Lo et al. (2014)108 for SABR lung 

planning who evaluated peer review for 40 patients OARs and tumour contours. Twenty-

three percent of contours were recommended to have major changes and 5% of all structures 

edited had dosimetric violations. There is limited evidence for the use of DLC for lung 

tumour volumes as there is no commercial system available for this at the moment. However, 

non-commercial tests indicate promising results and that consistency in contours can be 

improved and time savings can be made109,110. The consistency of tumour outlines is 
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important as this contributes to PTV margins. The PTV margin, accounting for delineation 

uncertainty alone, has been shown to be as large as 5.9 mm for early-stage NSCLC111. 

 

 

13.3 Extraction of breathing traces 

The paper expands on current literature as it tests the potential of binned data for 4DCBCT 

which has only been reported for 4DCT24. It also attempts to extract a breathing trace directly 

from the tumour volume rather than the diaphragm which is not in the literature as studies 

are commonly use breathing trace extraction to bin data rather than to extract a trace 

corresponding to tumour amplitude100,112,113. An advantage of extracting the tumour motion 

is that dose measurements can be performed with realistic breathing traces. This is important 

when assessing plans that are aiming to improve radiotherapy for moving targets such as 

robust optimisation. 

 

The Amsterdam shroud method was chosen for this study as this was used by Elekta to create 

the 4DXVi and the ITK software was available to do part of the analysis. The use of 

individual projections was investigated but were not able to be extracted without purchasing 

a new license file so binned data was used instead. The advantage of this is that clinics can 

easily obtain and export binned data. However, as shown in the paper the results for 

4DCBCT were not acceptable. An alternative method would be to use the individual 

projections as previously discussed in the literature100 or investigate the LPCA114 and 

Fourier115 methods that have also been presented using individual projections.  

 

It was decided to run the script for each visible slice of the tumour and then pick the result 

which gave the maximum displacement. This was to ensure that the worst-case scenario was 

considered for any subsequent measurements taken using the breathing trace. It is difficult 

to know if an average should be used as this would be more representative of the whole 

tumour volume and would reduce the effect from any slices where the tumour deforms. A 

limitation of the study is the lack of testing on scans with a known amplitude. A phantom 

with one amplitude was only available at the time of testing. Further tests with different 

amplitudes should be carried out to obtain whether the method overestimates or 

underestimates movement depending on the amplitude.       

 

The profiles from the Amsterdam shroud were matched to the profile from the first phase to 

obtain the offset for each phase. This was chosen as it was the method applied in Zijp et al. 

(2004)112 with Amsterdam shroud images. However, any error in the first phase would then 
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manifest in other offsets. It would be useful to investigate the use of adjacent profile 

matching. 

 

 

 

13.4 Robust Optimisation 

This paper adds to the literature as there is currently limited evidence of the use of 

commercial treatment planning systems for robust photon lung planning. Four papers were 

found that investigated the use for lung SABR and 3 of these created plans on patient CT 

scans and only included 3, 9 and 13 patients89,91,92. Some of the papers carried out robust 

optimisation for a static geometry54,89,91 but these all used an average intensity projection 

image rather than a 3DCT scan as used in the project. The 3D scan was chosen to test robust 

optimisation as this is used clinically at the centre.  

 

In addition, none of the papers made a comparison of perturbed patient margin-based plans 

to robust plans for a static geometry. This was performed in the paper, totaling 260 shift 

scenarios. It was chosen to perturb up to 5 mm as this was the PTV margin used for clinical 

plans.  

 

All of the robust plans in the current study were compared to clinical plans that had initial 

optimisations with the air in the PTV set to water. Only one study within the literature 

compared robust plans to a density override plan but this was for a phantom rather than 

clinical plans54. The current study allows centres to see a clinical implementation of robust 

optimisation for patients receiving SABR treatment. A further extension of the work would 

be to compare to margin-based plans with no density override.  

 

The work also extends the current literature as measurements were made of the robustly 

optimised plans which has only been carried out for patient plans in one conference paper92. 

The measurements from the project indicate that the robustly optimised plans are deliverable, 

with the dose difference to the treatment planning system being no worse than that from 

clinical plans in the majority of cases tests. An inaccuracy in the method used is that the 

scans of the chamber had a 2.5 mm slice width and the chamber volume is small (0.015 cm3). 

This means that the outline of the chamber on the CT scan will not be as accurate as if a 

narrower slice width was used. The 2.5 mm slice width was used as this was the protocol 

used for clinical patients and a new protocol would need to be created for a different slice 

width. A limitation is that only a pinpoint measurement was performed, not allowing the 



111 
 
 

edge of the field to be assessed, where there is likely to be more variation. However, the 

phantom used did not allow for film measurements to be made.  

 

The 3D plans were normalised to match the GTV D99 of the clinical margin-based plan. 

This was decided upon to allow direct dosimetric comparison with the clinical margin-based 

plans. An alternative approach of not normalising was considered but this could make the 

robust plans hotter as the optimisation is ensuring coverage in the worst-case scenario. It 

would be useful to assess the doses for the 3D robust plans before re-normalisation to see if 

the plans were hotter but OAR goals were still met.   

 

The 4D plans were not re-normalised as any re-normalisation would have to be done on the 

nominal scan, and the plan robustness to ensure the coverage of the GTV over each breathing 

phase would be therefore be lost. However, Leung et al. (2020)91 tested re-normalising plans 

so that GTV 50 received the prescription dose on the nominal scan. They found that doing 

this improved the consistency in doses between the GTVs. Further work could be carried out 

for the current study to also perform this normalisation.  

 

As previously mentioned, the 4D plans were only optimised over 3 phases as this would 

cover the extremes of motion and a mid-phase tumour position which was theorised should 

be enough to cover the tumour motion over all phases. The advantage of this method is time-

saving as there are 21 scenarios computed rather than 70 if all of the phases are used. One 

iteration of a margin-based plan took approximately 2.5 s compared with 48 s for a 4D robust 

plan over 3 phases. The comparisons to optimising over all 10 for a phantom and for one 

patient showed minimal differences. Although there are only 2 comparisons these covered a 

small amplitude of motion (0.6 cm) and a large amplitude of motion (1.5 cm). Further work 

should be carried out to assess the differences for a larger cohort as any time saving would 

be beneficial in a clinical setting.   

 

All robust plans ensured the GTV D99 achieved that of the original clinical plan over all 

scenarios. This was to allow comparison with the margin-based plans. Although the value 

was slightly different between the clinical plan and the margin-based plan using the phases 

PTV, the GTV D99 dose exceeded that of both types of margin-based plans. The 4D robust 

plans were also re-planned to ensure the GTV D99 achieved the prescription dose over all 

phases. This was done to compare to other studies.  
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A limitation of the paper is that the outlines for the 4D robust plans came from retrospective 

GTV outlines only contoured on the 0% and 50% phases. The retrospective nature meant 

that a different clinician may have been outlining and in addition, the PET scan was not 

always available to them. The deformable registration between phases could also cause a 

bias as outlines on the other phases were reviewed rather than drawn from scratch. A more 

robust method would be to create a GTV outline on all phases at the time of outlining the 

patient for treatment. However, this was not feasible due to time pressures when outlining 

as 130 outlines would need to be produced using this method. The DSC and DTA for the 

combined phases GTV outlines compared to the 4D ITV were calculated (Table 13.1). They 

were compared to values in the literature for inter-observer variability for lung ITVs (DSC 

values of 0.84 and 0.802 were found116,117). As 8 patients had values lower than the average 

from these studies, it was decided to re-plan all patients using an ITV from the phases. This 

allowed direct comparison with the 4D robust plans as any changes in OAR does would not 

be attributed to differences in outline.  

 

Table 13.1: Dice similarity coefficient (DSC) and distance to agreement (DTA) values for 15 
lung cancer SABR patient GTV outlines using 4DCT. Clinical outlines have been compared 
to a summed outline obtained from deforming outlines from the 0% and 50% breathing 

phases. 

Patient DSC DTA (mm) 

1 0.842 0.45 

2 0.549 1.27 

3 0.905 0.62 

4 0.868 0.85 

5 0.808 1.13 

6 0.905 0.73 

7 0.85 1.16 

8 0.81 1.08 

9 0.739 0.91 

10 0.773 1.05 

11 0.735 0.93 

12 0.857 1.18 

13 0.743 1.17 

14 0.722 0.66 

 

 
Another limitation of the study is the small cohort of patients. Although, the patients have 

different prescriptions unlike other robust lung SABR studies within the literature. Further 

plans should be produced for more patients to ensure the results are representative of a larger 

patient population.   
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14 Thesis Conclusions 
 
The work presented in this thesis has focused on aspects of improving lung radiotherapy 

treatment planning. All papers have demonstrated how these can be applied in a clinical 

setting with potential benefits being investigated.  

 

It was found that Mirada’s generic DLC model for lung OAR outlining shows good 

agreement with clinical contours for the lungs, heart and cord. DLCExpert was shown to 

provide time-savings for other sites with the potential of reducing inter-observer variability 

and this could also be beneficial for lung outlining. Further work is needed to assess these 

aspects for lung OARs.  

 

For lung tumour outlining, the 3D vs 4D paper showed the benefits of using 4DCT for a 

variety of tumour stages. Outlining the tumour using the 4DCT reduced doses to the OARs 

which could reduce radiation induced toxicity or allow for dose escalation.  

 

Robust optimisation of lung SABR plans showed that a 3D method could be implemented 

clinically with comparable results to margin-based plans and lower lung doses. Robust 

optimisation over breathing phases was found to produce less variation in GTV coverage 

across breathing phases. Further work would be needed to demonstrate the best method to 

use before implementing clinically. Due to the number of scenarios, robust optimisation can 

be very slow and time-savings from DLCExpert could be beneficial in the lung planning 

process.  

 

A method of extracting breathing traces from 4D images of a lung tumour was developed 

and tested using clinical data that would be available in other centres. This performed well 

for theoretical data and better than a centroid method using 4DCT images. However, this 

was not adequate for 4DCBCT data and further development is required.  

 

Overall, this work has demonstrated that OAR and tumour outlining can be improved using 

DLC and 4DCT. These accurate outlines are important for new planning technqiues such as 

robust optimisation which can use GTV outlines over the breathing phases for optimisation. 

There are many methods that can be used for robust optimisation and these should be 

assessed before clinical implementation. It is important to assess the delivery of new lung 

planning techniques and using the movement of the tumour from images when delivering 

plans would allow for measurements in a realistic scenario.  
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16 Appendices 
 
16.1 Appendix – List of AMBS A units and Medical Physics B units together with 

assignments  

 
AMBS – A Units   
Unit title Credits Assignment wordcount 
A1: Professionalism and professional 
development in the healthcare 
environment 

30 Practice paper – 2000 words 
A1 – assignment 1 – 1500 
words 
A1 – assignment 2 – 4000 
words 

A2: Theoretical foundations of leadership 20 A2 – assignment 1 – 3000 
words 
A2 – assignment 2 – 3000 
words 

A3: Personal and professional development 
to enhance performance 

30 A3 – assignment 1 – 1500 
words 
A3 – assignment 2 – 4000 
words 

A4: Leadership and quality improvement in 
the clinical and scientific environment 

20 A4 – assignment 1 – 3000 
words 
A4 – assignment 2 – 3000 
words 

A5: Research and innovation in health and 
social care 

20 A5 – assignment 1 – 3000 
words 
A5 – assignment 2 – 3000 
words 

 
Medical Physics – B Units   
B1: Medical Equipment Management 10 2000 word assignment 
B2: Clinical and Scientific Computing 10 2000 word assignment 
B3: Dosimetry 10 Group presentation 

1500 word assignment 
B4: Optimisation in Radiotherapy and 
Imaging 

10 Group presentation 
1500 word assignment 

B6: Medical statistics in medical physics 10 3000 word assignment 
B8: Health technology assessment 10 3000 word assignment 
B9: Clinical applications of medical imaging 
technologies in radiotherapy physics 

20 Group presentation 
2000 word assignment 

B10a:  Advanced Radiobiology 10 Virtual experiment + 1500 
word report  

B10c:  Novel and Specialised External Beam 
Radiotherapy 

10 1500 word report/piece of 
evidence for portfolio 

B10d:  Advanced Brachytherapy 10 1500 word report/piece of 
evidence for portfolio 

 
Generic B Units   
B5: Contemporary issues in healthcare  
science 

20 1500 word assignment + 
creative project 
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B7: Teaching Learning Assessment 20 20 minute group presentation 
   
Section C   
C1: Innovation Project 70 4000-5000 word Literature 

Review  
Lay Presentation  

 


