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Abstract 
 

Pencil beam scanning (PBS) proton therapy is a new radiation modality which 

is increasingly used for childhood teenage and young adult malignancies due 

to its ability to minimise dose to surrounding organs, which in turn translates to 

reduced late toxicity. However, its dosimetry is extremely sensitive to 

anatomical changes, density changes and motion. Research on its benefits, 

drawbacks, clinical efficacy and side effects is therefore required for clinical 

teams to understand the best way and situation to use this modality in the clinic.  

 

Neuroblastoma is a childhood cancer most commonly arising within the 

abdomen. Radiotherapy to the primary tumour bed is part of the multimodality 

management for high risk patients. This collection of work investigates the 

benefits and detriments of PBS in abdominal neuroblastoma alongside the 

associated dosimetric impact from uncertainties such as set up variation, 

gastrointestinal tract density variability and intra-field motion. Methods of 

managing the uncertainties are also examined. 

 

Teenage and young adults are a unique and challenging group of patients with 

complex psychosocial needs. The efficacy and late effects of PBS in this age 

group with brain and skull base tumours is detailed with analysis of their 

employment status during survivorship.  
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Impact Statement 
 

Technological advancements have allowed clinicians to increasingly offer 

precise radiotherapy to patients which in turn minimises late toxicities. The 

introduction of proton therapy is one such advancement which has the benefits 

of minimising late toxicities of radiotherapy, particularly in the childhood, 

teenage and young adult (TYA) cancer population. This work investigates one 

of the latest form of clinically accessible proton therapy delivery method using 

pencil beam scanning (PBS).  

 

This work has investigated the clinical efficacy and toxicities of PBS in 

abdominal neuroblastoma and brain tumour patients in the childhood and TYA 

population. PBS has specific drawbacks particularly in variable scenarios called 

“uncertainties” during treatment. This thesis has specifically explored in detail 

the consequences and strategies to address these “uncertainties” in abdominal 

neuroblastoma patients. Dissemination of the results through national and 

international meetings, international presentations, peer-reviewed manuscript 

publications and stakeholder engagements have been well received by 

international colleagues, allied health professionals, parent groups and 

commissioners. The results of this work will be instrumental in the safe 

implementation of PBS treatment for abdominal neuroblastoma patients at the 

two national proton centres. It has also informed the current development of 

national proton referral guidance and NHS England specialist commissioning 

decisions for neuroblastoma patients. This referral model developed may also 

be adopted internationally at other proton centres.  
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This work has highlighted the need for the development of a clinical study for 

PBS in abdominal neuroblastoma. Given the challenges in obtaining funding 

through traditional academic funding bodies, an alternative option of acquiring 

funding through NHS England commissioners whilst maintaining academic 

rigour has been pursued. If successful, it will likely set precedent for the future 

development of PBS studies in other childhood tumour groups with similar 

questions regarding “uncertainties” in the clinical setting, such as Wilms’ and 

Hodgkin’s lymphomas.  

 

Some of the concepts of this work will be translatable to other abdominal 

tumours, both in the childhood and adult population. The study methodologies 

and strategies used in developing PBS research in this thesis is adaptable for 

research in other rare tumour groups. The adult sarcoma group at UCLH 

investigating the use of PBS in retroperitoneal sarcomas have adopted similar 

clinical concepts and study methodologies.  

 

This work has identified new research questions and has led to further projects 

being developed in the field of advanced radiotherapy precision. Projects of 

note that may be particularly valuable include the feasibility of PBS robust 

optimisation using adjustable densities, the improvement of abdominal on 

treatment imaging reconstruction and novel assessment methods for image 

guidance radiotherapy. 
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1.1 Introduction to protons in cancer therapy 

 

 

1.1.1 The rationale for proton therapy 

Radiotherapy is an important and effective method of treating cancers both in 

the curative and palliative setting. The ideal scenario in radiation treatment is 

to deliver as much tumouricidal dose as possible to the tumour without any 

dose delivered to the surrounding normal tissues. Whilst it remains impossible 

to achieve this perfect situation, much of the focus in radiotherapy research and 

development has been in the field of improving radiotherapy precision. 

 

The most common modality used for radiotherapy is high-energy photons (or 

X-rays) which had been in integrated into clinical practice since a year after its 

discovery in 1895 (Rontgen, 1896, Grubbé, 1933). Many advancements over 

the last century such as beam delivery technology, advanced imaging, patient 

set up and image guidance during treatment has seen vast improvements in 

the ability to deliver highly conformal photon radiotherapy.  

 

Protons were discovered by Ernest Rutherford in 1919 (Rutherford, 1919). The 

proton is a subatomic positively charged particle with unique physical 

properties. The energy transferred from a proton to matter is inversely 

proportional to the square of its speed (Newhauser and Zhang, 2015). As it 

enters tissue equivalent mass, it travels quickly, therefore small doses are 

deposited at shallow depths. It slows down as it travels deeper and the 

absorbed dose increases. This ultimately gives a sudden rise to a sharp peak 



28 
 

just before the proton stops, commonly known as the “Bragg peak”, a 

phenomenon first described by William Henry Bragg in December 1904 when 

studying alpha particles (Bragg and Kleeman, 1904). Beyond the Bragg peak, 

the dose deposited rapidly falls to zero (Figure 1.1). In comparison, photons 

deposit their peak dose very quickly near the entrance into tissue and the 

deposited dose progressively decreases with increasing depth.  

 

 

Figure 1.1. Depth dose curve of protons demonstrating the Bragg peak 

compared with photons. 

This illustration depicts a pristine Bragg Peak of a 147MeV proton beam with a 

maximum dose depth at 15cm (Kokurewicz, 2019). The energy of photon beam 

illustrated is 10MV for a 10x10cm2 field at a source to skin distance of 100cm 

with a maximum dose depth of 2.5cm (Podgorsak, 2005).  
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The idea of utilising protons for medical treatment was first proposed in 1946 

by Robert R. Wilson (Wilson, 1946). He recognised the advantages of using 

the “finite range” and Bragg peak of protons to treat deep targets. Wilson also 

described the need to “spread out” the Bragg peak to obtain a uniformly high 

dose across the width of the tumour in order to use it clinically. This is commonly 

known as the “Spread-out Bragg Peak”, SOBP, achieved by using a range of 

different proton energy levels (Figure 1.2).  

 

Figure 1.2. Dose profiles comparing a parallel opposed photon plan (blue) with 

a proton plan with Spread-out Bragg Peak (red) required to adequately treat 

the tumour in its entirety.  

The light blue shaded area represents the area spared from radiation with 

proton therapy when compared with photon therapy. The photon dose curve 

illustrated is at 6MV energy with fields of 10x10cm (Mott and West, 2021). The 

therapeutic proton energy range used is usually between 70MeV to 230 MeV. 
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The first attempts to treat patients with proton beams began in 1954 at the 

Lawrence Berkeley Laboratory University of California (Lawrence, 1958).  

Given the technical difficulties and cost limitations involved with proton therapy, 

its adoption into clinical practice was challenging. Up until the 1990s, 

treatments were mainly delivered at research institutions where much of the 

technology advances were realised and refined, although it was still largely 

considered an experimental treatment (Suit, 1975, Kanai, 1980, Chuvilo, 1984, 

Pedroni, 1999).  

 

Early works establishing the superiority of proton therapy was performed in 

tumour sites that had poor disease control with conventional radiotherapy due 

to dose limiting critical structures (Suit and Goitein, 1974, Suit, 1977, Romero, 

1993). With the introduction of advanced photon techniques such as Intensity 

Modulated Radiotherapy (IMRT) over recent years, high dose conformity to the 

tumour volume has become more feasible with photons and is comparable to 

proton therapy. However, there is a limit to the extent of dose sparing gained 

with IMRT. This is because the total dose deposited to normal tissues with 

photons cannot actually be reduced, but can only be distributed to different 

areas. Therefore, despite being highly conformal, this is at the expense of 

delivering dose to a wider area of normal tissues albeit at a lower dose, a “low 

dose bath” to surrounding structures with IMRT. On the other hand, with 

protons, the lack of exit dose with the Bragg peak (Figure 1.2) physically 

reduces the total dose deposited in the patient, opening up the possibilities of 

further dose-sculpting with the objective of reducing late side effects or dose 

escalation to increase tumour control probability. Therefore, proton therapy still 



31 
 

remains a valuable treatment modality even in the era of modern photon 

irradiation, particularly in the paediatric, teenage and young adult population 

who will be the long-term survivors of cancer facing the burden of treatment 

related morbidity for many years to come (Carver, 2007, Armstrong, 2009, 

Newhauser and Durante, 2011).  

 

Since 2001, proton therapy systems have become commercially available, 

allowing for easier installation and maintenance at cancer facilities. Over the 

last decade, the number of proton centres have increased exponentially, 

making this treatment modality progressively accessible for patients (Journy, 

2019).  As of July 2020, there were 102 clinical proton therapy centres currently 

in operation worldwide compared to only 28 facilities operating back in 2010 

(PTCOG, 2020).  
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1.1.2 Proton beam delivery techniques  

 

There are two main delivery methods for proton therapy commonly used in 

clinical practice to shape dose around the tumour: passive scattering and pencil 

beam scanning (PBS).  

 

1.1.2.1 Passive scattering 

Passive scattering technology was the initial delivery technique available and 

was the modality used at most proton centres up until recent years. It involves 

the use of scattering foils to broaden a narrow proton beam. Double scattering 

is used to treat larger fields. A range modulator is applied to spread out the 

Bragg peak to the size of the maximum depth of the target volume. Conformity 

is then achieved with collimators and compensators to sculpt the lateral and 

distal beam edges respectively (Figure 1.3) (Liu and Chang, 2011). 

 

However, passive scattering lacks dose conformity at the proximal region. This 

is because a constant SOBP depth is produced for the entire target volume 

(Figure 1.3). It therefore becomes challenging to treat irregular shaped tumours 

surrounded by critical structures with this technique. 
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Figure 1.3. Illustration of a double passive scattering proton delivery system. 

 

The scatterers spread the beam laterally with the second scatterer required for 

larger fields; the range modulator creates the Spread-out Bragg peak; the 

collimator and compensator shapes the beam to the lateral and distal extent of 

the tumour. However, the proximal region lacks conformity (light pink shaded 

area with single arrowhead) as the Spread-out Bragg peak thickness remains 

constant throughout. 

Abbreviations: SOBP = Spread-out Bragg Peak, OAR = Organ at Risk (i.e. 

critical structure) 
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There are also other disadvantages with passive scattering. The collimators 

and compensators need to be custom made for each patient which can be time 

consuming and involves manual trial and error during the optimisation process. 

For more complex tumour volumes, “beam patching” may be used to reduce 

dose to critical structures. This involves matching the distal edge of one beam 

to the penumbra of another abutting beam. It is technically demanding and is 

prone to inhomogeneous dose distributions due to tissue heterogeneities and 

set up uncertainties during treatment (Li, 2007).  

 

There is also the concern about secondary neutrons generation when protons 

interact with scattering materials and collimators. This may increase the whole-

body dose, potentially increasing the risks of secondary malignancy and late 

effects (Hall, 2006, Bonfrate, 2016, Geng, 2016). There is also a high probability 

of stimulating chromosomal abnormalities and DNA damage with neutrons 

although this area remains controversial as the biological effect of neutrons in 

this setting is still poorly understood (Paganetti, 2014). 
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1.1.2.2 Pencil beam scanning (PBS) 

PBS is a newer proton delivery technique whereby magnets are used to steer 

many thousands of narrow proton pencil beams vertically and horizontally to 

shape the radiotherapy dose precisely around the tumour volume (Figure 1.4) 

(Pedroni, 1995). The energy of each proton is also individually adjusted to place 

its Bragg peak “spot” at a precise depth within the tumour. This technique 

therefore offers for both distal and proximal dose conformity unlike the passive 

scattering technique. As no mechanical materials are required for beam 

shaping or broadening, fewer secondary neutrons are produced (Schneider, 

2016).  

 

 

Figure 1.4. Illustration of a pencil beam scanning proton delivery system. 

The proton spots (purple) are deposited within the tumour using the guidance 

of scanning magnets and energy variation.  

Abbreviation: OAR = Organ at Risk 
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There are two main methods of planning optimisation with PBS delivery 

systems: Single Field Uniform Dose (SFUD) and Intensity Modulated Proton 

Therapy (IMPT). With the SFUD method, the spots are optimised in order to 

apply a homogenous uniform dose to the entire target for each field within a 

plan. With the IMPT method, non-uniform spot intensities are applied at each 

field, which only when combined together delivers a homogenous dose 

distribution to the entire target volume. This allows sculpting of dose in the most 

challenging of situations, particularly in cases where critical organs at risk are 

surrounded by the target volume (Figure 1.5) (Lomax, 1999, Lomax, 2004).  

 

Given the advantage of PBS compared with passive scattering, PBS is now 

becoming the preferable method of delivery for many proton therapy facilities. 

Existing centres are upgrading to PBS systems and new centres are opting for 

PBS during procurement. A worldwide survey in 2016 exploring the patterns of 

proton therapy use for paediatric cancers has shown that PBS was being used 

clinically at 63% of proton therapy centres with 51% of patients treated with 

PBS (Journy, 2019).  

 

However, PBS technique has its own set of unique challenges which will be 

explored in greater detail later on in Section 1.3.2 of this chapter and throughout 

the thesis.  
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Figure 1.5. Illustration of the difference between Single Field Uniform Dose 

(SFUD) versus Intensity Modulated Proton Therapy (IMPT) optimisation 

method in a challenging situation where the target volume is encasing the organ 

at risk (OAR).  

 

This illustration is simplified in that the spots for each field could either have 

50% or 100% contribution to the total dose. With the SFUD plan, as the whole 

target is treated with each field, some protons will still traverse the OAR 

contributing to moderate dose at parts of the OAR. With the IMPT plan, multi-

field optimisation (MFO) is used meaning that the spots for each field is not 

evenly distributed nor equally weighted throughout the entire target which 

allows for further sculpting of dose around the OAR, which in turn offers a more 

conformal high dose distribution than the SFUD plan.  

The dotted arrows represent the proton beam path for each field. The small 

circles represent proton “spots”. 
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1.2 Rationale for PBS in childhood, teenage and 

young adult malignancies 

 

The survival of children, teenage and young adults (TYA) with cancer has 

significantly improved over time (Trama, 2016). Treatment is usually complex 

and intensive but more than 80% are cured (Gan and Spoudeas, 2014, Trama, 

2016, Siegel, 2018). However, severe complications have been reported in 

about one third of long term childhood cancer survivors after completion of 

treatment (Oeffinger, 2006, Mertens, 2008). The cause is usually multifactorial 

but radiotherapy which plays an important role in improving tumour outcomes 

is also a contributor of the side effects. The late sequelae of radiotherapy can 

manifest many months to years after completion of therapy and are generally 

irreversible, affecting the quality of life of survivors. These are of particular 

concern in young patients whose tissues are still immature and developing, 

making them particularly vulnerable to radiation injury and induction of 

secondary cancers leading to chronic health conditions in the future even at low 

doses (Armstrong, 2010, Bhakta, 2017).  

 

Proton therapy with its potential to reduce integral dose to normal tissues is 

therefore an attractive treatment modality for children and TYA. A minor 

reduction of dose to critical organs may have a major impact on the long-term 

side effects experienced. Unfortunately, Level 1 evidence supporting its clinical 

benefit is lacking as the set-up of randomised controlled studies is challenging 

for various reasons such as ethics, cost, pre-established opinions and limited 

sample size given the rarity of childhood/TYA tumours (Huynh, 2019). 
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Therefore, based on its theoretical advantages, proton therapy as the treatment 

of choice in the curative setting has now been widely accepted amongst the 

radiation oncology community treating paediatric and TYA patients. The 

general consensus is that most brain and skull base tumours benefit form 

proton therapy, but there are mixed opinions on whether the advantages are 

present for certain groups of tumours with midline or large targets requiring 

lower radiation doses for cure such as neuroblastoma, Wilms and Hodgkin’s 

lymphoma (Indelicato, 2016, Journy, 2019).  

 

The UK National Health Service (NHS) has been funding highly select patients 

abroad for proton therapy since 2008. NHS England has now invested in two 

national proton centres with PBS delivery technology. The facility at The 

Christie Hospital, Manchester has been in operation since 2018 and University 

College London Hospitals is scheduled for clinical operation from 2021. It is 

therefore anticipated that a large number of children and TYA patients in 

England will be treated with PBS once both the proton centres are running at 

full capacity. 

 

Much of the current literature on the efficacy and safety of proton therapy has 

been established based on clinical experiences with passive scatter 

technology. Given the exponential increase of PBS facilities worldwide, there is 

an urgent need to investigate the suitability of PBS in groups of patients where 

the benefits are still uncertain and also to explore approaches in managing the 

challenges of PBS delivery for safe clinical implementation.  
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Therefore, the main scope of this thesis is focused on exploring the current 

evidence, advantages, challenges and potential solutions for applying PBS in 

clinical practice for childhood abdominal neuroblastoma. The latter part of the 

thesis will investigate the clinical outcomes of TYA patients with brain and skull 

base tumours treated with PBS, with particular focus on the toxicities and 

employment status during survivorship.    
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1.3 PBS for Childhood Abdominal Neuroblastoma 

 

1.3.1 Background 

 

1.3.1.1 Neuroblastoma 

Neuroblastoma is an embryonic tumour derived from the neural crest cells of 

the peripheral sympathetic nervous system, likely from the sympathoadrenal 

progenitor cells which differentiates into the sympathetic ganglion cells and 

adrenal chromaffin cells (Matthay, 2016). It can arise at any site along the 

sympathetic nervous system, but tumours are most frequently seen at the 

adrenal medullary region and paraspinal ganglia at the paravertebral location 

within the abdomen.  

 

Neuroblastoma accounts for about 7% of all childhood cancers but is the cause 

of 15% of paediatric cancer deaths (Maris, 2007). Ninety percent of patients 

with neuroblastoma are diagnosed before the age of 5 years. Its clinical 

behaviour is extremely heterogeneous in that spontaneous maturation is seen 

in some patients whilst in others aggressive metastatic progression occurs. The 

International Neuroblastoma Risk Group (INRG) task force has developed a 

standardised risk classification based on prognostic factors using stage, age, 

histologic category, grade of differentiation, NYCN oncogene status, 

chromosome 11q aberration, DNA ploidy (Cohn, 2009). Patients are stratified 

into pre-treatment risk groups of very low, low, intermediate and high-risk. 

Treatment protocols have been tailored according to risk groups with the aim 
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of improving survival outcomes for high risk patients and minimising toxicity for 

low risk patients who do not need such intensive therapies. 

 

The high-risk group includes patients over the age of 18 months with metastatic 

disease and patients with MYCN amplification. The recommended standard of 

care treatment strategy based on the results of the International Society of 

Paediatric Oncology European Neuroblastoma clinical studies group (SIOPEN) 

High-Risk-1 trial is shown in Figure 1.6. In general, a multimodality approach is 

used involving induction chemotherapy, surgical resection of the primary 

tumour, high dose myeloablative chemotherapy, adjuvant radiotherapy to the 

primary site and maintenance therapy consisting of immunotherapy and 

differentiation induction therapy to treat minimal residual disease.  

 

 

Figure 1.6. Current standard treatment regimen for high risk neuroblastoma.  
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The 5-year overall survival rates for high-risk neuroblastoma has historically 

been poor at <5% pre-1980s (Evans, 1969, Finklestein, 1979, Berthold, 2003) 

but has improved to about 40% in the 2000s  (Cohn, 2009, Matthay, 2009, 

Valteau-Couanet, 2014). The increase in overall survival has been attributed to 

the advent of intensive myeloablative chemotherapy and immunotherapy. 

Patients who respond well enough to induction chemotherapy and complete 

myeloablative therapy with busulfan and melphalan have a 5-year overall 

survival of 54% (Ladenstein, 2017) and those who then go on to complete 

immunotherapy with an anti-GD2 monoclonal antibody have a reported 5-year 

overall survival of 64% (Ladenstein, 2020). These patients are of course a 

selected cohort of good responders within the high-risk group but this is of 

importance as they are most likely the patients who would then go on to become 

long term survivors living with the consequences of treatment toxicities.  

 

Chronic health complications including hearing loss, hypothyroidism, ovarian 

failure, musculoskeletal and pulmonary issues have been reported in 95% of 

neuroblastoma survivors (Laverdiere, 2005). Neuroblastoma survivors were at 

higher risk of complications if they were treated with multimodality therapy. 

They were also found to have an increased incidence of late mortality from 

secondary malignancies (Laverdiere, 2009). Therefore, any ability to reduce 

toxicity must be explored to improve the quality of survivorship of these children. 

PBS proton therapy may offer benefits compared with external beam 

radiotherapy with its reduction in integral radiation dose.  
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1.3.1.2 Radiotherapy for neuroblastoma 

The goal of radiotherapy is to offer local control. There is some evidence that 

local control translates to improved overall survival  (Pai Panandiker, 2010). 

Within the SIOPEN Low and Intermediate Risk Neuroblastoma European Study 

(LINES) study and High-Risk-1 study, radiotherapy is indicated for very few 

select patients with intermediate-risk disease and all patients with high-risk 

disease.  

 

The dose recommended by SIOPEN is 21Gy given at 1.5Gy per fraction once 

daily over two and the half weeks to the tumour bed as standard of care 

(Ladenstein, 2017). The treated volume is the primary tumour seen at the post 

induction chemotherapy, pre-surgical scans. The current evidence to dose 

escalate for improved local control in patients with gross residual disease is 

conflicting with a small series suggesting an advantage at doses between 30-

36Gy (Casey, 2018) whilst a study by the Children’s Oncology Group in the 

USA found no benefit with 36Gy (Liu, 2020). The feasibility to offer dose 

escalation is currently being explored in the UK within the IMAT trial, a 

randomised phase II trial, which has just finished recruiting in the third quarter 

of 2020 (CRCTU, 2019) and the new SIOPEN High-Risk-2 trial (NIH, 2020) will 

investigate the benefits of dose escalation after incomplete surgery as a Phase 

III randomised question.   

 

Radiotherapy has traditionally been delivered using conventional parallel-

opposed pair. A quality assurance of the radiotherapy plans in the SIOPEN 

High-Risk-1 study has identified that the tumour volume has been inadequately 
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covered for some patients in order to respect the OAR tolerances (Gaze, 2013). 

Advanced photon radiotherapy techniques such as Intensity Modulated 

Radiotherapy (IMRT) is now used more frequently in practice as it has been 

shown to prevent under dosage of the tumour volume in about 80% of patients 

(Gains, 2013). PBS is extremely attractive as an advancement in 

neuroblastoma as it has the possibility of maintaining the high conformality to 

the tumour volume without the “low dose bath” seen with IMRT techniques. 

However, there are specific challenges with PBS that needs to be considered 

and are discussed in the next section. 
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1.3.2 Challenges with PBS in abdominal neuroblastoma 

 

1.3.2.1 Challenge 1: Range Uncertainty 

The precise nature of the proton Bragg peak is its own greatest enemy. Due to 

the sharp dose fall-off, anything leading to a small shift of this peak will cause 

drastic changes to the intended dose (Figure 1.6). This is the concept of "range 

uncertainty", whereby there is an uncertainty on where exactly the Bragg peak 

is in the patient, leading to concerns on whether the intended dose is actually 

delivered. With PBS being more conformal than passive scattering, the 

potential consequences on robustness is more severe. An overshoot of the 

Bragg peak may cause over dosage of the critical structure that lies just beyond 

the target whilst an undershoot may cause an under dosage of the tumour.  

 

 

Figure 1.7. The range uncertainty of protons and the consequences to the 

tumour volume coverage or organ at risk (OAR). 
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There are many factors that can contribute to the range uncertainty which 

broadly fall under two main categories (McGowan, 2013):  

i) Uncertainties due to range calculation inaccuracies within treatment 

planning systems (TPS)  

ii) Uncertainties leading to discrepancies between planned dose and 

delivered dose  

 

Uncertainties from the TPS include uncertainties in the calibration of the 

patient’s computed tomography (CT) scan relative to the stopping power of 

protons, inaccuracies in the values of the Hounsfield Units (HU) and dose 

calculation algorithm inaccuracies. The current estimates for these 

uncertainties lie between 3.5-5% and this is typically built into PBS plan 

uncertainty evaluations described below (Lomax, 2008a, Lowe, 2020). 

 

On the other hand, uncertainties leading to discrepancies between planned and 

delivered dose are due to geometric and density changes of the patient during 

treatment. This could be due to set up variations and changes in the patient’s 

anatomy.  

  

Set up variations such as daily translation and rotational misalignment of the 

patient can affect the intended range due to the relative position of the density 

heterogeneities. The effects from this can be evaluated by recalculating what a 

given plan would look like in various scenarios if the patient was shifted in 

combination with the aforementioned TPS range uncertainties (usually set at 

3.5%), commonly known as “evaluation with robustness analysis” or “evaluation 
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under uncertainty” (Lowe, 2020). Another approach is to mitigate some of the 

effects by performing “robust optimisation” during the planning process which 

involves incorporating the uncertain scenarios at optimisation (Pflugfelder, 

2008, Fredriksson, 2011, Inoue, 2016). Despite being widely accepted, these 

approaches are arguably not the perfect solutions either as a deliberate loss of 

conformation is applied as a reaction to hypothetical assumptions, essentially 

diminishing the primary advantage of protons. Most of these methods also only 

deal with translational shifts and not rotations. On the other hand, as daily 

misalignments are most likely random with good quality on treatment image 

guidance, the dosimetric effects at the end of the day will be balanced and 

reduced over the entire treatment course.  

 

Uncertainties due to anatomical changes in patients are more problematic. 

These include weight changes, density changes within cavities and deformable 

changes such as shoulder movements. Within the abdomen, a major problem 

is the filling of the gastrointestinal tract lumen with air, semisolids or liquids. The 

dosimetric consequences can be extreme and is worse on a highly modulated 

IMPT plan than on a SFUD plan as illustrated in Figure 1.8. As these 

uncertainties are very difficult to predict and correct, it becomes very 

challenging to mitigate this with robust evaluation or robust optimisation 

methods.  
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Figure 1.8. Illustration of the consequence of the density change on Single 

Field Uniform Dose (SFUD) and Intensity Modulated Proton Therapy (IMPT) 

plans. 

This is an expansion of the example illustrated in Figure 1.5. The unintended 

presence of air which is lower in density than normal tissue within the beam 

path of the left field causes the spots to be deposited further away than 

originally planned. Due to the non-uniformity of spot positions and weights in 

IMPT plan, the final dose distribution is degraded to a much larger degree than 

the SFUD plan.   
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1.3.2.2 Challenge 2: Intra-field Motion  

Continuous movement such as respiratory motion when the proton beam is 

being delivered is a challenge that is very specific to PBS delivery technique. 

The final delivered dose is not only affected by misplaced spots because of the 

organ motion with its associated density variations (for example ribs moving in 

and out of beam path),  but also the scanning direction of the protons, which in 

combination may have magnified effects (Mori, 2018). This is called the 

“interplay effect”, illustrated in Figure 1.9 and has been shown to theoretically 

result in dose degradations (Phillips, 1992). 

 

In paediatric patients, respiratory motion can cause movement of abdominal 

organs such as the liver (Kannan, 2017) and kidneys (Pai Panandiker, 2012, 

Uh, 2017). As the primary site of neuroblastoma is commonly at the adrenal 

region (Rha, 2003), the impact from the dynamic motion of the kidneys is an 

important element to consider. The largest magnitude of intra-fraction 

movement of the kidneys in the paediatric population is in the superior-inferior 

direction and has been reported as under 5mm for young children but can 

extend up to 6.3-13 mm in older children (Pai Panandiker, 2012, Uh, 2017, 

Guerreiro, 2018).  

 

Many respiratory motion management strategies are now being investigated 

and implemented with PBS treatment. The approaches can be classified into 

two broad categories: active and passive motion management. Active 

management requires the patient’s action which include strategies such as 

breath hold or the use of abdominal compression. Although these techniques 
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have been successful to a degree in adult gastrointestinal patients (Lin, 2017b, 

Gelover, 2019), implementing this during PBS delivery for the paediatric 

population is more challenging due to compliance. Two small case series have 

reported the success of breath hold in older children and teenagers treated with 

photons, the youngest at 8.6 years old (Claude, 2007, Demoor-Goldschmidt, 

2017) . There is some suggestion that children above the age of 5 years may 

be compliant with breath hold (Lundgaard, 2020), but whether this can be 

replicable throughout the course of radiotherapy remains uncertain. There are 

no reports to date on the use of abdominal compression in children. 

 

Passive motion management relies more on technical strategies such as 

planning techniques to improve the robustness of a plan against motion and 

the technological capabilities of PBS delivery systems. These strategies are 

more suited for paediatric patients as not much co-operation is required. These 

include prioritising the use of an SFUD plan where possible, ensuring beam 

angles are chosen so that the entry is in the direction of the respiratory motion, 

increasing the number of fields and increasing the spot size (Knopf, 2011). 

However, increasing the proton spot size has the disadvantage of decreased 

conformality to the PBS plan which may impact small target volumes 

particularly (Safai, 2008, Winterhalter, 2018). The clinical implementation and 

feasibility of rescanning, which is aimed at distributing the PBS plan evenly 

across the breathing cycle, is investigated in paediatric abdominal 

neuroblastoma patients in Chapter 5 of this thesis, but may come at the cost of 

increased treatment time (Schatti, 2014, Gelover, 2019). 
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Figure 1.9. Illustration of the “interplay effect”. 

The tumour motion and the different location of spot deposition in time not only causes spots to be misplaced but also spots to overlap 

with each other. This is illustrated under the assumption that no changes in tissue heterogeneity occur with motion. In reality, tissue 

density usually changes with motion, causing even further dose degradation.
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1.3.2.3 Challenge 3: Neuroblastoma is a rare cancer  

An average of just 85 children are diagnosed with neuroblastoma annually in 

the UK between 2001 and 2015 according to the national database (PHE, 

2018). Approximately half will present with high-risk disease, out of which only 

half will then go on to receive radiotherapy as part of their first line treatment 

protocol after accounting for progression and toxicity (Ladenstein, 2010, 

Ladenstein, 2017). This means that only about 20-25 patients will be treated 

with adjuvant radiotherapy annually within the UK.   

 

With such limited numbers, it is extremely challenging to design comparator 

studies with appropriate endpoints sufficiently powered to detect differences 

between radiotherapy techniques. With PBS technique as the experimental 

intervention compared to advanced photon techniques, the hypothetical 

benefits are the reduction of late toxicities rather than improved survival. As 

these patients are treated with multiple modalities, it then becomes tricky to 

tease out late toxicities specifically attributed to radiotherapy and the dose 

threshold on critical organs in such a small group of patients. For example, high-

risk neuroblastoma survivors would have received nephrotoxic chemotherapy, 

undergone complex surgery which could have affected the renal vessels and 

received abdominal radiotherapy with dose deposited within the kidneys, all of 

which could have had an effect to a varying degree.  

 

PBS therapy is still a fairly new technique and follow up data for this tumour 

group is still not mature. There were only around 124 children with 

neuroblastoma treated with proton therapy worldwide in 2016, whereby some 
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would have been treated with double scattering technique rather than PBS 

(Journy, 2019). Therefore, very little clinical reports are available on the use of 

PBS in neuroblastoma and if any, they consist of single modality case series 

with a small number of patients (see Section 1.3.3), making it hard to determine 

its true clinical value. 

 

There is thus a real need for collaborations between institutions and countries 

to combine data for valuable analysis. It is encouraging that international 

collaborations within the neuroblastoma multi professional community have 

made an impact on clinical practice. The INRG task force have facilitated the 

pooling of information from four cooperative groups to guide risk stratification 

and SIOPEN association have engaged the European paediatric teams in the 

recruitment of patients into clinical trials in order to obtain sufficient numbers for 

meaningful trial endpoints (Cohn, 2009, Ladenstein, 2010).  

 

The new SIOPEN High Risk 2 study will incorporate a formal online prospective 

radiotherapy quality assurance programme via the Quality and Excellence in 

Radiotherapy and Imaging for Children and Adolescents with Cancer across 

Europe in Clinical Trials (QUARTET) project (NIH, 2020). Although the 

questions in this trial are not focused around radiotherapy techniques, 

standardised radiotherapy data collection of a large number of neuroblastoma 

patients across Europe, of which some would have received proton therapy 

with PBS technique will allow for potential analysis in the future. In the United 

States of America (USA), the Paediatric Proton/Photon Consortium Registry 

(PPCR) has been set up to standardise data collection and expedite research 
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in proton radiotherapy for the paediatric population. This registry was 

established initially as a proton-specific registry, but in 2018, photon patients 

were also included into the registry to enhance the scope of possible research 

(Lawell, 2020).  

 

These mammoth efforts should be applauded and once sufficient good quality 

data is collected which is a key to any research, it will hopefully help us answer 

important questions regarding PBS for the benefit of our paediatric 

neuroblastoma patients in the future. 

  



56 
 

1.3.2.4 Challenge 4: Low Dose of radiotherapy 

The main goal of every radiation oncologist treating paediatric cancers is 

consistent in that they would like to deliver the lowest possible dose to cure the 

child in order minimise late effects to the radiosensitive developing tissues of 

children. Neuroblastoma is a radiosensitive tumour and in Europe a low dose 

of 21Gy given at 1.5Gy per fraction once daily over two and the half weeks has 

been accepted as the standard adjuvant prescription dose (Ladenstein, 2017), 

although in the new SIOPEN High Risk 2 study the standard dose fractionation 

is slightly higher at 21.6Gy given at 1.8Gy per fraction once daily over two and 

the half weeks to allow for dose standardisation internationally.  

 

A fundamental debate arises then as to what the magnitude of benefit is at such 

low doses to justify the cost of PBS. In fact, the value from reduced tissue 

complications from PBS may arguably be so low that it may potentially be 

outweighed by the dosimetric uncertainties particularly with PBS during 

treatment. One must also be cautious in estimating the hypothetical risk and 

benefits as there is limited availability of accurate dose models in the paediatric 

population. In a 2015 survey done amongst international leaders in paediatric 

radiation oncology, lesser than half the group believed that proton therapy 

should be the treatment of choice for neuroblastoma (Indelicato, 2016). It is 

estimated that a third of neuroblastoma patients requiring radiotherapy in the 

USA are treated with proton therapy (Journy, 2019). 

 

Ultimately, with the lack of hard scientific evidence at such low doses, the 

deciding factor as to whether a neuroblastoma patient is treated with PBS will 
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be highly influenced by the supply of proton treatment facilities, national health 

care resources, insurance policies and societal expectations. 

 

1.3.2.5 Challenge 5: Heterogeneity between PBS systems 

With many oncology centres now having an increased interest in PBS proton 

therapy, vendors are actively competing to offer new developments and 

advancements to make their systems more attractive. This results in 

heterogeneity between capabilities of clinical PBS systems. Research centres 

with custom built in-house systems with large patient series also have different 

technical specifications compared with commercial systems (Rosas, 2020). 

 

It does raise the issue if treatment on one system is equivalent to treatment on 

another system and therefore questions if clinical experiences are translatable. 

Whilst having various options is not necessarily a disadvantage as there will be 

no incentive for progress without any competition, clinical teams should be 

aware and have some understanding of its potential implications when 

appraising published clinical evidence. Some groups have benchmarked their 

systems against others in regards to commissioning data, calculation 

algorithms and treatment planning systems which certainly helps the 

community to an extent (Langner, 2017, Lin, 2017a, Langner, 2018, Liang, 

2019, Rosas, 2020), but different systems are sometimes not directly 

comparable. For example, each vendor offers a different method of robust 

optimisation and evaluation approach with some offering the probabilistic 

approach and others offering worst case scenario optimisation approach within 

which there is variability on the definition of the worst case (Lowe, 2020). As 
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the dosimetry is different between these approaches, the only way of 

comparison would need to be outcome based alongside detailed reporting of 

the systems and approaches used. 

  



59 
 

1.3.3 Current evidence for the use of PBS in neuroblastoma 

A review of the current literature was performed to establish if there are benefits 

to the use of PBS in abdominal neuroblastoma and if technical challenges were 

taken into account within the studies. On the computer screen, nominal PBS 

plans will more often than not look better than photon plans to a degree due to 

the reduced integral dose. Therefore, studies investigating the potential 

benefits of PBS should ideally also address the relevant associated 

uncertainties for the findings to be more meaningful and translatable.   

 

A literature search was performed using Medline / PubMed on the 18th of 

August 2020. The following keywords and MeSH terms were used: ("proton 

therapy" OR "proton beam" OR "pencil beam" OR "spot scanning" OR "proton 

radiation" OR "proton radiotherapy") AND (abdomen OR abdominal OR 

neuroblastoma OR Wilms). The search criteria were intentionally broadened as 

neuroblastoma-only published PBS cohorts were expected to be minimal. 

Dosimetric studies, case series and case studies were included. Conference 

abstracts, review articles and non-English articles were excluded. 

 

The inclusion criteria for eligible studies were: 

• Population – patient with neuroblastoma within the study no matter if the 

population was mixed 

• Intervention – PBS technique and the assessment or management of its 

technical challenges 

• Comparator – any or none 

• Outcomes – local control, overall survival, dosimetry 
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The selection process is summarised below in Figure 1.10. 

 

 

Figure 1.10.  Flow diagram summarising the study identification, inclusion and 

exclusion process. 

Abbreviations: PT = proton therapy, PBS = pencil beam scanning, Ab = 

Abdominal tumour not neuroblastoma  
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A total of 157 citations were identified from the database search. After the 

inspection of the title or abstracts, 60 full text studies were reviewed, of which 

only seven manuscripts met the set inclusion criteria. These comprised of three 

retrospective case series clinical studies and four dosimetric comparison 

studies which are Step 4 and 5 level of evidence respectively, according to the 

criteria defined by the Oxford Centre for Evidence-based Medicine (OCEBM, 

2011). Many of these studies did not incorporate all aspects of uncertainty in 

their assessments. The details of the studies are summarised in Table 1.1. 

 

All the case series investigated neuroblastoma only cohorts. Only one of the 

case series was a dedicated PBS analysis. Two out of three case series 

addressed uncertainties from bowel density by using posterior beams and 

tackled intra-field motion by performing 4DCT assessment, 4D dose evaluation, 

rescanning and beam direction selection. None of the case series addressed 

range uncertainty due to set up variation.  

 

All dosimetric studies demonstrated that PBS plans offered better mean dose 

to OAR with good target volume coverage compared to other modalities such 

as 3D conformal photon, advanced photon techniques and scattering proton 

therapy. However, only one out of the four dosimetric comparison studies 

addressed all potential uncertainty scenarios including set up variation, 

anatomical changes and motion (Guerreiro, 2019). The limitation with this study 

is that the study population included Wilms tumour cases and no subgroup 

analysis of the neuroblastoma cases were performed.  
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Study Population PBS intervention Comparator Outcome 

Number of NB 
PBS patients 

studied 

NB PBS 
group 

analysis 

TC: Set up 
variation * 

TC: Bowel 
density 

changes  

TC: Intra-field 
Motion  

Type of 
study 

Comparator 

(Lim, 2020)^ 19 Y N 
 

 

Y  
 

A: None 
M: Posterior 
beam only 

Y 
 

A: 4DCT,  
4D dose 
evaluation 
M: Rescanning 

Retrospective 
Case series 

None 15 m LC 100%  
2-yr OS 94% 
No late toxicity 
 
Median FU: 15m 
 
Minimal dosimetric effect on 4D 
calculation 

(Hill-Kayser, 
2019a) 

26/45 
 

Mixed 
technique 
Scatter PT 

N 
 

N 
 
 
 

Y 
 
A: None 
M: Posterior 
beam only 

Y 
 

A: 4DCT  
M: Beam 
direction 

Retrospective 
Case series 

None 5-yr LC 97% 
5-yr OS 80% 
No late toxicity 
 
Median FU: 49m 

(Bagley, 
2019) 

1/18 
 

Mixed 
technique 
Scatter PT 

N N N N 
 

Retrospective 
Case series 

None 5-yr LC 87% 
5-yr OS 94% 
No late toxicity 
 
Median FU: 60m 

(Guerreiro, 
2019) 

11/20 
 

Mixed histology 
(Wilms) 

N Y 
 
A: Robust 
evaluation 
(minimum voxel), 
Dose re-calculations 
on daily CBCTs 
M: Robust 
optimisation 
(minimax) 

Y 
 

A: Dose re-
calculations on 
daily CBCTs 
M: Posterior 
beam only 

Y 
 

A: 4DCT,  
4D dose 
evaluation 
M: None  

Dosimetric VMAT with 
ITV robust 
optimisation 

Target coverage achieved with 
PBS 
 
Better Dmean OAR sparing with 
PBS 
 
Minimal dosimetric effect on PBS 
plans with CBCT recalculations or 
4D calculation 
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(Jouglar, 
2016) 

5/20 
 

Mixed histology 
(Wilms, HL, 

MB) 

N N N N Dosimetric Photon CRT, 
Tomotherapy 

Target coverage achieved with 
PBS 
 
Better Dmean, V20Gy and V10Gy 
OAR sparing with PBS  

(Hattangadi, 
2012) 

9 Y N Y 
 

A: None 
M: Posterior 
beam only 

N Dosimetric IMRT, 
Scatter PT 

Target coverage achieved with 
PBS 
 
Better Dmean, D90%, D50%, D5% 
OAR sparing with PBS 

(Hillbrand, 
2008) 

5/9 
 

Mixed histology 
(Wilms) 

Y N N N Dosimetric Photon CRT, 
IMRT, 
Scatter PT 

Target coverage achieved with 
PBS 
 
Better Dmean and V15Gy with 
PBS 
 
Modelled secondary malignancy 
lifetime risk IMRT>Scatter PT> 
Photon CRT>PBS 

Table 1.1. Summary of study interventions and outcomes investigating PBS for paediatric neuroblastoma. 

*Planning with an additional margin is not considered a management strategy for addressing range uncertainty due to set up variation for PBS plans. 

^This study forms the work described in Chapter 5 of this thesis. 

NB PBS = Neuroblastoma patients receiving pencil beam scanning proton therapy, TC = Technical Challenge, PT = proton therapy, A = Assessment, M = 

Management strategy, LC = local control, OS = Overall survival, HL = Hodgkin’s lymphoma, MB = Medulloblastoma, ITV = Internal Target Volume, CBCT = 

Cone beam Computed Tomography, VMAT = Volumetric Arc Therapy, IMRT = Intensity Modulated Radiotherapy, CRT = Conformal radiotherapy, OAR = Organ 

at Risk. 
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1.3.4 Scope of this thesis 

 

As seen from the summary of the literature review in Table 1.1, there is lack of 

data in the assessment of PBS with its uncertainty scenario effects in a 

dedicated neuroblastoma only study population. The studies in this thesis are 

therefore designed with the aim of investigating this in detail.  

 

Firstly, the dosimetric differences between PBS and Intensity Modulated Arc 

Therapy (IMAT), a form of IMRT will be investigated in Chapter 2. This will be 

followed by the assessment of the dosimetric impact of gastrointestinal density 

change on both PBS and IMAT plans in Chapter 3. Potential predictive features 

which could assist the selection of patients who would derive a greater benefit 

from PBS will also be explored. In Chapter 4, the amount of gastrointestinal 

density variation in the clinical setting will be studied from the on-treat imaging 

of patients with neuroblastoma who have undergone radiotherapy. The clinical 

outcomes of neuroblastoma patients treated at the Paul Scherrer Institute (PSI) 

with analysis of their approach to motion assessment and mitigation will be 

described in Chapter 5. Finally, Chapter 6 will bring the reader through the 

challenges of implementing PBS for abdominal neuroblastoma as a clinical 

study to validate the theoretical work from earlier chapters.   
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1.4 PBS in Teenage and Young Adults 

 

1.4.1 Cancer in TYA patients 

Cancer care in the TYA population has in many ways been overlooked in the 

past. TYA patients should be considered and treated as a separate entity as 

their tumour biology, management protocols and psychosocial challenges do 

not quite fit within the paediatric groups or the adult groups (Alken, 2015, 

Ostrom, 2016).  

 

TYA survival rates have historically been worse (Gatta, 2009) and improvement 

in tumour outcomes have been modest (Bleyer, 2002) compared to children 

with similar tumour types. The poorer survival has been attributed to various 

factors including poor clinical trial recruitment, lack of specific treatment 

guidelines, differences in cancer biology, diagnostic delays and poor 

compliance with treatment (Fern, 2008, Bisogno, 2012, Ferrari, 2012, Wilhelm, 

2014). Over recent years, various initiatives to improve their outcomes have 

been promoted including the setting up of dedicated TYA treatment units, 

promoting international collaborations between paediatric and adult 

oncologists, increasing awareness and development of national TYA guidelines 

(Barr and Eden, 2008, Stark, 2016). This will hopefully allow TYA patients to 

access clinical research programs, tumour banks, coordinated multidisciplinary 

support for their complex psychosocial needs. 

 

TYA patients are already at a turbulent period of their life with many transitions 

to cope with including the physical, social, psychological and financial aspects. 
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For the young person, they are just at the start of their journey in managing 

responsibilities, gaining independence from parents, developing their position 

in society, developing relationships and pursuing employment for their future 

financial security. The cancer diagnosis adds on another layer of complexity to 

their lives. They may find themselves isolated from their social groups, missing 

education or career development opportunities and developing poor self-

esteem due to body image concerns. They may also then be troubled by late 

effects causing chronic health problems such as fertility issues, endocrinopathy 

disturbances and cognitive impairment. All these social and physical effects can 

cause an indirect consequence on their future in regards to relationships, 

employment opportunities and financial status.  
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1.4.2 PBS for TYA brain and skull base tumours  

Brain and skull base tumours are amongst the most common malignancies 

diagnosed in the TYA population (Ostrom, 2016). Improvements in survival 

rates for TYA patients with CNS tumours have been observed over recent time 

periods between 1999-2002 and 2005-2007 according to the recent 

EUROCARE-5 (European Cancer Registry) study (Trama, 2016).  

 

Radiotherapy remains a major component in the treatment pathway for most 

brain and skull base tumours (Alken, 2015). With improving survival, PBS has 

become more relevant for this group of patients in the attempt to reduce late 

side effects for better quality of life during survivorship.  

 

The team at the Paul Scherrer Institute (PSI) in Switzerland has had extensive 

experience in treating patients with PBS having been the clinical pioneers of 

this technique since 1995. An analysis of a large series of TYA patients with 

primary brain and skull base tumours treated with PBS at their centre is 

described in Chapter 7. Long term clinical outcomes, detailed breakdown of late 

toxicity and the status of patients in employment or education pre- and post-

PBS are investigated.  
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Chapter 2 :  
Comparison of proton and 

photon radiotherapy plans for 

abdominal neuroblastoma 
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2.1 Introduction 

 

Radiotherapy to the primary tumour bed in the adjuvant setting is part of the 

multimodality management for high-risk neuroblastoma (Arumugam, 2019). It 

has been shown to reduce the risk of local recurrence (Castleberry, 1991, 

Gatcombe, 2009), which as a result may improve overall survival (Pai 

Panandiker, 2010). The standard dose prescribed is 21Gy in 14 fractions, 

1.5Gy per fraction, treated 5 fractions per week, given once daily over two and 

the half weeks as per the International Society of Paediatric Oncology 

European Neuroblastoma clinical studies group (SIOPEN) High-Risk-1 trial 

recommendations (Gaze, 2010, Ladenstein, 2017). 

 

Radiotherapy delivery can cause unwanted deposition of dose in normal 

healthy tissues resulting in toxicities, affecting organ function, organ growth and 

increase the risk of developing secondary malignancies (Weber, 2018a). Due 

to the radiosensitive nature of developing tissues, children are more susceptible 

to the late side effects of radiotherapy, which can have an enormous impact on 

their quality of life. Children with high-risk neuroblastoma may have pre-existing 

organ impairment as a result of tumour infiltration, surgery or systemic agents 

such as immunotherapy, intensive chemotherapy and aminoglycoside 

antimicrobials with nephrotoxic properties. Therefore, it is especially important 

to minimise the dose delivered to critical organs at risk (OAR) in these group of 

patients. Radiotherapy delivery techniques are in a process of continuous 

evolution as more sophisticated equipment becomes available, with the aim of 
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ensuring good coverage of the target while reducing OAR exposure where 

possible. 

 

External beam radiotherapy for neuroblastoma in Europe has traditionally been 

delivered with conventional techniques mostly using parallel opposed fields or 

3-dimentional conformal fields, utilising customised blocks or multi-leaf 

collimators to shield normal tissues from irradiation as recommended by the 

SIOPEN High-Risk-1 trial protocol (Gaze, 2013). Although more modern 

advanced techniques are being increasing used, this may still be the practice 

at some centres. With conventional techniques, the ability to deliver the full 

prescribed radiation doses to the target volume is frequently limited by the dose 

tolerance of surrounding OAR such as the kidneys and liver.  

 

An audit of 41 patients treated with conventional radiotherapy at University 

College London Hospitals (UCLH) between 2006 and 2010 found that 20 

patients (49%) required dose or volume modifications to respect the OAR dose 

tolerance (Gains, 2013).  A quality assurance review of 100 patients treated 

within the SIOPEN High-Risk-1 trial where 99% of patients were treated 

conventionally, had shown that there was only 48% compliance with the 

radiotherapy protocol recommendations (Gaze, 2013). 29% of patients had 

justifiable reasons for protocol deviation, usually for OAR sparing with no long-

term harm. However, there was a potential risk of harm from protocol deviations 

in 22% of patients. Compromise or dose reduction to the target volume could 

result in a negative impact on local control and ultimately the outcome for 

patients with high-risk neuroblastoma.  
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Newer and more advanced photon radiotherapy techniques such as Intensity 

Modulated Radiotherapy (IMRT) have been shown to improve dose 

distributions to complex target volumes whilst respecting OAR tolerances, 

allowing improved tumour coverage (Paulino, 2006, Gains, 2013). A 

retrospective planning study by Gains et al. has shown that 80% of 

neuroblastoma cases which were originally not able to receive the full 

prescribed dose with parallel opposed fields were able to have the full dose 

delivered to the target volume with Intensity Modulated Arc Therapy (IMAT), a 

form of IMRT using arc gantry rotations available at UCLH (Gains, 2013). 

 

However, IMAT can result in a larger amount of normal tissue receiving lower 

doses of radiation. There are concerns about the increased secondary 

malignancy risk with the “low dose bath”, particularly with the augmented 

sensitivity of developing tissues in children to radiation damage (Hall, 2006). 

The smaller body size of a child also increases the magnitude of the radiation 

scattered from the treatment volume compared to an adult. As most of the 

secondary malignancy risks are modelled from historic Japanese atomic bomb 

survivors (Hall, 2006) and has not been clinically associated with the technique 

of radiation, it remains a controversial subject. A treating clinical oncologist will 

have to weigh up the potential risks of recurrence from not adequately treating 

the intended target volume versus the risks of secondary malignancy in many 

years to come if the child survives.  
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Proton therapy has the unique dosimetric property of a “Bragg peak” which has 

a quick fall-off with no exit dose, allowing improved conformality with reduced 

radiation doses to OAR, potentially minimising late toxicities. Treatment 

delivery with protons is attractive as it reduces the “low dose bath” effect seen 

with IMRT without affecting dose to the target volume.  

 

There are two methods of proton delivery techniques, passive scattering and 

pencil beam scanning (PBS). Passive scattering is an older technique which 

spreads the narrow proton beam over a larger area by placing a “scatter 

material” in its path. Despite offering excellent dose conformality distal to the 

tumour, it lacks proximal dose conformality. PBS on the other hand utilises 

magnets to steer the proton beam voxel by voxel, to shape the radiotherapy 

dose precisely around the tumour volume (Pedroni, 1995). This improves both 

distal and proximal dose conformality, thus further increasing the therapeutic 

ratio of PBS treatment. PBS is now becoming the delivery method of choice at 

proton therapy facilities, including the two UK national proton centres that NHS 

England has funded at The Christie, Manchester and UCLH. 

 

Several dosimetric comparison studies with neuroblastoma cases have 

suggested improved OAR sparing with proton therapy using passive scatter 

(Hill-Kayser, 2013) and PBS (Hillbrand, 2008, Hattangadi, 2012, Guerreiro, 

2019) technique compared with various photon techniques. However, the 

cases assessed in these dosimetric studies are small in numbers, contain 

mixed abdominal pathologies and various radiation doses, which do not entirely 
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capture the challenging complexities involved in the irradiation of 

neuroblastoma cases.  

 

The clinical evidence on the benefits of PBS in neuroblastoma patients are also 

scarce. Small single-centre neuroblastoma cohorts treated with single modality 

proton therapy with PBS (Lim, 2020) and mixed passive scatter / PBS (Bagley, 

2019, Hill-Kayser, 2019b, Hill-Kayser, 2019a) technique have recently been 

published demonstrating encouraging good early outcomes. 

 

This planning comparison study was therefore undertaken to investigate if there 

was a dosimetric benefit or detriment with PBS technique compared to IMAT 

technique in abdominal neuroblastoma cases. We also explored if factors which 

influenced PBS dosimetry could be identified. 
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2.2 Methods 

2.2.1 Patient selection 

Twenty paediatric abdominal neuroblastoma cases previously treated with 

conventional photon radiotherapy at UCLH between 2006 and 2010 were 

identified from a planning study performed by Gains et al. (Gains, 2013). The 

study compared IMAT with conventional photon radiotherapy plans at the dose 

of 21Gy in 14 fractions at 1.5Gy per fraction, given once daily over two and the 

half weeks. The median age of patients was 3 years (range, 1-9 years). 

Consent for data usage for research purposes was available for all cases. 

 

2.2.2 Volume definition 

Volumes and optimisation objectives were kept as similar as possible for this 

planning study to allow for direct comparison with the same IMAT plans used 

in the study by Gains et al. (Gains, 2013). 

 

2.2.2.1 Gross Tumour Volume (GTV) 

The GTV was delineated in the post-operative setting based on the primary 

tumour and abnormal adjacent lymph nodes guided by the post-induction 

chemotherapy, pre-operative imaging.  

 

2.2.2.2 Clinical Target Volume (CTV) 

The CTV was defined as the GTV with a margin of 1.5cm. The CTV was edited 

away from the liver and kidney to a margin of 0.5cm as well as vertebrae with 
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no margin if there was no evidence of tumour infiltration on surgical, imaging or 

pathology reports.   

 

2.2.2.3 Planning Target Volume (PTV) 

A 0.5cm margin was added onto the CTV to generate the PTV accounting for 

position and organ motion uncertainties. The PTV volume was also generated 

for PBS plans as it was used as an adjunct during the planning process, but 

evaluation of the target volume for PBS plans was based on the CTV with 

Robustness Analysis (CTV-RA), described in Section 2.2.4.1.  

 

The PTV has historically been edited to include the adjacent vertebral body 

without a margin to ensure homogenous vertebral irradiation to reduce the risk 

of growth asymmetry (Hoeben, 2019). However, in this study, the vertebra was 

not included in the PTV as a technicality for dose comparison. This allows the 

PBS plan assessment with robustness analysis to be performed only on the 

CTV, rather than the CTV with a reduced vertebral volume as illustrated in 

Figure 2.1. High dose regions would not be affected as the planning intent of 

achieving homogenous irradiation of the adjacent vertebrae remains the same. 

The vertebra was assessed as a separate structure. 
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Figure 2.1. PTV volume with and without the inclusion of the vertebral body in an IMAT plan compared with the equivalent volume 

required for robustness analysis evaluation in a PBS plan. 
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2.2.2.4 Organs at Risk 

The following structures were delineated for plan assessment and dose 

comparison: 

• Kidneys, combined as well as split into right and left  

• Liver 

• Spleen 

• Vertebrae divided into: 

- Vertebrae adjacent to the PTV. This was defined as one structure, 

but the most superior and inferior intervertebral space was 

excluded from this volume. 

- Vertebra non-adjacent to the PTV. This was defined as the 

immediate superior / inferior vertebra to the PTV contoured 

separately. The intervertebral space was excluded from this 

volume. 

• Spinal Canal 

• Gastrointestinal tract (GI) defined as the entire bowel sac from stomach 

down to anus or most inferior slice of planning CT  

• Normal tissue defined as the whole body subtract PTV 
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2.2.3 Treatment planning 

2.2.3.1 IMAT planning 

The IMAT plans were generated in an earlier piece of work by Dr Gains whose 

results have been published in a peer-reviewed publication (Gains, 2013). The 

RapidArc™ technique using dual arcs on the Eclipse™ Treatment Planning 

System version 8.6 (Varian Medical Systems, Palo Alto, CA) was used. Plans 

were optimised using the Eclipse progressive resolution optimizer (PRO II; 

Varian Medical Systems). Dose volume objectives were added for target 

volumes, OAR and normal tissues in order to achieve the plan objectives as 

detailed in Chapter 2.2.4. The IMAT plan dose calculation used the Eclipse 

anisotropic analytical algorithm (Varian Medical Systems).  

 

2.2.3.2 PBS planning 

PBS plans were generated and optimised using the Eclipse™ Treatment 

Planning System Version 13.7. The relative biological effectiveness (RBE) 

factor of 1.1 was used for protons (Frey, 2014). The same OAR plan objectives 

as used in the IMAT plans were used for PBs plan optimisation as detailed in 

Chapter 2.2.4.   

 

Single field uniform dose (SFUD) technique for plan optimisation was preferred 

but Intensity-Modulated Proton Therapy (IMPT) (Scheib and Pedroni, 1992, 

Lomax, 1999, Lomax, 2004) was used for plans with complex volumes when 

OAR was in close proximity or overlapping with tumour volume. Planning with 

robust optimisation was used if necessary.  
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A minimum of two fields were used for each PBS plan for increased robustness. 

Posterior or posterior oblique beams were the preferred field arrangements. 

However, if satisfactory tumour coverage could not be achieved compared with 

IMAT plans, additional beam directions were applied (See Section 2.3.2.4, 

Case IMAT 1, Figure 2.10A). A 50mm range shifter was used to provide 

adequate dose coverage to superficial targets. Co-planar beams were chosen 

to allow rapid dose fall-off in the superior-inferior vertebrae direction to reduce 

growth asymmetry (Hoeben, 2019).  
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2.2.4 Plan comparison  

2.2.4.1 Target Volume Coverage 

The target volume coverage for PBS plans was robustly analysed, which 

involved assessing the dose to the CTV recalculated on various uncertainty 

scenarios. The scenarios were generated using combinations of a range 

uncertainty at 3.5% and set-up error margin of 5mm in all directions (Table 2.1). 

A total of 14 scenarios were assessed per plan. The worst-case scenario was 

used for assessment of each dose metric. Different dose parameters for the 

same structure may be assessed with different worst-case scenarios. For 

example, the worst-case scenario used to assess the lowest CTV D98% may 

be a different scenario used for the highest CTV D2%. The CTV-RA for PBS 

plans (CTV-RAPBS) was then compared directly with the PTV for IMAT plans 

(PTVIMAT). The methodology used is in line with the recommended reporting 

standards for proton and photon radiotherapy plan comparisons for clinical 

trials in the UK (Lowe, 2020).  

Scenario X (mm) Y (mm) Z (mm) Range uncertainty 
1 0 0 0 +3.5% 
2 0 0 0 -3.5% 
3 +5 0 0 +3.5% 
4 +5 0 0 -3.5% 
5 -5 0 0 +3.5% 
6 -5 0 0 -3.5% 
7 0 +5 0 +3.5% 
8 0 +5 0 -3.5% 
9 0 -5 0 +3.5% 

10 0 -5 0 -3.5% 
11 0 0 +5 +3.5% 
12 0 0 +5 -3.5% 
13 0 0 -5 +3.5% 
14 0 0 -5 -3.5% 

Table 2.1. Combinations of uncertainty scenarios used for robustness analysis. 
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Parameters used for target volume comparison of PTVIMAT/CTV-RAPBS were: 

• D95% - Dose received by 95% of the volume. 

The intended D95% should be aimed at > 95%. However, it may be 

necessary to compromise coverage in order to respect dose objectives 

set on critical OAR such as the kidneys. 

• Homogeneity Index (HI) calculated as follows (ICRU, 2010): 

HI = 	"#%%"&'%"()%   ,     

where D*% is the Dose to *% of the volume. 

The ideal HI value is 0 and as the HI value increases, the homogeneity 

decreases. 

 



82 
 

 

2.2.4.2 Organs at risk  

As all OAR for IMAT plans were assessed without expansion margins, PBS plans were assessed without robustness analysis. 

 

Dose Constraints 

The optimal dose constraints used for OAR assessments were similar for both IMAT and PBS plans. These were based on the dose 

constraints used for IMAT plans in the publication by Gains et al (Gains, 2013). They are as follows: 

OAR Dose Constraints Late toxicity endpoint 

Kidney  For unilateral or midline unilateral tumours where the 

ipsilateral kidney would receive near 21Gy, 

contralateral kidney V12Gy ≤ 10% 

 

For midline tumours, combined kidneys V12Gy ≤ 35% 

(Gains, 2013) 

Kidney dysfunction (Kandula, 2015) 
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Liver  V19Gy ≤ 100%, V21Gy ≤ 25% 

(Gains, 2013, Ladenstein, 2017) 

Hepatic dysfunction and sinusoidal 

obstruction syndrome (Kandula, 2015) 

 

Adjacent Vertebrae  D95% > 20Gy (for homogenous irradiation)  

(CRCTU, 2019) 

Dose inhomogeneities across the vertebra 

can lead to long term spinal deformities such 

as kyphosis or scoliosis (Hoeben, 2019)  

Non-Adjacent Vertebra  V10Gy < 5%  

(CRCTU, 2019) 

Growth restriction (Hoeben, 2019) 

A compromise between the adjacent vertebrae and superior / inferior vertebra may 

be acceptable depending on the patient’s geometry, provided the most optimal rapid 

dose fall off is achieved in the superior-inferior direction. 

 

Table 2.2. Assessment objectives for organs at risk.  

Abbreviations: V xGy = Volume receiving x dose, D x% = Dose to x% of the volume. 
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Assessment of lateral penumbra at the vertebral body  

As a steep gradient in the cranio-caudal direction is recommended to minimise 

the amount of non-adjacent vertebra (superior / inferior vertebra) receiving 

partial irradiation, a comparison of the lateral penumbra between plans was 

performed. This was measured as the distance between 80% and 20% isodose 

along the anterior border of the vertebral body illustrated in Figure 2.2. The 

superior and inferior penumbra were analysed independently, therefore a total 

number of 40 penumbras were compared for each modality.  

 

Figure 2.2. Illustration of the lateral penumbra measurement in sagittal view. 

This is measured along the vertical plane (double headed arrows) of the 

anterior vertebral body. 

 

Integral Dose 

The Integral Dose (DIntegral) was also analysed to compare the volume of 

normal tissue receiving low dose radiation, calculated as (ICRU, 2010): 

DIntegral = Mean dose to normal tissue (Gy) x Volume of normal tissue 

(Litre(Lt)).  
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2.2.5 Identification of patient selection criteria 

Exploratory investigation of anatomical tumour location, PTV volume and extent 

of PTV extension anterior to the vertebral body were undertaken to identify if 

they were factors which could influence on plan dosimetry.  

 

2.2.5.1 Anatomical tumour location 

Tumours were divided into two major anatomical locations: 

1) Unilateral - PTV did not extend past the medial edge of the contralateral 

kidney.  

 

2) Midline - PTV extends past the medial edge of the contralateral kidney. 

 

The midline group was further subdivided into:  

a. “Midline bilateral” - defined when all these conditions were met:  

- The PTV was in contact with both kidneys 

- Areas of contact extends laterally past the midpoint of both kidneys 

at the anterior surfaces in the axial plane (Point C, Table 1) which is 

maintained throughout the entire length of the kidneys.  

 

b. “Midline unilateral” – all other midline tumours. 

 

These definitions are illustrated in Table 2.3. 
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UNILATERAL MIDLINE 
 Midline Unilateral Midline Bilateral 

 
Axial view 

 

 
Coronal view 

 
Axial view 

Blue dot = Point C* 

 
Coronal view 

 
Axial view 

Blue dot = Point C* 

 
Coronal view 

PTV does not extend past 
the medial edge of 
contralateral kidney  

(pink dotted line) 

PTV crosses medial edge of 
contralateral kidney 

 
AND 

PTV crosses medial edge 
of contralateral kidney 

 
AND 

 PTV contact with kidney  
does not extend laterally 

past midpoint (Point C*) for  
one kidney 

 
OR 

PTV contact past midpoint 
does not extend throughout 

the entire length of both 
kidneys 

PTV contact with kidney 
extends laterally past 
midpoint (Point C*) for 

both kidneys 
 

AND 
PTV contact extends 
throughout the entire 
length of both kidneys 

*Identification of the kidney midpoint at the anterior surface in axial dimension (Point C). 

 

The right kidney is shown in this illustration. 
1. The most anterior (Point A) and lateral (Point B) point of 

the kidney is identified. 

2. A line between the two points (solid Line 1) serves as 

the reference plane. 
3. Two parallel lines (dotted-dashed Line 2 and 3) are 

drawn at the outermost edges of the kidney using the same 

plane as Line 1. A perpendicular line (solid Line 4) between 
Line 2 and 3 is drawn anterior to the kidney. 

4. The midpoint of Line 4 is identified and extrapolated to 

the kidney surface (Line 5) using the reference plane. The 
intersection between Line 5 and the kidney surface is Point 

C. 

Table 2.3. Classification of tumour location: Unilateral, Midline Unilateral and 

Midline Bilateral. 

Abbreviations: L = Liver, GI = Gastrointestinal tract, K = Kidney, V = Vertebra, 

S = Spleen, PTV = Planning Target Volume.  
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2.2.5.2 Anterior extension of the PTV  

The extent of PTV anterior extension is calculated from the anterior vertebral 

body as follows: 

 

PTV anterior extension = !/# * 100,  

 

where, 

x is the distance between the anterior vertebral body and anterior edge of PTV 

y is the distance between the anterior vertebral body and anterior surface of 

body; 

both illustrated in Figure 2.3. 

 

The measurements are taken at the same axial slice where the furthest anterior 

tumour extension is seen. 

 

 
Figure 2.3. Illustration of x and y in measuring the extent of anterior PTV 

extension from the vertebral body. 
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2.2.6 Statistical Analysis 

Statistical analysis was performed using Statistical Package for Social 

Sciences (SPSS; version 24.0, Armonk, NY: IBM Corp). Wilcoxon matched-

pairs signed-rank test was used for comparison between IMAT and PBS plans. 

Correlation was analysed with Pearson’s correlation test as normality 

assumption was met on skewness coefficient analysis. Statistical significance 

was assumed when p£0.05.  
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2.3 Results 

2.3.1  Target volume characteristics 

Cases were divided into 9 unilateral (45%) and 11 midline (55%) locations. 

Within the midline group, 4 midline unilateral (36%) and 7 midline bilateral 

(64%) tumours. Target volume characteristics are displayed in Table 2.4. 

 

Target volume 
characteristics 
(median) [range] 

All  
(n=20) 

Unilateral 
(n=9) 

Midline 
(n=11) 

PTV volume (cm3) 343 [110-647] 255 [110-647] 411 [200-645] 
Extent of PTV anterior 
extension (%) 62 [31-100] 43 [31-76] 66 [47-100] 

Table 2.4. Target volume characteristics for all cases and stratified by tumour 

location. 
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2.3.2  Dosimetric comparison 

2.3.2.1 Target Volume Coverage 

The mean (± Standard Deviation) D95% was similar between plans with the 

CTV-RAPBS at 96.3% ± 4.3% and PTVIMAT at 96.3% ± 1.8%. However, two PBS 

plans with midline tumours did not achieve the desirable D95% target coverage, 

described below in Section 2.3.2.4 (Case IMAT 2 and IMAT 3). 

 

There was no significant difference in the homogeneity index value between 

PBS and IMAT plans (Table 2.5). 

 

2.3.2.2 Organs at Risk 

An average reduction of mean dose was seen for all OAR on PBS plans when 

compared to IMAT plans. This benefit was present across all tumour locations, 

particularly for unilateral tumours (Figure 2.4). There were significant mean 

dose reductions for unilateral tumours for the contralateral kidney (68%, Dose 

Volume Histogram (DVH) shown in Figure 2.5), spleen (35%), liver (54%), 

contralateral spleen/liver (88%), ipsilateral spleen/liver (25%) and GI (40%) 

whilst for midline tumours significant reductions were seen for combined both 

kidneys (16%) and liver (43%) only. Detailed breakdown of dosimetric 

differences is shown in Table 2.5, where most of the significant benefits for PBS 

were seen at doses at the mid-range level, under 50% (~10Gy). 

 

Despite observing average mean dose reductions, upon individual reviews, 

three cases had better dosimetry on IMAT plans, all of which were at the midline 

location. This constitutes to 15% of all cases and 27% of midline cases. All 
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three cases are described in detail in Section 2.3.2.4. In brief, two of the cases 

(Case IMAT 1 and 2) were midline bilateral tumours with suboptimal balance 

between kidney sparing and adequate target coverage for the PBS plan. Only 

these two cases had PTV volumes which were larger than 600 cm3 within the 

midline group. The other case favouring IMAT (Case IMAT 3) was a midline 

unilateral tumour with large anterior extension of the PTV resulting in an 

inadequate target volume coverage on robustness analysis due to surrounding 

bowel on the PBS plan. 

 

When midline tumours are divided into subgroup locations, PBS plans 

demonstrate slightly more sparing of the kidneys compared to IMAT plans for 

both midline unilateral and midline bilateral locations (Figure 2.6). These results 

imply that some midline tumours still benefit from PBS.  

 

No significant correlation was seen between the mean dose benefit for both 

kidneys from PBS with PTV volume (p=0.32) or extent of PTV anterior 

extension from vertebral body (p=0.697) in the midline group. 
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Mean Dose to Organs at Risk 

 

Figure 2.4. Reduction of mean dose to organs at risk with PBS plans compared to IMAT plans stratified according to tumour location.  
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Average values are exhibited. 

The numbers at the top of the bars represent the percentage mean dose reduction (
!"#$%&'(

!"#$ )100) whilst the numbers at the bottom 

represent the absolute mean dose reduction.   

The cross sign (+) on top of figures indicate statistically significant differences between plans, p£0.05. 

 * Ipsilateral and contralateral organs at risk are analysed for unilateral and midline unilateral tumour locations only. 

Abbreviations: Ip = ipsilateral, Contra = contralateral, Kid = Kidney, GI = Gastrointestinal tract, Lat = Unilateral, Mid = Midline, Mlat = 

Midline Unilateral, MBil = Midline Bilateral. 
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Dose Volume Histograms demonstrating kidney doses 

 

 

Figure 2.5. DVH for the unilateral tumour group demonstrating the average 

dose to the contralateral kidney and ipsilateral kidney.  

PBS plans (solid line) offer improved dose sparing to the contralateral kidney 

but no benefit is seen for the ipsilateral kidney compared with IMAT plans 

(dotted line). The 95% confidence intervals are demonstrated by the lighter 

dotted lines. 

Abbreviations: CK = contralateral kidney, IK = ipsilateral kidney 

 

  



95 
 

 

 

Figure 2.6. DVH demonstrating the average dose to both kidneys for midline 

bilateral and midline unilateral tumour subgroups.  

On average, both subgroups demonstrate more kidney sparing with PBS plans 

(solid line) than IMAT plans (dotted line).  

Abbreviations: MB = Midline bilateral, MLat = Midline Unilateral 
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Dosimetric parameter comparisons 

 

Table 2.5. Dosimetric parameters comparison between PBS and IMAT plans.  

All cases are shown in Table 2.5A and tumour location stratification are shown 

in Table 2.5B and 2.5C). Values exhibited are mean ± standard deviation. 

Bolded p values indicate significant differences between plans (p£0.05). 

*Difference between plans are calculated as IMAT subtract PBS. Positive 

values indicate improved dose sparing to organs at risk with PBS plan. 

 

Structures Parameters 
All (n=20) 

PBS IMAT IMAT-
PBS* 

P 

CTV-RAPBS / 
PTVIMAT 

D95% (%) 96.3±4.3 96.3±1.8 0.0 0.100 
HI 0.10±0.11 0.11±0.09 0.01 0.255 

Spinal canal D0.1cc (Gy) 21.8±0.2 21.9±0.3 0.1 0.062 

Both 
Kidneys 

Dmean (Gy) 9.5±3.6 11.0±2.5 1.5 0.002 
V20Gy (%) 21.1±15.2 21.6±16 0.5 0.765 
V15Gy (%) 33.0±13.4 32.3±14.7 -0.7 0.218 
V12Gy (%) 38.4±13.3 37.8±15.8 -0.6 0.455 
V5Gy (%) 53.8±12.1 78.2±15.4 24.4 <0.001 

Spleen 

Dmean (Gy) 6.5±7.1 9.0±5.6 2.5 0.004 
V20Gy (%) 15.4±24.1 15.2±23.4 -0.2 0.790 
V15Gy (%) 22.8±31.9 23.8±30.8 1.0 0.363 
V10Gy (%) 29.9±35.8 38.1±40 8.2 0.003 
V5Gy (%) 39.2±40.4 65.8±34.8 26.6 <0.001 

Liver 

Dmean (Gy) 4.4±3.6 8.4±4.1 4.0 <0.001 
V21Gy (%) 4.0±4.0 4.0±4.8 0.0 0.492 
V19Gy (%) 9.0±10.3 8.9±10.1 -0.1 0.670 
V10Gy (%) 17.8±19.2 36.2±27 18.4 <0.001 
V5Gy (%) 20.1±24.1 66.6±30.2 46.5 <0.001 

GI 

Dmean (Gy) 5.2±2.8 7.7±2.7 2.5 <0.001 
V21Gy (%) 7.0±5.7 6.5±6.4 -0.5 0.100 
V21Gy (cc) 71.0±61.7 66.1±64.4 -4.9 0.114 
V15Gy (%) 18.4±12.2 20.7±12.4 2.3 0.001 
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V15Gy (cc) 184.2±141.6 208.7±148.4 24.5 0.001 
V5Gy (%) 28.6±16.6 52.6±15.6 24.0 <0.001 
V5Gy (cc) 300.5±212.8 535.3±307.3 234.8 <0.001 

Normal 
tissue dose 

Dmean (Gy) 1.5±0.4 2.9±0.6 1.4 <0.001 
DIntegral 
(Lt.Gy) 10.4±4.5 19.9±7.5 9.5 <0.001 

Table 2.5A. Dosimetric comparison of PBS and IMAT plans for all cases. 
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Structures Parameters 
Unilateral (n=9) Midline (n=11) 

PBS IMAT 
IMAT-
PBS* 

P PBS IMAT 
IMAT-
PBS* 

p 

CTV-RAPBS / PTVIMAT 
D95% (%) 97.5±0.5 97.3±0.5 -0.2 0.514 95.2±5.6 95.5±2.0 0.3 0.248 
HI 0.07±0.01 0.07±0.02 0.00 0.883 0.13±0.14 0.15±0.10 0.02 0.326 

Spinal canal D0.1cc (Gy) 21.8±0.2 21.6±0.2 -0.2 0.051 21.7±0.3 22.2±0.3 0.5 0.004 

Both kidneys 

Dmean (Gy) 10.4±4.0 11.6±1.4 1.2 0.110 8.8±3.2 10.5±3.0 1.7 0.003 
V20Gy (%) 25.7±10.7 25.9±11.1 0.2 0.594 17.3±17.7 18.1±18.9 0.8 0.859 
V15Gy (%) 37.1±8.2 36.5±8.2 -0.6 0.314 29.7±16.1 28.9±18.1 -0.8 0.477 
V12Gy (%) 41.1±7.6 42.8±7.7 1.7 0.139 36.2±16.6 33.7±19.7 -2.5 0.859 
V5Gy (%) 53.2±7.0 78.2±12.1 25.0 0.008 54.3±15.4 78.2±18.3 23.9 0.003 

Ipsilateral kidney Dmean (Gy) 16.7±2.8 16.9±2.6 0.2 0.594 - - - - 

Contralateral kidney 

Dmean (Gy) 2.0±1.0 6.2±1.3 4.2 0.008 - - - - 
V15Gy (Gy) 0.5±0.9 1.4±1.3 0.9 0.015 - - - - 
V12Gy (Gy) 1.9±2.3 5±2.6 3.1 0.008 - - - - 
V5Gy (Gy) 14.3±8.5 61.6±20.1 47.3 0.008 - - - - 

Liver 

Dmean (Gy) 3.9±3.8 8.5±4.1 4.6 0.008 4.8±3.5 8.4±4.3 3.6 0.003 
V21Gy (%) 3.1±3.7 3.3±4.6 0.2 0.735 4.7±4.3 4.6±5.1 -0.1 0.445 
V19Gy (%) 8.3±10.7 8.3±10.5 0.0 0.499 9.6±10.5 9.5±10.2 -0.1 0.878 
V10Gy (%) 18.2±19.8 34.3±29 16.1 0.008 20±16.9 37.7±26.6 17.7 0.005 
V5Gy (%) 14.8±13.9 68.1±29.3 53.3 0.008 31.8±21.7 65.3±32.2 33.5 0.003 

Spleen 
Dmean (Gy) 6.0±8.0 9.3±6.6 3.3 0.011 6.8±6.5 8.8±5.0 2.0 0.110 
V10Gy (%) 28.8±40.4 36.0±43.5 7.2 0.012 30.8±33.7 39.8±38.9 9.0 0.047 
V5Gy (%) 33.1±41.6 61.8±39.1 28.7 0.012 44.3±40.6 69.1±32.4 24.8 0.010 



99 
 

Structures Parameters 
Unilateral (n=9) Midline (n=11) 

PBS IMAT 
IMAT-
PBS* 

P PBS IMAT 
IMAT-
PBS* 

p 

Ipsilateral spleen/liver 
Dmean (Gy) 9.2±6.3 12.2±5.6 3.0 0.011 - - - - 
V10Gy (%) 44.6±32.8 61±33.6 16.4 0.012 - - - - 
V5Gy (%) 43.3±35.2 80.2±32.6 36.9 0.012 - - - - 

Contralateral spleen / 
liver 

Dmean (Gy) 0.7±0.7 5.6±2.1 4.9 0.008 - - - - 
V10Gy (%) 2.4±3.1 9.3±10.1 6.9 0.008 - - - - 
V5Gy (%) 4.6±5.0 49.6±28.7 45.0 0.008 - - - - 

Gastrointestinal tract 

Dmean (Gy) 4.4±2.6 7.3±2.7 2.9 0.008 6.0±3.0 8.0±2.8 2.0 0.003 
V15Gy (%) 15.4±11.7 18.0±12.1 2.6 0.011 20.8±12.6 22.9±12.7 2.1 0.016 
V15Gy (cc) 125.0±118.4 147.3±134.8 22.3 0.012 232.5±145.4 258.9±145.3 26.4 0.024 
V5Gy (%) 19.8±12.1 52.0±15.8 32.2 0.008 35.9±16.6 53.2±16.2 17.3 0.003 
V5Gy (cc) 174.8±159.8 421.1±243.8 246.3 0.004 403.3±199.4 628.6±332.5 225.3 0.001 

Normal tissue dose 
Dmean (Gy) 1.5±0.5 2.9±0.7 1.4 0.008 1.5±0.4 2.9±0.6 1.4 0.003 
DIntegral (Lt.Gy) 8.8±4.6 17.8±9.1 9.0 0.008 11.7±4.1 21.7±5.9 10.0 0.003 

Table 2.5B. Dosimetric comparison of PBS and IMAT plans stratified to unilateral and midline groups. 
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Structures Parameters Midline Unilateral (n=4) Midline Bilateral (n=7) 
PBS IMAT IMAT-

PBS* 
P PBS IMAT IMAT-

PBS* 
p 

CTV-RAPBS / PTVIMAT 
D95% (%) 96.4±2.4 96.6±0.5 0.2 0.875 94.5±6.9 94.8±2.3 0.3 0.375 
HI 0.09±0.04 0.10±0.02 0.01 1.000 0.15±0.17 0.19±0.11 0.04 0.438 

Spinal canal D0.1cc (Gy) 21.6±0.3 22.1±0.4 0.5 0.125 21.8±0.2 22.2±0.2 0.4 0.031 

Both kidneys 

Dmean (Gy) 8.1±4.0 9.8±3.5 1.7 0.068 9.2±3.0 10.9±3.0 1.7 0.018 
V20Gy (%) 17.9±19.3 17.6±19.9 -0.3 0.715 17±18.3 18.4±19.9 1.4 1.000 
V15Gy (%) 26.6±19.9 25.1±19.6 -1.5 0.715 31.5±15.0 31.1±18.4 -0.4 0.499 
V12Gy (%) 31.8±20.4 30.8±18.3 -1.0 0.715 38.7±15.3 35.4±17.2 -3.3 1.000 
V5Gy (%) 50.4±19.5 74.4±18 24.0 0.068 56.4±13.9 80.4±19.4 24.0 0.018 

Ipsilateral kidney Dmean (Gy) 12.9±6.7 13.2±5.9 0.3 0.465 - - - - 

Contralateral kidney 

Dmean (Gy) 3.2±1.9 6.4±1.3 3.2 0.068 - - - - 
V15Gy (Gy) 3.1±2.1 4.4±2.7 1.3 0.068 - - - - 
V12Gy (Gy) 6.7±4.5 9±3.9.0 2.3 0.068 - - - - 
V5Gy (Gy) 24±14.6 62.1±13.9 38.1 0.068 - - - - 

Liver 

Dmean (Gy) 4.4±5.4 8.2±6.0 3.8 0.068 5.0±2.3 8.5±3.6 3.5 0.018 
V21Gy (%) 5.3±6.7 5.6±8.2 0.3 1.000 4.4±2.9 4.0±2.9 -0.4 0.310 
V19Gy (%) 12.2±17.6 11.9±16.7 -0.3 1.000 8.0±4.4 8.1±5.3 0.1 0.735 
V10Gy (%) 19.7±26 36.3±35.8 16.6 0.109 20.1±11.9 38.5±23.2 18.4 0.018 
V5Gy (%) 25.2±30.9 61±39.4 35.8 0.068 35.5±16.1 67.8±30.6 32.3 0.018 

Spleen 
Dmean (Gy) 6.0±7.2 6.9±6.0 0.9 0.715 7.3±6.6 9.9±4.5 2.6 0.237 
V10Gy (%) 28.1±37.4 24.5±37 -3.6 0.285 32.4±34.4 48.5±39.9 16.1 0.018 
V5Gy (%) 46.7±53.3 53.8±43.4 7.1 0.465 42.9±36.3 77.9±23.8 35.0 0.018 
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Structures Parameters Midline Unilateral (n=4) Midline Bilateral (n=7) 
PBS IMAT IMAT-

PBS* 
P PBS IMAT IMAT-

PBS* 
p 

Ipsilateral spleen/liver 
Dmean (Gy) 9.0±6.5 9.6±7.2 0.6 0.715 - - - - 
V10Gy (%) 42.4±34.2 45.6±43 3.2 1.000 - - - - 
V5Gy (%) 63.8±44.2 68.7±47.3 4.9 0.465 - - - - 

Contralateral spleen / 
liver 

Dmean (Gy) 1.4±1.4 5.5±3.3 4.1 0.068 - - - - 
V10Gy (%) 5.3±5.9 15.2±16.9 9.9 0.109 - - - - 
V5Gy (%) 8.1±8.4 46.1±29.8 38.0 0.068 - - - - 

Gastrointestinal tract 

Dmean (Gy) 6.2±3.0 8.0±2.3 1.8 0.068 5.8±3.2 8.0±3.2 2.2 0.018 
V15Gy (%) 21.9±13.2 23.3±10.9 1.4 0.273 20.2±13.3 22.7±14.4 2.5 0.028 
V15Gy (cc) 293.7±219.1 310.9±204.2 17.2 0.625 197.6±85.6 229.2±107.3 31.6 0.031 
V5Gy (%) 36.7±16.8 52.4±14 15.7 0.068 35.4±17.9 53.6±18.4 18.2 0.018 
V5Gy (cc) 477.3±298.5 647.7±306.1 170.4 0.125 361.0±126.5 617.7±370.2 256.7 0.016 

Normal tissue dose 
Dmean (Gy) 1.6±0.3 2.8±0.2 1.2 0.068 1.5±0.5 2.9±0.8 1.4 0.018 
DIntegral (Lt.Gy) 13.2±4.3 23.3±4.9 10.1 0.068 10.8±4.1 20.8±6.5 10.0 0.018 

Table 2.5C. Dosimetric comparison of PBS and IMAT plans stratified to midline unilateral and midline bilateral subgroups.
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2.3.2.3 Examples of cases favouring PBS 

 

Figure 2.7. Case PBS 1 - Unilateral  

 

Figure 2.7A. Comparison of PBS (left) and IMAT (right) plans for a unilateral 

tumour illustrated in colour wash at 95% (top) and 20% (bottom) isodose. The 

PBS technique produces a highly conformal plan with reduced dose to the 

surrounding normal structures without compromising target volume coverage.  

Contours: Peach = PTV, yellow = both kidneys. 
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Figure 2.7B. DVH comparison for the case shown in Figure 2.7A. The PBS 

plan (<) provides larger dose sparing to the ipsilateral left kidney, contralateral 

right kidney and liver compared to the IMAT plan (p). Note that PTV for both 

plans are demonstrated here for illustrative purposes, the D95% CTV-RAPBS 

was similar (97.2%) to the PTVIMAT (97.6%).  
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Figure 2.8. Case PBS 2 - Midline unilateral (Simple) 

This is a midline unilateral case with a PTV fairly similar to a unilateral tumour 

case but with a larger volume. 

 

 

Figure 2.8A. Comparison of PBS (left) and IMAT (right) radiotherapy plans for 

a midline unilateral tumour. The advantage of the PBS technique in this case is 

comparable to a unilateral case whereby there is increased sparing of dose to 

the contralateral side of the body and the anterior portion of the liver compared 

to the IMAT technique. 

The 95% (top) and 20% (bottom) isodose is illustrated in colour wash.  

Contours: Red = PTV, dark blue = left kidney, brown = right kidney, green = 

liver.  
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Figure 2.8B. DVH comparison for the case shown in Figure 2.8A. The PBS 

plan (<)  spares more dose from the contralateral left kidney and liver 

compared to the IMAT plan (p). The PTV for both plans are demonstrated here 

for illustrative comparison, the D95% for CTV-RAPBS was excellent at 98% 

versus PTVIMAT at 97.1%. 

 

 

 

  



106 
 

Figure 2.9. Case PBS 3 - Midline unilateral (Complex) 

The PTV is more complex in this case in that there is there is moderate contact 

between the PTV and the kidneys. 

 

Figure 2.9A. PBS (left) and IMAT (right) radiotherapy plans for a midline tumour 

with complex PTV exhibited with 95% (top), 50% (middle) and 20% (bottom) 

isodose in colour wash. Although there is better sparing of the liver with the 

PBS technique, an additional beam angle traversing the spleen is required in 

order to respect the kidney dose constraints.   

Contours: Red = PTV, yellow = both kidneys, dark blue = spleen, green = liver.  



107 
 

 

Figure 2.9B. DVH comparison for the case shown in Figure 2.9A. The PBS 

plan (<) offers improved dose reduction to the liver, but slightly increased dose 

to the spleen is observed when compared to the IMAT plan (p). The D95% for 

both plans remain similar with CTV-RAPBS at 96.9% and PTVIMAT at 96.2%. On 

balance, the PBS plan still offers a benefit in terms of dose reduction but the 

advantage is not as obvious as cases PBS 1 and PBS 2 illustrated earlier.  
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2.3.2.4 Cases favouring IMAT  

Figure 2.10. Case IMAT 1 – Midline bilateral 

This PTV overlaps with both kidneys resulting in a challenging balance between 

kidney sparing and PTV coverage. The PTV is large at 645 cm3. 

 

Figure 2.10A. Radiotherapy plans with 95% (top), 50% (middle) and 20% 

(bottom) isodose in colour wash. Left: PBS with 2 posterior fields (2F PBS); 

Middle: PBS with 3 fields - 2 posterior oblique and 1 anterior (3F PBS); Right: 

IMAT. The PBS plan with 2 posterior fields (2F PBS) has poor kidney sparing, 

best appreciated at the 50% isodose, requiring an additional anterior beam (3F 

PBS) to improve kidney sparing. However, an anterior beam is disadvantaged 

by bowel gas unpredictability which will be discussed in the next chapter.  

Contours: Red = PTV, orange = CTV, yellow = both kidneys. 
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Figure 2.10B. DVH comparison for the case shown in Figure 2.10A. In order to 

maintain a similar PTV coverage for both plans, a larger volume of kidneys is 

irradiated at mid-high doses (above 11Gy) in the PBS plan (<) compared to 

the IMAT plan (p). This is despite a lower mean dose to the kidneys observed 

for PBS (8.4Gy) than IMAT (11.2Gy). The PBS plan demonstrated here is the 

3F PBS plan, indicating that even with 3 fields, PBS does not offer sparing to 

the adjacent kidneys as well as IMAT in this case.  
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Figure 2.11. Case IMAT 2 – Midline Bilateral 

This is another midline bilateral case where there is an extensive amount of 

overlap between both kidneys and the PTV, requiring compromise to the target 

volume to respect kidney tolerances. The PTV is also large at 611cm3. 

 

 

Figure 2.11A. PBS (left) and IMAT (right) radiotherapy plans for a midline 

bilateral tumour. The PBS plan is not as conformal as the IMAT plan with high 

dose lost at the PTV around the kidney (white arrows, top left figure).  

The 95% (top) and 50% (bottom) isodose in colour wash is demonstrated. 

Contours: Red = PTV, yellow = both kidneys. 
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Figure 2.11B. DVH comparison for the case shown in Figure 2.11A. The PBS 

plan (<) has a lower PTV coverage compared to the IMAT plan (p) when both 

plans were optimised to achieve a similar degree of kidney sparing. The D95% 

CTV-RAPBS was worse at 78.9% compared to the PTVIMAT at 96.7%. Note that 

the kidney doses in this plan comparison are higher than the recommended 

dose constraint. In clinical practice, a further compromise to the target volume 

for both modalities would be required in order to achieve the dose constraints 

of both kidneys.   
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Figure 2.12. Case IMAT 3 – Midline Unilateral 

In this midline unilateral case, the robustness of the PBS plan is affected as the 

PTV has a large extent of anterior extension into the GI volume. 

 

Figure 2.12A Radiotherapy plans for Case IMAT 3 at 95% isodose colour wash 

comparing the PBS plan without robustness analysis (top), worst case scenario 

of the same PBS plan with robustness analysis (middle) and IMAT plan 

(bottom). Whilst the target volume coverage for PBS without robustness 

analysis looks comparable to the IMAT plan, the air pockets of the surrounding 

GI structure results in dose deterioration during robustness evaluation of the 

PBS plan.  

Contours: Red = PTV, green = CTV, dark blue = GTV, brown = GI. 
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Figure 2.12B DVH of case shown in Figure 2.12A demonstrating the D95% 

target volume coverage of the IMAT plan (top) and PBS plan with robust 

analysis (bottom).  
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Figure 2.12C. DVH comparison between PBS (<) and IMAT (p) plans for 

Case IMAT 3. The PBS plan demonstrates a lower dose to the liver and both 

kidneys. 

 

The preferred choice of modality is not as well-defined in this case. On one 

hand, there is the benefit of reduced dose to critical OAR with the PBS plan. 

On the other hand, there is a possible but not definite deterioration to the D95% 

coverage with the PBS plan as the worst-case scenario may never happen 

during treatment. Dose to OAR, although better with the PBS plan, are within 

acceptable tolerance with both techniques. The overlap between the GI volume 

and PTV may also result in further dosimetric deterioration with the PBS plan 

due to unpredictable variability of air within the GI during treatment (addressed 

in the following two chapters). The IMAT technique was therefore chosen as 

ensuring satisfactory tumour coverage in the context of OAR dose within 

acceptable tolerance is more important clinically.  
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2.3.3 Dose to the vertebrae and dose fall-off assessment  

 

The dose fall-off distance from 80% to 20% isodose along the cranial-caudal 

direction of the vertebrae was larger in PBS plans by 2.8mm (p=0.0001, Figure 

2.13).  

 

 

 

Figure 2.13. Vertical dose fall-off comparison between IMAT and PBS plans. 

Dot represents median and whiskers represent interquartile range.  
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Figure 2.14. An example of the dose fall-off between the PBS and IMAT 

radiotherapy plans.  

The same case is demonstrated in sagittal view at 20% isodose.  

The green to blue colour wash range represents the lateral penumbra between 

80% and 20%, which is very subtly larger in the PBS plan. 
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The D95% of the non-adjacent vertebrae was marginally better for PBS plans 

with lower dose compared with IMAT plans (median 0.71Gy versus 1.79Gy, 

p=<0.001). The lower dose was appropriately reflected in the adjacent 

vertebrae with lower D95% and V20Gy values for PBS plans (p=0.001), Table 

2.6. This suggests that the difference seen between plans is likely due to inter-

planner variability on the position chosen for dose fall-off optimisation rather 

than a clinical disadvantage from the larger lateral penumbra seen with PBS 

plans. 

Dosimetry  PBS (median) [IQR] IMAT (median) [IQR) p 
NON-ADJACENT VERTEBRAE (n=39) * Aim: Minimal volume irradiated 
Mean dose 4.9Gy 

[3.9-5.6Gy] 
5Gy 

[3.5-8.1Gy] 
0.320 

D95% 3.4% / 0.71Gy 
[0.8-7.7%] 

8.5% / 1.79Gy 
[6-11.3%] 

<0.001 

D50% 18% / 3.78Gy 
[11.8-24.6%] 

16.2% / 3.4Gy 
[9.7-35%] 

0.732 
 

D2% 58.7% / 12.4Gy 
[54-65%] 

64.1% / 13.4Gy 
[46.2-91.9%] 

0.267 

V20Gy 0% 
[0-0%] 

0% 
[0-0.2%] 

0.110 

V10Gy 9.8% 
[6-14.7%] 

12.9% 
[1.6-35.2%] 

0.225 

ADJACENT VERTEBRAE (n=20) Aim: Homogenous irradiation >20Gy 
V20Gy 95.3% 

[93.3-97.9%] 
99.7%  

[97.7-100%] 
0.001 

D95% 95.8% / 20.1Gy 
[93.5-97%] 

98.3% / 20.6Gy 
[97-98.6%] 

0.001 

Table 2.6. Comparison of dosimetric parameters between IMAT and PBS plans 

for non-adjacent and adjacent vertebrae.  

Bolded p values indicate significant differences between plans (p£0.05). 

*There was one case with no inferior vertebral dose as the PTV extended into 

the pelvis. Therefore only 39 non-adjacent vertebrae were assessed.   
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2.4 Discussion 

This study has demonstrated that while PBS may offer dosimetric advantages 

over IMAT in many abdominal neuroblastoma cases, this is not always the 

case. PBS may result in an inferior dose distribution compared to advanced 

photon techniques at certain anatomical locations.  

 

The concept of selecting patients for proton therapy based on tumour laterality 

for abdominal neuroblastoma was initially proposed by Hill-Kayser et al.’s group 

at the University of Pennsylvania (Hill-Kayser, 2013, Hill-Kayser, 2019a). 

However, their initial findings were established on the double scatter proton 

therapy technique which is not as conformal as PBS (Hill-Kayser, 2013). Our 

study results with PBS are consistent with theirs in that unilateral tumours 

exhibited the most constant benefit in improving dose sparing to the OAR with 

proton therapy.  

 

They had also demonstrated that double scatter proton therapy provided limited 

sparing of the kidney tissues compared with IMRT for centrally located 

abdominal tumours. In the double scatter era, 19% (4 out of 21) of their cases 

were treated with IMRT or a combination of IMRT and double scatter protons 

due to improved conformality with IMRT (Hill-Kayser, 2019a). When PBS 

became available at their centre, none of the subsequent 26 patients treated 

required IMRT even for central tumours, as the improved conformality of PBS 

provided adequate organ sparing. This is discordant with our study results as 

we found that PBS was less conformal than IMAT for some midline cases. We 
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would have treated 15% of our cases and 27% of our midline cases with the 

IMAT technique.  

 

There may be some reasons for the observed discrepancy. Firstly, the set OAR 

dose tolerance for our cohort, particularly for combined kidneys are much 

tighter at V12Gy ≤ 35%. In their cohort, combined kidneys tolerance used was 

V18Gy < 80%. The tolerances for our study were adopted from Gains et al.’s 

study which were set for a cohort with prescribed radiation doses of 21Gy when 

the IMAT plans were generated (Gains, 2013). The tolerances are 

understandably higher in Hill-Kayser et al.’s cohort as some of their patients 

were prescribed a boost of 36Gy if gross residual disease was still present at 

the primary site. There is significant variability of accepted dose tolerances 

across protocols and institutions. In the UK within the currently recruiting Phase 

I/II IMAT trial which explores the feasibility of dose escalation up to 36Gy, the 

recommended combined kidney tolerance is V14Gy < 40% (CRCTU, 2019). In 

the new SIOPEN High-Risk-2 trial (NIH, 2020) which aims to investigate dose 

escalation to 36Gy in a randomised Phase III setting, the recommended 

combined kidneys optimal tolerance is V20Gy ≤ 30% and mandatory tolerance 

is V15-18Gy ≤ 50%. Most historical studies in children link renal dysfunction 

with radiotherapy doses to the entire kidney but very little data is available on 

partial kidney tolerances (Dawson, 2010). 

 

There are no detailed data regarding late gastrointestinal complications after 

abdominal radiotherapy in children. There are several reports on late bowel 

stricture toxicity post abdominal radiotherapy with doses ranging between 10Gy 
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to 50 Gy, but it is usually attributed to previous bowel surgery (Bolling, 2010). 

In the QUANTEC report using data from adult patients, V15Gy <120cc 

constraint has been recommended if the individual bowel loop is contoured to 

minimise the risk of Grade 3 acute bowel toxicity (Kavanagh, 2010). Higher 

doses maybe more tolerable in children as no Grade 3 or higher diarrhoea or 

vomiting acute effects have been reported in a series of paediatric sarcoma 

patients treated with 24Gy in 1.5-1.8Gy daily fractions to the whole abdominal 

and pelvic region (Casey, 2014). 

 

Recommended bowel constraints in widely used paediatric protocols are 

usually done so as a percentage (for example in Europe: SIOP-Europe-

Neuroblastoma-HR2 protocol (NIH, 2020) and in USA: The Children’s 

Oncology Group Ewing Sarcoma AEWS1031 (COG, 2015) and AEWS1221 

(COG, 2014) protocols). This concept differs from the adult QUANTEC 

recommendations which are based on absolute volumes (Kavanagh, 2010). 

This is likely due to the fact that the volume of bowel contoured vary depending 

on the age and size of the child. For example, a 120cc volume in a 3-year-old 

will encompass a much larger area of the child than a 120cc volume in a 10-

year-old. In our study, PBS plans offer slightly better sparing for the V15Gy 

parameter by about 25cc. This value would likely have been lesser if individual 

small bowel loops were contoured rather than the entire bowel sac. We have 

taken the approach of contouring the bowel sac as the bowel position is 

extremely variable in children (as will be demonstrated in Chapter 4) and is the 

contouring recommendation in paediatric protocols.  
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We have therefore not used gastrointestinal constraints for optimisation or 

assessment in this planning study for the reasons described above. Partial 

constraints to the gastrointestinal structure for in paediatric protocols are 

usually for doses at 30Gy and above, thus not applicable to the prescription 

dose used in this study at 21Gy. For example, the national Phase I/II IMAT 

neuroblastoma trial in the UK recommends the gastrointestinal tract constraints 

of V30Gy<50%, as this is a trial investigating dose escalation up to 36Gy. Even 

if there were set constraints used for this planning study, the results reported in 

the thesis would not have been affected as priority would have been given to 

kidney constraints due to the high risk of nephrotoxicity given that these patients 

would have already underwent nephrotoxic treatments such as systemic 

chemotherapy, aminoglycosides and surgery around the renal hilum. 

 

Dose response of OAR to radiation is poorly understood in children28. 

Therefore, most of the aforementioned tolerances are adapted from the 

Qualitative Analyses of Normal Tissue Effects in the Clinic (QUANTEC) 

guidelines which are predominantly based on the adult population. Due to the 

lack of good data, the paediatric tolerances are usually adjusted more 

conservatively to somewhat account for the increased predisposition of 

developing tissues to radiation damage and the predicted severity of toxicity 

from previous treatments. A large international effort is underway to provide 

clinicians with guidance for normal organ dose constraints for childhood cancer 

radiotherapy via the Paediatric Normal Tissue Effects in the Clinic (PENTEC) 

collaboration (Constine, 2019). 
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Despite the differences in recommended dose tolerances, it does not change 

the fact that PBS plans may in some cases offer less sparing to the OAR than 

IMAT plans, particularly in situations where the OAR is almost at dose tolerance 

and is anatomically located directly adjacent or overlaps with the target volume. 

This may be due to the larger lateral penumbra of PBS compared to IMAT (see 

Section 2.3.3) which makes it challenging to reduce the volume of OAR 

receiving higher doses. The lateral penumbra in our PBS plans are increased 

due to the utilisation of a range shifter to ensure adequate dose is being 

delivered to superficial structures such as the vertebrae. A range shifter or pre-

absorber increases the proton spot size and scatter, in turn increases the lateral 

fall-off of the PBS field (Safai, 2008, Winterhalter, 2018). Whilst many methods 

have been described to improve the lateral penumbra of PBS (Dowdell, 2012, 

Hyer, 2014, Geng, 2016, Moteabbed, 2016), in reality most radiotherapy teams 

are limited to what is available on clinical commercial systems which varies with 

each provider. At the present moment, the Varian PBS systems installed at both 

the national NHS UK centres allow a range shifter of a set thickness to be used 

per field.  

 

It was also not clear how the PBS plans in Hill-Kayser et al.’s cohort was 

analysed. In their methodology, PTV was used for comparison between double 

scatter and IMRT plans. If the static PTV had been used to compare PBS and 

IMAT plans as well, this carries the risk of underestimating the potential dose 

degradation with PBS plans as we have demonstrated in Case IMAT 3 in 

Section 2.3.2.4. A set-up error in PBS plans may cause a different impact on 

each beam and may also lead to a misalignment of tissue heterogeneities, 
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resulting in dose distortion rather than just displacement of delivered dose as 

seen with photons (Unkelbach, 2018). The degree of dose degradation is 

dependent on the amount of modulation per field (more modulation in IMPT 

than SFUD plans) and tends to be more severe if the dose gradients are 

steeper (Albertini, 2011b). These issues will not be diminished by simply adding 

larger planning margins. This is the reason why we have chosen to evaluate 

our PBS plans with robust analysis in this study. Although we have used the 

worst-case scenario method for evaluation which is the recently recommended 

reporting standard for upcoming PBS trials within the UK (Lowe, 2020), there 

are limitations to this methodology. Taking the worst-case scenario means that 

decisions are made on the assumption that the scenario occurs as a systematic 

error i.e. the worst-case scenario occurs every single day of treatment 

(Fredriksson, 2015). In reality, daily random set-up errors (different set-up 

position daily) from fractionation “blurs” out the final accumulated delivered 

dose distribution dependent on the number of fractions (McGowan, 2015, 

Lowe, 2016). Therefore, the worst-case scenario robustness analysis method 

potentially overestimates the disadvantage of PBS. However, it is biologically 

uncertain if an OAR overdosed on one fraction can be safely compensated with 

a lower dose on another fraction. Whilst we await further developments on 

commercial systems and clinical data validating other methods of PBS plan 

analysis (Unkelbach, 2007, Unkelbach, 2009, Liu, 2013, McGowan, 2015, 

Perko, 2016, Korevaar, 2019), adopting the worst-case scenario approach 

ensures that the plan chosen for PBS is safe and effective even if it may turn 

out to be an overly conservative option in the long run. 
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Our attempt at further classifying a subgroup of midline tumours which would 

not benefit from the PBS technique has not been as successful. Evaluation with 

further stratification based on location to midline unilateral and midline bilateral 

subgroups demonstrated reduction of mean kidney dose (Figure. 2.4) and 

improved average DVHs for both kidneys with PBS plans (Figure. 2.6). PTV 

volume and the extent of PTV anterior extension did not correlate with dose 

sparing of the kidneys. This implies that whilst we can probably categorise 

patients with unilateral tumours into the group which would benefit from PBS, 

categorisation of midline tumours is more complex and an individualised 

assessment is still necessary.  

 

Our study has also highlighted that the use of mean dose as the only parameter 

for plan comparison of OAR sparing may not be fully informative. We have 

shown that whilst PBS plans may demonstrate a lower mean dose compared 

to IMAT plans, a larger volume of the OAR may in fact receive higher doses, 

causing the PBS plan to be less desirable clinically.  

 

One challenge we have identified from this study is that some cases had 

benefits from both modalities making the decision-making process tricky. For 

example, which plan should be considered superior if the combined kidney 

V12Gy was 5% lower in the IMAT plan but the mean dose of the liver was 5Gy 

lower on the PBS plan assuming all dose objectives were met with both 

modalities? Aiming to minimise dose to the liver is also of importance 

particularly in children with sinusoidal obstructive syndrome also known as 

veno-occlusive disease, a recognised complication after autologous bone 
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marrow transplantation in patients with neuroblastoma (Horn, 2002). However, 

it is unclear if the radiation tolerance of the liver is reduced if there was pre-

existing sinusoidal obstructive syndrome.  

 

It is therefore likely that there is a spectrum of benefit with each modality. Cases 

at different tumour locations belong to different areas of the spectrum 

depending on the degree of benefit attained from each modality as illustrated 

in Figure 2.15. There are a group of cases in the “grey zone” where there is 

equipoise on the best recommended treatment modality. The clinical decision 

may therefore need to be made with more consideration of other factors such 

as pre-existing toxicity, clinical status, parental views, funding availability, 

support networks and social situation. Whilst we have been able to quantify the 

amount of dose improvement to the OAR, we have little clinical evidence for 

guidance as to which organ holds more importance or what level of dose 

improvement is required before a clinical benefit is materialised.  
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Figure 2.15. Illustration of the spectrum where PBS and IMAT radiotherapy 

plans offer variable degree of benefits.  

Different tumour location groups and case examples which were described in 

Section 2.3.2.3 and 2.3.2.4 are shown on where they fit on the spectrum. 

 

In conclusion, the planning study in this chapter has identified that some 

neuroblastoma cases particularly those located unilaterally have consistently 

better OAR dose sparing with the PBS technique. This is an exciting and 

promising prospect as it may be possible to use some of this knowledge as a 

guide for PBS patient referral and selection in the future once it has been 

validated in the setting of a clinical study which is in the development stages. 

The next steps before clinical application is feasible is to investigate how inter-

fractional such as gastrointestinal density variation and intra-fractional changes 

such as motion affect PBS plan quality for neuroblastoma cases. 
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Chapter 3 :  
Impact of gastrointestinal density 

variation on proton versus 

photon radiotherapy plans in 

patients with abdominal 

neuroblastoma 
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3.1 Introduction 

 

Although pencil beam scanning (PBS) proton therapy is highly conformal with 

the ability to improve sparing to critical organs at risk (OAR), its highly localised 

dose distribution is a double-edged sword which makes it very sensitive to 

treatment uncertainties (Lomax, 2008a, Lomax, 2008b). We described in the 

previous chapter the rationale of evaluating PBS plans with robustness analysis 

which takes into account set-up errors and range uncertainty of the proton 

beam. However, it does not take into account density changes that can happen 

during treatment delivery. Changes in tissue density along its beam path can 

affect the position at which the individual Bragg peak spots are meant to be 

deposited, degrading the delivered dose distribution, resulting in insufficient 

target volume coverage or over-dose to the OAR. 

 

A study by Placidi et al. has shown that 16% of patients with on-treatment 

computed tomography (CT) imaging treated with PBS at the Paul Scherrer 

Institute (PSI) required replanning due to anatomical changes causing dose 

degradation. The reason for replanning in 75% of cases was due to filling 

variations. Within the pelvic and extracranial group of patients requiring 

replanning, 67% was due to filling variations. 

 

Gastrointestinal (GI) density changes particularly within the upper part is highly 

unpredictable. Variable bowel densities have been shown to have a negative 

impact on PBS plans for tumours at the upper abdominal region (Mondlane, 

2017). This poses a technical challenge for the treatment of abdominal 
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neuroblastoma tumours which is most commonly located at the adrenal region 

(Navalkele, 2011).  

 

Most dosimetric comparison studies for paediatric abdominal tumours 

(Hillbrand, 2008, Hattangadi, 2012, Vogel, 2017) which have shown a benefit 

with PBS technique have not taken into account the impact of GI density 

variation. There has been one dosimetric study which still demonstrated 

benefits with PBS over Intensity modulated arc therapy (IMAT) after taking into 

account the effects of daily intra-fraction anatomical changes in a mixed cohort 

of patients with neuroblastoma and Wilms’ tumour (Guerreiro, 2019). However, 

there has been no studies which have investigated the dosimetric impact within 

a neuroblastoma cohort.  

 

In this chapter, the investigation into the dosimetric impact of density changes 

within the GI volume in two extreme scenarios for abdominal neuroblastoma 

cases is described. I have deliberately chosen the worst-case scenarios to fully 

understand the depth of the issue, with the appreciation that the true effects 

probably lie somewhere in between the two extremes. An analytical exploration 

was also undertaken to identify if certain tumour characteristics could be used 

to predict dosimetric changes seen with PBS plans. 
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3.2 Methods 

 

3.2.1 Plan simulation and recalculation  

The PBS and IMAT plans from the twenty neuroblastoma cases previously 

described in Chapter 2 were used for this simulation. The entire GI volume was 

simulated as air equivalent density (Hounsfield Unit (HU) -700) and water 

equivalent density (HU 0). Dose recalculations for each scenario was 

performed and dose differences (∆D, recalculated-nominal) between the 

recalculated and nominal plan was analysed. A negative value indicates a dose 

deterioration from the nominal plan.  

 

The ∆D to the intended target volume was evaluated on the Planning Target 

Volume for IMAT plans (PTVIMAT) versus Clinical Target Volume with 

Robustness Analysis for PBS plans (CTV-RAPBS). and CTV volumes for both 

modalities. Parameters assessed were:  

• D95% - Dose received by 95% of the volume 

• D2% - Highest dose received by 2% of the volume 

• Homogeneity Index (HI) ratio – Comparison was performed between 

plans using the ratio of the HI for recalculated plan to the reference 

nominal plan ( 
!"	$%	&'()*(+*),'-	.*)/	)%,'&	012+*),1$/

!"	$%	&'%'&'/('	.*)/  ).   

A value of 1 indicates similar HI between plans, >1 = less homogenous 

recalculated plan and <1 = more homogenous recalculated plan. 

 



131 
 

The ∆D to OAR were assessed to estimate the risk of over-dosage. Mean doses 

were used for the evaluation of kidneys, spleen, liver and GI whilst D0.1cc was 

used for spinal canal. 

 

Tumour volume characteristics such as tumour location, PTV volume and 

anterior extension of PTV from the anterior vertebral body was investigated if 

they could be predictive factors for ∆D.  The methodology in determining tumour 

location and PTV anterior extension has been described in Chapter 2.2.5. 

 

3.2.2 Statistical Analysis 

Statistical analysis was performed using Statistical Package for Social 

Sciences (SPSS; version 24.0, Armonk, NY: IBM Corp). Wilcoxon matched-

pairs signed-rank test was used for comparison between two related groups. 

The Mann Whitney-U test was used for comparison between two independent 

groups. Strength of association between loss of CTV D95% on PBS plans and 

continuous variables was measured with Spearman’s correlation (coefficient, 

rs) as normality assumption was not met on skewness coefficient analysis. A 

linear regression model was fitted to investigate the predictive function if a 

significant correlation was observed. Statistical significance was assumed 

when p£0.05.  
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3.3 Results 

 

3.3.1 PTV, GI and air volume characteristics 

There was no significant difference between unilateral or midline tumours for 

characteristics shown in Table 3.1. The percentage of PTV volume with GI 

overlap was 26.1%  

 

There was a moderate correlation observed between the anterior extension of 

PTV to vertebral body and the percentage of PTV volume with GI overlap 

(r=0.648, p=0.002). 

 

Median volume 
characteristics (range) 

All 
(n=20) 

Unilateral 
(n=9) 

Midline 
(n=11) 

PTV/GI overlap volume 
(cm3) 

100.0 
(16.9-398.2) 

35.2 
(16.9-312.0) 

127.1 
(28.8-398.2) 

 p=0.095 
 

Amount of PTV volume 
with GI overlap (%) 

26.1  
(8.7-67.8) 

17  
(10.9-49.1) 

29.8  
(8.7-67.8) 

 p=0.237 

Amount of air within GI 
volume (%) 

20.8 
(5.2-51.1) 

21.6 
(15.2-51.1) 

19.5 
(5.2-46.9) 

 p=0.603 
 

Amount of air within 
PTV/GI overlap volume (%) 

5.8 
(0.8-33.8) 

11.7 
(4.6-33.8) 

3 
(0.8-28.4) 

 p=0.076 
 

Table 3.1. PTV, GI and air volume characteristics stratified according to tumour 

location. 
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3.3.2 Dosimetric impact when GI was simulated as air 

equivalent density 

 

3.3.2.1 Target Volumes 

 

D95% 

The D95% deterioration was significantly worse for PBS than IMAT plans 

(Figure 3.1A), particularly within the midline group (Figure 3.1B and 3.1C).  

 

For midline tumours, the dose deterioration was worse in PBS plans for both 

CTV-RA and CTV volumes. The median ∆D95% to the CTV was -2.4% PBS 

versus 1.4% IMAT (p=0.002). The maximum dose deterioration to the CTV was 

15.7% in PBS plans whilst no deterioration was seen in IMAT plans. An 

example of the dosimetric consequences after recalculation for a midline 

bilateral tumour is illustrated in Figure 3.2. 

 

For unilateral tumours, minimal D95% dose deterioration was observed for the 

CTV volume (Figure 3.1C). The maximum dose deterioration to the CTV was 

1.9% for PBS versus 0.5% for IMAT. 
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Figure 3.1. ∆D95% for PBS and IMAT plans when GI volume was simulated 

as air. A negative value indicates dose deterioration.  

Significant p values are bolded and asterisked. 

Boxplots: Midline of the box represent median, edges of box represent 

interquartile range (IQR), whiskers represent minimum and maximum values 

within 1.5x IQR, circle (o) represents outliers >1.5x IQR and star (Ô) represents 

outliers >3x IQR. 

 

 

Figure 3.1A. ∆D95% of CTV-RAPBS/PTVIMAT and CTV volumes for the entire 

cohort. 
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Figure 3.1B. ∆D95% of CTV-RAPBS/PTVIMAT volume stratified according to 

tumour location.  

 

Figure 3.1C. ∆D95% for CTV volume stratified according to tumour location. 
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Figure 3.2. Dosimetric consequences to the D95% for a midline bilateral 

tumour when GI volume is simulated as air.  

The case demonstrated is Case PBS 1, which was technically challenging to 

plan with PBS technique (plan comparison previously illustrated in Chapter 

2.3.2.4). The PBS plan with 3 fields (“3F PBS” – two posterior oblique and one 

anterior) was used for this recalculation as it provided the most optimal balance 

between target volume coverage and kidney sparing on the nominal plan. On 

the recalculated plans, the target coverage in the PBS plan (bottom right) is 

critically compromised largely due to the anterior beam whilst the IMAT plan 

(bottom left) remains unaffected.  

The 95% isodose curve is shown in colour wash.  

Contours: PTV = red, CTV = green, kidneys = yellow. 
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Relationship between CTV ∆D95% and PTV volume 

 

There was a moderately strong inverse correlation between CTV ∆D95% and 

PTV volume for PBS plans (rs=-0.718; p=<0.001, Figure 3.3). A significant CTV 

D95% loss was observed if the PTV volume was ≥400cm3 (p=0.001, Figure 

3.4). The median ∆D95% was -4.1% (n=8; range, -1.0% to -15.7%) versus -

0.2% if PTV <400cm3 (n=12; range, -2.4% to 0.0%). 

 

 

 

Figure 3.3. Scatterplot demonstrating the relationship between CTV ∆D95% 

and PTV volume for PBS plans.  
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Figure 3.4. Boxplot demonstrating CTV ∆D95% for PBS plans between groups 

stratified by PTV volume greater or lesser than 400 cm3.  

Midline of the box exhibits median, edges of box represent interquartile range 

(IQR), whiskers represent minimum and maximum values within 1.5x IQR and 

circle (o) represents outliers >1.5x IQR.  
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The relationship between PBS CTV ∆D95% and PTV volume is described by 

the following regression equation: 

y = 2.01 - 0.01x, 

where  

y is the ∆D95% to CTV in % and  

x is the PTV volume in cm3.  

 

If we would like to predict the point from which CTV D95% loss occurs, 

then y = 0. 

 0 = 2.01 – (0.01 * x) 

 0.01 * x = 2.01 

 x = 2.01 / 0.01 

 x = 201. 

Therefore, CTV D95% loss is anticipated if the PTV volume is larger than 

200 cm3, rounded to the nearest ten.   

 

If we would like to predict the impact of 100 cm3 PTV volume increase 

on CTV D95% loss, then x = 300.   

(Note the value of x should not be lower than 200 to predict CTV D95% 

loss). 

y = 2.01 – (0.01 * 300) 

y= -1.0. 

Therefore, CTV D95% decreases by 1% with every increase of 100 cm3 

PTV volume.  
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Relationship between CTV ∆D95% and extent of PTV anterior extension 

 

A moderate correlation was also observed between CTV ∆D95% and the extent 

of anterior extension of the PTV for PBS plans (rs=-0.725; p=<0.001, Figure 

3.5). If the PTV was ≥60% anterior to the vertebral body, a significant CTV 

D95% loss of coverage was observed (Figure 3.6). The median ∆D95% was -

2.1% if the anterior extension was ≥60% (n=8; range -15.7 to 0.0) versus 0.0% 

if <60% (n=12; range -2.4 to 0.0); p=0.002.  

 

 

Figure 3.5. Scatterplot demonstrating the relationship between CTV ∆D95% 

and anterior extension of the PTV from the anterior vertebral body for PBS 

plans. 
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Figure 3.6. Boxplot demonstrating CTV ∆D95% for PBS plans between groups 

stratified by anterior extension of PTV greater or lesser than 60%.  

Midline of the box exhibits median, edges of box represent and interquartile 

range (IQR), whiskers represent minimum and maximum values within 1.5x 

IQR, circle (o) represents outliers >1.5x IQR and star (Ô) represents outliers 

>3x IQR.  
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The relationship between PBS CTV ∆D95% and PTV anterior extension is 

described by the regression model equation as follows:  

y = 2.11 - 0.08x, 

where  

y is the ∆D95% to CTV in % and  

x is the anterior extension of the PTV from the vertebral body in 

%. 

 

If we would like to predict the point from which CTV D95% loss occurs, 

then y = 0. 

0 = 2.11 – (0.08 * x) 

0.08 * x = 2.11 

x = 2.11 / 0.08 

x = 26.4. 

Therefore, CTV D95% loss is anticipated when the PTV extends further 

than 26% anterior to the vertebral body, rounded to the nearest one.  

 

If we would then like to predict the amount of CTV D95% loss with every 

10% anterior extension of the PTV from the vertebral body, then x = 36.  

(Note that the value of x should not be lower than 26% to predict CTV 

D95% loss). 

y = 2.11 – (0.08 * 36) 

y = -0.8. 

Therefore, a 0.8% CTV D95% loss is estimated with every 10% 

extension of the PTV anterior to the vertebral body.   
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D2% 

D2% was higher for IMAT plans compared to PBS plans (Figure 3.7A), with a 

larger magnitude seen within midline tumours than unilateral tumours (Figure 

3.7B and 3.7C). The median CTV ∆D2% for IMAT plans was 3.3% for midline 

tumours and 1.4% for unilateral tumours. 

 

Figure 3.7. ∆D2% when GI was simulated as air.  

A positive value indicates higher maximum dose. Significant p values are 

bolded and asterisked. Boxplots: Midline of the box represent median, edges 

of box represent interquartile range (IQR), whiskers represent minimum and 

maximum values within 1.5x IQR, circle (o) represents outliers >1.5x IQR and 

star (Ô) represents outliers >3x IQR. 

 

Figure 3.7A. ∆D2% of CTV-RAPBS/PTVIMAT and CTV volumes for the entire 

cohort. 
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Figure 3.7B. ∆D2% of CTV-RAPBS/PTVIMAT volume stratified according to 

tumour location. 

 

Figure 3.7C. ∆D2% of CTV volume stratified according to tumour location. 
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Dose homogeneity 

Dose homogeneity to CTV-RAPBS/PTVIMAT volume was slightly worse for IMAT 

recalculated plans compared to PBS recalculated plans only for unilateral 

tumours (Table 3.2).  

 

 PBS IMAT 
ALL Median 

Range 
1.18 

0.63; 2.87 
1.22 

0.99; 1.74 
P value 0.945 

Unilateral Median 
Range 

1.10 
1.00; 1.43 

1.30 
1.18; 1.74 

P value 0.016 
Midline Median 

Range 
1.58 

0.63; 2.87 
1.14 

0.99; 1.67 
P value 0.123 

 

Table 3.2. Homogeneity Index Ratio between recalculated and nominal plans 

for CTV-RAPBS/PTVIMAT volume when GI was simulated as air.  

Significant p values are bolded.  

A value of 1 indicates similar homogeneity between recalculated and nominal 

plans, >1 = less homogenous recalculated plan and <1 = more homogenous 

recalculated plan. 
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3.3.2.2 Organs at risk 

The median spinal canal ∆D0.1cc was significantly higher in IMAT plans (2.4%) 

than PBS plans (0.0%) for unilateral tumours only (p=0.004). ∆D to mean dose 

(Dmean) was higher in PBS than IMAT plans for the liver and GI at all locations 

(Table 3.3).  

 

Organs 
at risk 

RT 
plan 

ALL (%) UNILATERAL (%) MIDLINE (%) 
Med Range P Med Range P Med Range P 

Spinal 
canal 
(D0.1cc) 

PBS^ 0.0 
0.0; 
27.0 0.012 

0.0 
0.0; 
0.9 0.004 

0.0 
0.0; 
27.0 

0.309 
IMAT 3.3 

0.3; 
9.0 

2.4 
0.3; 
5.6 

3.5 
2.4; 
9.0 

Both 
Kidneys 
(Dmean) 

PBS 0.0 
-0.2; 
19.9 

0.123 
0.0 

-0.1; 
9.9 

0.250 
0.0 

-0.2; 
19.9 

0.320 
IMAT 0.7 

-0.6; 
2.0 

0.8 
-0.6; 
2.0 

0.7 
0.2; 
2.0 

Liver 
(Dmean) 

PBS 2.1 
0.1; 
12.1 <0.001 

1.8 
0.1; 
4.0 0.004 

2.4 
0.1; 
12.1 0.001 

IMAT 0.2 
-0.8; 
1.2 

0.2 
-0.8, 
0.6 

0.3 
-0.5; 
1.2 

Spleen 
(Dmean) 

PBS 0.0 
-0.2; 
16.5 

0.151 
0.0 

-0.2; 
3.4 

0.570 
0.7 

-0.1; 
16.5 

0.206 
IMAT 0.3 

-0.3; 
1.6 

-0.1 
-0.3; 
1.2 

0.4 
-0.1; 
1.6 

GI 
(Dmean) 

PBS 7.8 
1.4; 
16.1 <0.001 

9.5 
4.1; 
14.2 0.004 

6.0 
1.4; 
16.1 0.003 

IMAT 0.7 
-3.5; 
2.2 

0.7 
0.2; 
1.5 

1.0 
-3.5; 
2.2 

Table 3.3. ∆D to organs at risk when GI was simulated as air. 

 Positive values indicate increased dose to surrounding organs. Significant p 

values are bolded. 

^ Two outliers from midline cases increased the maximum spinal canal over-

dosage for PBS plans. These were cases where IMAT technique was the 

preferred choice of treatment modality previously described in Chapter 2.3.2.4 

(Case IMAT 1 ∆D 27.0% and Case IMAT 3 ∆D 17.8%). If these two outliers 
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were excluded, the spinal canal ∆D0.1cc only ranged between 0.0% and 0.9% 

for all PBS plans. 

 

3.3.2.3 Summary 

The dosimetric impact to recalculated plans when GI was simulated as air were 

as follows: 

• Under-dosage to the target volume was observed for PBS plans, 

particularly at midline tumours where the largest CTV D95% 

deterioration was 15.7%. 

• CTV D95% loss for PBS plans can be predicted with:  

o PTV volume - CTV D95% decreases by 1% with every 100 cm3 

increase of volumes above 200 cm3. 

o Anterior extension of the PTV from vertebral body - CTV D95% 

decreases by 0.8% with every 10% anterior extension further than 

26%.  

• Higher D2% to the target volume were observed for IMAT plans, worse 

at the midline location. 

• Spinal canal over dosage was seen in IMAT plans for unilateral tumours.  

• Dose homogeneity was worse in IMAT plans for unilateral tumours. 

 

In general, PBS recalculated plans were worse for midline tumours due to large 

under-dosage to target volume whilst IMAT recalculated plans were worse for 

unilateral tumours due to spinal canal over-dosage. 
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3.3.3 Dosimetric impact when GI was simulated as water 

equivalent density 

 

3.3.3.1 Target Volumes 

D95% 

Larger D95% deterioration to the CTV was observed in IMAT plans for unilateral 

tumours but this was minimal (Figure 3.8C). No significant variations were 

observed in midline tumours. 

 

Figure 3.8. ∆D95% when GI volume was simulated as water.  

A negative value indicates dose deterioration. Significant p values were bolded 

and asterisked. Boxplots: Midline of the box exhibits median, edges of box 

represent interquartile range (IQR), whiskers represent minimum and maximum 

values within 1.5x IQR, circle (o) represents outliers >1.5x IQR and star (Ô) 

represents outliers >3x IQR. 

 

Figure 3.8A. ∆D95% of CTV-RAPBS/PTVIMAT and CTV for the entire cohort. 
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Figure 3.8B. ∆D95% of CTV-RAPBS/PTVIMAT volume stratified according to 

tumour location. 

 
Figure 3.8C. ∆D95% of CTV volume stratified according to tumour location. 
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D2% 

No significant dose consequences to D2% were observed (Figure 3.9). 

 

Figure 3.9. ∆D2% when GI volume is simulated as water.  

Boxplots: Midline of the box exhibits median, edges of box represent 

interquartile range (IQR), whiskers represent minimum and maximum values 

within 1.5x IQR, circle (o) represents outliers >1.5x IQR and star (Ô) represents 

outliers >3x IQR 

 

Figure 3.9A. ∆D2% of CTV-RAPBS/PTVIMAT and CTV volumes for the entire 

cohort. 
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Figure 3.9B. ∆D2% of CTV-RAPBS/PTVIMAT volume stratified according to 

tumour location. 

 

Figure 3.9C. ∆D2% of CTV volume stratified according to tumour location. 
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Dose Homogeneity 

PBS recalculated plans had the worst dose homogeneity for CTV-

RAPBS/PTVIMAT volume (maximum homogeneity index ratio 2.98 PBS versus 

1.13 IMAT; p=0.035), but this effect was not significant after location 

stratification as detailed in Table 3.4. 

 

Tumour location PBS IMAT 

ALL 
Median 
Range 

1.01 
0.97; 2.98 

1.00 
0.47; 1.13 

P value 0.035 

Unilateral 
Median 
Range 

1.04 
0.97; 2.98 

1.00 
0.47; 1.13 

P value 0.148 

Midline 
Median 
Range 

1.00 
0.97; 2.58 

0.97 
0.9; 1.05 

P value 0.128 

Table 3.4. Homogeneity Index Ratio between recalculated and nominal plans 

for CTV-RAPBS/PTVIMAT volume when GI was simulated as water.  

A value of 1 indicates similar homogeneity between recalculated and nominal 

plans, >1 = less homogenous recalculated plan and <1 = more homogenous 

recalculated plan. 
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3.3.3.2 Organs at risk 

Although there was no over-dosage with the median spinal canal ∆D0.1cc, the 

maximum range was higher in PBS plans (3%) than IMAT plans (0.5%) only for 

midline tumours (p=0.011). Increased mean dose to all other organs at risk 

were close to none (Table 3.5).  

 

Organs 
at risk 

RT 
plan 

ALL (%) UNILATERAL (%) MIDLINE (%) 
Med Range P Med Range P Med Range P 

Spinal 
canal 
(D0.1cc) 

PBS 0.0 
0.0; 
3.0 0.017 

0.0 
0.0; 
0.0 

1.0 
0.0 

0.0; 
3.0 0.011 

IMAT -0.3 
-1.5; 
0.5 

0.0 
-1.1; 
0.5 

-0.6 
-1.5; 
0.5 

Both 
Kidneys 
(Dmean) 

PBS 0.0 
-0.9; 
1.1 0.001 

0.0 
-0.9; 
0.1 

0.250 
0.0 

-0.2; 
1.1 0.001 

IMAT -0.3 
-1.8; 
0.1 

-0.2 
-0.7; 
0.1 

-0.4 
-1.8; 
-0.1 

Liver 
(Dmean) 

PBS -0.1 
-1.1; 
0.1 0.001 

-0.1 
-0.6; 
0.1 0.008 

-0.2 
-1.1; 
0.1 0.043 

IMAT 0.1 
-0.2; 
0.4 

0.1 
-0.1; 
0.4 

0.0 
-0.2; 
0.2 

Spleen 
(Dmean) 

PBS 0.0 
-2.1; 
0.2 

0.991 
0.0 

-0.2; 
0.1 

0.563 
0.0 

-2.1; 
0.2 

0.687 
IMAT 0.0 

-1.0; 
0.8 

0.1 
-0.4; 
0.8 

-0.1 
-1.0; 
0.1 

GI 
(Dmean) 

PBS -1.2 
-8.6; 
-0.1 <0.001 

-1.2 
-5.8; -

0.1 0.008 
-1.0 

-8.6; 
-0.2 0.001 

IMAT -0.2 
-0.8; 
0.5 

-0.1 
-0.2; 
0.5 

-0.2 
-0.8; 
0.0 

Table 3.5. ∆D to organs at risk for PBS and IMAT plans when GI is simulated 

as water.  

Positive values indicate increased dose to surrounding organs. Significant p 

values are bolded. 
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3.3.3.3 Summary 

There were some dosimetric effects when GI was simulated as water but the 

consequence was marginal. 

• IMAT recalculated plans had slightly lower D95% for unilateral tumours. 

• The highest spinal canal over dosage was greater in PBS plans for 

midline tumours. 

• Dose homogeneity was worse in PBS plans. 
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3.4 Discussion 

 

In this dosimetric simulation study, we have shown that density change due to 

increased air within the GI had a negative dosimetric impact for both PBS and 

IMAT plans, but significantly worse for PBS. Midline tumours were negatively 

affected in PBS recalculated plans due to substantial under-dosage of the 

target volume whereby the maximum CTV D95% loss was 15.7% whilst it was 

only 1.9% for unilateral tumours. Unilateral tumours were affected in IMAT 

recalculated plans due to slightly increased dose to the spinal canal. Over-

dosage as a result of increased air within the GI has also been documented in 

IMAT plans for oesophageal cancers in the adult population (Jin, 2018). 

 

We have observed that there was lesser of an effect on PBS dosimetry with 

increased water within the GI. Dose deterioration in PBS plans with a similar 

pattern of increased air having a larger impact compared to increased water 

has also been reported in an adult gastric cancer planning study (Mondlane, 

2017). 

 

The dosimetric consequences based on tumour location and modality are 

summarised in Table 3.6.  
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Location Plan GI as air GI as water Preferred plan 

UNILATERAL PBS D95% i  PBS 

IMAT D2% h 

Spinal canal hh 

D95% i 

MIDLINE PBS D95% iii Spinal canal h IMAT 

IMAT D2% hh  

Table 3.6. Summary of clinically important dosimetric consequences due to GI 

density change in PBT and IMAT plans.  

 

We have also identified certain tumour characteristics which could predict dose 

degradation from increased air on PBS plans. PTV extension ≥60% anterior to 

the vertebra and PTV volumes ≥400cm3 were found to have a significant impact 

on dose deterioration. These are features that are easily identifiable on pre-

operative scans at the time of referral, potentially facilitating the selection of 

abdominal neuroblastoma cases suitable for PBS treatment. 

 

There is only one other dosimetric simulation study in the literature investigating 

the impact of daily intra-fraction anatomical changes including bowel density 

changes on PBS plans in paediatric abdominal cases. Twenty cases were 

evaluated in this study by Guerreiro et al. (Guerreiro, 2019). Air volumes within 

the GI were identified on the daily on-treatment cone beam computed 

tomography (CBCT) image, copied onto the planning CT scan and then 

simulated with the appropriate HUs. Dose was re-calculated daily and the 
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accumulated dose was analysed. In contrast to our study, no significant dose 

compromise was observed on PBS plans in their study. 

 

There may be a couple of reasons behind the differences in results. Firstly, all 

of their PBS plans were able to be generated with posterior-oblique fields only, 

which we found challenging with complex midline neuroblastoma tumours (see 

Chapter 2.3.2.4 Case PBS 1 and PBS 2). It was also not clear how extensive 

the volumes for the neuroblastoma patients in their cohort were. Almost half 

their cohort comprised of Stage III Wilms’ tumour which are treated at much 

lower radiation doses of 14.4Gy compared to our neuroblastoma cohort which 

were all planned to 21Gy. The target volume for Wilms’ are also usually 

confined to the ipsilateral flank.  

 

It would therefore be more appropriate to compare their results (maximum dose 

compromise to Internal Target Volume D98% of -0.3%) with the unilateral group 

in our study (maximum dose compromise to CTV D95% of -1.9%), which are 

more similar in values. The small residual discrepancy is likely a reflection of 

the difference in methodologies whereby we have simulated the most extreme 

scenario by “filling” the entire GI volume with air or water and assuming that 

this occurs at every fraction, resulting in an overestimated impact. Their 

methodology simulates density changes based on daily CBCT imaging, but the 

trends of density change observed within the bowel was not specified. Due to 

the absence of 3-Dimentional on-treat imaging in the historic cohort of patients 

used for our dosimetric plan comparison study, we have approximated the 

worst-case scenario.  



158 
 

One of the limitations in this study is the methodology. The simulation is fairly 

basic in that 1) the two worst case extremes were simulated whereby the 

gastrointestinal tract was either “all water” or “all air” with no “in between” and 

2) the entire external bowel contour was taken as a ‘sac’ therefore remained 

unchanged. In real-life, the effects are probably somewhere in between as the 

worst-case is unlikely to be a constant occurrence and bowel loops move about 

daily as well. In order to obtain a more realistic insight into the GI density 

changes that may occur during treatment, I have investigated fluctuations seen 

on CBCTs in the next chapter although this in itself has its own limitations.  

 

Nevertheless, I feel that the results in this chapter still offer scientific value to 

the PBS community due to the fact that gastrointestinal air filling is 

unpredictable and still poorly understood. It is therefore safer to deliberately 

overestimate than to underestimate the effects which could have disastrous 

clinical consequences. It would also offer the treating clinical oncologist an idea 

of the effects expected if a large increase of air was seen during treatment. For 

example, using the midline bilateral case where the largest effect was seen in 

our study, one could expect at worst a 0.2Gy loss to the CTV D95% if an 

extremely large air increase was only seen for one fraction, which is 1.1% of 

the entire treatment prescription with an increasing loss of dose expected up to 

15.7% if the large air increase was seen more frequently on a daily basis. On 

the other hand, if we took the worst unilateral tumour case in our study, one 

would expect a loss between 0.03Gy (occurrence one fraction) to 0.4Gy (daily 

occurrence), which is very minimal and reassuring for the treating team. 

Therefore, careful selection of cases and the avoidance of anterior beam entry 
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points through bowel during PBS planning could be a potential working solution 

to minimise the effects from unpredictable bowel gas on PBS dosimetry. 

 

Another limitation in our study is the overlapping of target volumes and GI 

volumes, increasing the estimated dose effect from GI density variation. In our 

study cohort, the PTV had a 26% median volume overlap with the GI volume. 

The percentage of volume overlap of PTV and GI volume had a moderate 

correlation with the anterior extension of the PTV, which in turn was a predictive 

factor for dose degradation of the CTV. There is little consensus amongst 

clinicians as to whether the CTV should be excluded from the GI structure. Our 

institution and the team at University of Pennsylvania (Hill-Kayser, 2019b) have 

not taken the approach of excluding the GI from the CTV. Many published 

proton studies with neuroblastoma cases do not specify if the CTV is edited in 

regards to the GI structure (Hillbrand, 2008, Fuji, 2013, Oshiro, 2013) whilst 

some indicate that the CTV is edited away from anatomical boundaries 

although these boundaries are not described (Hattangadi, 2012, Bagley, 2019, 

Lim, 2020).  

 

The intestines are a mobile structure and extremely challenging to delineate 

accurately. In this planning study, the GI has been contoured as a bowel sac, 

whilst other centres or oncologists may take the approach of contouring the 

bowel loops only. Irradiation is also performed in the post-operative setting 

whereby anatomical barriers have been disrupted. Whilst the variation in 

contouring has been pragmatically inconsequential with conventional photon 

techniques, it has a larger influence as we move towards more advanced and 
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precise radiotherapy techniques. The argument for including the GI volume is 

that retroperitoneal barriers may have been disrupted due to tumour or during 

surgery. The mesentery could therefore potentially be contaminated, 

necessitating the GI volume to be considered as an area of possible 

microscopic spread.  

 

This simulation study provides additional information to inform oncologists of 

the effects on both PBS and IMAT dosimetry with GI density changes. Tumour 

location, anterior extension of the PTV and PTV volume are useful 

characteristics in predicting the effects on PBS plan quality. These features 

have been clearly defined in the methodology thus will allow easy replication in 

future studies. As this work is at best theoretical and explorative, the clinical 

situation and consequences remain uncertain and needs to be evaluated within 

the clinical setting.  

  



161 
 

 

 

 

Chapter 4 :  

Degree of air variability within the 

gastrointestinal tract during 

radiotherapy treatment for 

abdominal neuroblastoma 
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4.1 Introduction 

 

In the previous chapter, we have theoretically demonstrated that changes of 

density within the gastrointestinal (GI) tract, particularly with an increase in air 

content, may result in large deteriorations to the pencil beam scanning proton 

therapy (PBS) plan quality in abdominal neuroblastoma cases. However, these 

results were simulated on extreme case scenarios with the assumption that the 

entire GI is filled with air. Whilst it is indeed valuable to understand the limits of 

a new modality in extreme scenarios, it would also be useful to understand what 

occurs realistically during the treatment course of a patient.   

 

The cohort of patients used for the dosimetric plan comparisons and density 

simulation study in Chapters 2 and 3 were treated with conformal radiotherapy 

using parallel opposed fields. As these plans are generally very forgiving in 

regards to anatomy changes, there was no real need for on-treatment 3-

Dimentional (3D) imaging with the surrounding concerns about unnecessary 

radiation exposure to children. On-treatment 3D imaging is now becoming 

increasingly necessary for image guidance in the era of highly conformal 

advanced radiotherapy, including intensity modulated arc therapy (IMAT). 

Since introduction of the IMAT technique at University College London 

Hospitals (UCLH) for children undergoing radiotherapy for abdominal 

neuroblastoma, on-treat 3D imaging acquisition using Cone-Beam Computed 

Tomography (CBCT) has become routine practice for these children. 
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In this chapter, the investigation into the variability of air within the GI tract 

during a course of radiotherapy treatment for abdominal neuroblastoma is 

analysed and described. 
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4.2 Methods 

 

4.2.1 Patient selection 

We identified eleven consecutive patients with abdominal neuroblastoma 

treated with IMAT radiotherapy at UCLH who had weekly CBCT images 

acquired between 2017 and 2018. Consent for the use of data for research 

purposes was available for all cases. 

 

4.2.2 Calculation of air variation within the GI 

GI volumes from the initial planning computed tomography (CT) scan were 

propagated onto each CBCT after rigid registration and then manually edited to 

account for any anatomical changes. The GI volume on the initial planning CT 

was reduced to match the length in the CBCT, termed GICBCT, to allow for direct 

comparison. The length and position of the weekly CBCT was set at the time of 

first image acquisition for each patient and maintained throughout treatment. 

Air within the GICBCT volume was contoured. The volumes of the methodology 

are illustrated in Figure 4.1.  

 

The proportion of air for each image was then calculated as follows:  

Proportion of air in GICBCT volume (%) = Volume	of	air	in	GICBCTVolume	of	GICBCT	 	×	100 

 

The variation of air was calculated as the difference between the maximum and 

minimum proportion of air during a treatment course



165 

 

 

Figure 4.1. Matched planning CT / CBCT fused image (left) with Illustration (right) of the volumes involved in calculating the proportion 

of air within the GICBCT volume in sagittal views.  

Left image contours: Red = PTV, Green = total GI volume, Orange = GICBCT volume, Magenta = Air in GICBCT volume. 

Abbreviations: PTV = Planning Target Volume, GI = Gastrointestinal, CBCT=Cone Beam Computed Tomography, GICBCT = GI volume 

edited to match CBCT length 
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4.2.3 Statistical Analysis 

Statistical analysis was performed using Statistical Package for Social 

Sciences (SPSS; version 24.0, Armonk, NY: IBM Corp). The Mann Whitney-U 

test was used for comparison between two independent groups. Correlation 

between two continuous variables was measured with Pearson’s correlation 

(coefficient, r), however if normality assumption was not met on skewness 

coefficient analysis, Spearman’s correlation (coefficient, rs) was used. 

Significance was assumed when p£0.05.  
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4.3 Results 

 

4.3.1 Demographics and CBCT characteristics 

 

In total, 43 weekly CBCT were reviewed. Their characteristics are described in 

Table 4.1. Six out of the eleven patients (55%) received radiotherapy under 

general anaesthesia (GA) and the median age for GA was 2.8 years (range, 

2.4-3.5 years) versus non-GA 5.5 years (range, 4.0-19.1 years). The 

radiotherapy dose prescribed to this cohort was 21Gy in 14 fractions given once 

daily over two and the half weeks (n=5) and 36Gy in 24 fractions given once 

daily over four and the half weeks (n=6). 
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Characteristics GA (n=6) Non-GA 
(n=5) 

Total 
(n=11) 

Median age at radiotherapy 
(years) [Range] 

2.8 
[2.4-3.5] 

5.5 
[4.0-19.1] 

3.5 
[2.4-19.1] 

 
Gender Male 

Female 
2 
4  

2 
3 

4 
7  

Dose 36Gy 
21Gy 

3  
3  

3  
2  

6  
5  

Number of CBCTs 
[range] 

3 
4-5 

3  
3  

2  
3  

5  
6  

 
Median total GI volume (cm3) 
[Range] 

 
1045 

[635-1459] 

 
1296 

[1200-2750] 

 
1249 

[635-2750] 
 

Median GICBCT volume on 
planning CT (cm3) [Range] 

768 
[576-1346] 

926 
[782-1456] 

833 
[576-1456] 

 
Median Minimum Proportion of 
air in GICBCT (%) [Range] 

11.8 
[9.7-14] 

13.7 
[7.5-16] 

12.4 
[7.5-16] 

 
Median Maximum Proportion of 
air in GICBCT (%) [Range] 

42.8 
[24-63] 

19.7 
[18-31] 

25.8 
[13-63] 

 

Table 4.1. Demographics of patients, characteristics of GI volumes and 

proportion of air within the GI tract of weekly CBCTs analysed.  

Percentages are calculated out of the entire cohort (n=11). Note that some 

percentages may not fully add up to 100% due to rounding up of decimals.  

Abbreviations: CBCT = Cone beam computed tomography, GICBCT = GI volume 

edited to match CBCT length, GA = general anaesthesia 
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We observed a significantly larger variation of air within the GI for those treated 

with GA (median 38.4%; range, 27.5%-55.7%) compared with non-GA (median 

11.5%; range, 7.9%-17%); p=0.004. The largest proportion of air within the GI 

volume during a treatment course was 63% and this was observed in a GA 

patient. Figure 4.2 demonstrates the weekly trends of air proportion within the 

GI volume for each case. 

 

 
Figure 4.2: Graphs demonstrating the proportion of air within the GICBCT volume 

on weekly CBCTs for each patient throughout their treatment course. 

These are stratified based on treatment without GA (top) and with GA (bottom). 

Numbers in the legend represent each patient treated in chronological order. 
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Figure 4.3. Planning CT and weekly CBCT images at the same axial slice for 

a patient treated under GA. 

These images demonstrate the variation of air within the GICBCT volume 

throughout a treatment course. These are from Patient 4 shown in Figure 4.2. 

Contours: Red = PTV, orange = CTV, blue = GICBCT volume, purple = air within 

GICBCT volume.  

 

 

Figure 4.4. Planning CT and weekly CBCT images for another patient treated 

under GA with large air variations within the GI during a treatment course.  

The images demonstrated are of the same axial slices and from Patient 6 from 

the graphs in Figure 4.2. 

Contours: Red = PTV, orange = CTV, blue = GICBCT volume, purple = air within 

GICBCT volume.  
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There was no GICBCT volume difference observed between the GA and non-GA 

group (p=0.18). No statistically significant association was observed between 

the variation of air within the GI and age at radiotherapy (rs=-0.56, p=0.08, 

Figure 4.5), GICBCT volume (r=-0.22, p=0.5, Figure 4.6) or radiation length of 

21Gy versus 36Gy (p=0.6).  

 

 

Figure 4.5. Scatterplot demonstrating the relationship between the age at 

radiotherapy and the maximum difference of air variation within GI CBCT volume.  
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Figure 4.6. Scatterplot demonstrating the relationship between the GICBCT 

volume and the maximum difference of air variation within the GI CBCT volume.  

Abbreviations: RT = Radiotherapy, GICBCT = GI volume edited to match CBCT 

length. 

  



173 
 

4.4 Discussion 

 

In this study, we have demonstrated that larger GI air variations were observed 

when patients were treated under GA (median 38.4%) compared to non-GA 

(median 11.5%). Within the GA group, the maximum amount of air present 

within the GI during a treatment course was 63%, which is encouraging as it 

reassures us that the scenario where the entire GI volume fills with air is an 

unlikely possibility.  

 

We have also observed that the maximum degree of air variation throughout a 

treatment course was 55.7%. Another reassuring theme when analysing the 

trends of GI air variation per case (Figure 4.2) was that the variations fluctuated 

week by week and was not static. This suggests that despite large variations of 

air seen, the pattern of variation is random and not systematic.  

 

Subjectively, there did not appear to be an obvious portion of the GI tract which 

had more frequent or larger degree of air variation (for example stomach 

dilatation versus colonic dilatation). Due to the challenge of defining separate 

portions of the GI tract due to the quality and presence of artefacts on the CBCT 

datasets, a quantitative assessment was not performed. The significance of this 

is that if there was a pattern of increased filling at a particular organ, for example 

the stomach, planners could aim to avoid left anterior oblique beam but instead 

utilise a right anterior oblique beam through the liver assuming that this 

approach would not exceed hepatic tolerance.  
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One limitation in our study is that the CBCT data available was from weekly 

acquisitions which is the current practice at UCLH for paediatric patients. It 

would be ideal to assess the variation of air with more frequent CBCT 

acquisition during a treatment course as it would definitely give us a better 

overall picture as to whether this is a significant issue for concern. With the 

standard radiotherapy schedule for abdominal neuroblastoma of 21Gy in 14 

fractions given once daily over two and the half weeks, it would also be a real 

challenge for any action response plan to be carried out such as replanning if 

the large amount of air within the GI volume was persistently observed well into 

the second and final week of treatment. However, it is remains important to 

balance the benefits of performing additional scans versus the risk of increased 

radiation exposure in the paediatric population. 

 

Further work is being done in conjunction with the Radiotherapy Techniques 

Team at UCLH to explore if: 1) the on treatment CBCT can be acquired at a 

lower dose setting and 2) the clinical information gained from the low dose 

CBCT is not affected, i.e. clinicians are able to still identify the necessary 

structures for the purposes of anatomical evaluation. This will be first evaluated 

on a phantom and then clinically. If successful, it would allow the possibility of 

acquiring more frequent CBCT images without increasing the child’s radiation 

exposure. Another alternative would be to acquire Magnetic Resonance 

Imaging (MRI) instead of CBCT images during treatment which has the benefit 

of no ionising radiation, but comes with its own challenges as the quality of 

abdominal MRI is easily affected by motion from respiration and bowel 

peristalsis (Chavhan, 2013).  
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Although there was no significant correlation between GI air variation and age, 

the number of patients assessed is this cohort is very small. There is inherently 

some bias, as it is the very young children who undergo treatment under GA. 

One study found a weak negative correlation between gastric air volume and 

age in patients who underwent deep sedation (r=-0.25) (Schmitz, 2011). We 

therefore cannot conclude with absolute certainty that the effect of increased 

air is due to GA or the young age of patients. It is also very likely that the GI air 

variation is multifactorial with the effects from pre-GA fasting, diet, enteral 

feeding, medications or chemotherapy toxicity which may be very difficult to 

identify with such small numbers.  

 

The GA technique at our institution for radiotherapy utilises the Laryngeal Mask 

Airway technique which may theoretically could introduce air into the stomach, 

and subsequently into the intestines. Most of the available literature in 

paediatric anaesthesia focuses on reducing gastric content as a precaution to 

reduce regurgitation or aspiration risk (American Society of Anesthesiologists, 

2011, Smith, 2011, Tudor-Drobjewski, 2018), but there is little in way of gastric 

air with different GA techniques. A study by Schmitz et al. investigated the 

volume of gastric contents and air of 68 children and teenagers who had a 

diagnostic MRI under deep sedation with propofol (Schmitz, 2011). They did 

not find a significant difference in the volume of gastric air between patients 

who did or did not have mask ventilation. However, there was a wide variation 

in gastric air volume between patients and they noted that the outlier with the 
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largest air volume had prolonged assisted mask ventilation for longer than 30 

minutes.  

 

I have discussed the potential of further investigating the feasibility of 

minimising the introduction of air during GA with our paediatric anaesthetic 

team at UCLH. One simple non-invasive intervention that has been suggested 

during initial discussions was the possibility of aspirating air out of the stomach 

after anaesthetic induction if a feeding tube is in situ. This procedure is already 

sometimes performed but is largely anaesthetist dependent. 

 

Other potential interventions could be diet modifications but this may be tricky 

for very young children. There is some suggestion that avoidance of carbonated 

beverages can reduce gaseous distension and promote peristalsis (Anupindi, 

2012). The intake of non-carbonated fluids 30 minutes prior may also reduce 

air in the bowel (Darge, 2010).  

 

In conclusion, air changes within the GI tract fluctuates weekly and is highly 

variable during treatment. Whilst it appears from this study that GA 

administration may be a negative factor, there are many other potential 

confounding factors. Therefore, as further work is developed and undertaken 

to better understand the patterns of air variation, PBS treatment for abdominal 

neuroblastoma must be done within the confines of a study with careful case 

and plan selections to ensure that treatment delivered in a safe manner. 
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Chapter 5 :  
Clinical outcomes of paediatric 

neuroblastoma patients treated 

with pencil beam scanning 

proton therapy with rescanning 

as the intra-field motion 

mitigation strategy for moving 

target volumes 
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5.1 Background 

 

The most common primary site for neuroblastoma is the adrenal medulla 

(35%), followed by the extra-adrenal para-spinal ganglia (30%) and 

mediastinum (20%) (Rha, 2003). Tumours within the thorax and abdomen 

treated with radiotherapy can be affected by motion. 

  

There are three main types of motion that can occur during a fractionated 

radiotherapy treatment course of a patient (Lomax, 2008b):  

 

i) Inter-fraction, which occurs as a result of the displacement of a patient or an 

internal organ between each fraction. Examples of this are positioning errors of 

the patient in relation to the planning CT or displacement of the internal organ 

due to daily physiological variations such as nasal cavity filling or bowel gas 

filling.  

 

ii) Inter-field, whereby the motion of a patient or internal organ occurs between 

the delivery of different fields within a treatment fraction. Examples of this are 

a shift of the patient over the duration required to deliver a fraction of treatment 

or bladder filling whilst on the treatment couch if treatment time is protracted.  

 

iii) Intra-field, where motions of high frequencies occur within the time it takes 

to deliver a single field of treatment. Examples of this are respiratory motion or 

cardiac motion. 
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The focus of this chapter is on addressing ‘intra-field’ motion in paediatric 

neuroblastoma patients, particularly from respiratory motion. The terminology 

“motion” in this chapter therefore refers to ‘intra-field’ unless specifically stated 

otherwise.  

  

Due to the unique physical characteristics of protons which exhibits a sharp 

dose peak at a particular depth, misalignments of density heterogeneities due 

to motion may cause this peak to be misplaced relative to its intended position. 

Pencil beam scanning (PBS) proton therapy delivery technique is particularly 

sensitive to this problem as it may be affected not only by the organ motion, but 

also the scanning motion of the individual dynamic pencil beam proton spots, 

which may have amplified effects in combination (Mori, 2018). This 

phenomenon is termed the “interplay effect” and has been shown to 

theoretically result in dose degradation, potentially leading to target volume 

under-dosage or over-dosage of critical organs for PBS plans (Phillips, 1992). 

This effect is not seen in the older passive proton delivery technique as the 

entire target volume is irradiated simultaneously at each field (Bert and 

Durante, 2011). 

 

Motion management is therefore very critical during PBS treatment. Several 

strategies have been proposed to reduce motion uncertainty, which broadly fall 

into three categories: organ stabilisation, planning technique and treatment 

delivery.  

• Organ stabilisation can be achieved with methods such as abdominal 

compression and breath hold, which have been well-established with 
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photon treatment delivery and are now applied to proton therapy (Bert 

and Durante, 2011, Han, 2019).  

• Planning techniques to incorporate additional robustness against 

interplay effects can be applied such as using Single Field Uniform Dose 

(SFUD) plans for increased homogeneity per field compared with the 

more complex and modulated Intensity Modulated Proton Therapy 

(IMPT) plan, ensuring beam angles chosen are as parallel as possible 

to the direction of motion and increasing the number of fields per plan 

(Knopf, 2011).  

• Treatment delivery techniques that have been developed to mitigate 

interplay effects for scanned particles include rescanning (Knopf, 2011), 

respiratory gating (Schatti, 2014) and beam tracking (Saito, 2009). 

 

Rescanning is a fairly straightforward technical method that can be used to 

mitigate interplay effects due to motion, whereby each spot in a treatment plan 

is treated several times within one fraction (each treatment of the same spot is 

a “rescan”), cancelling out the interplay effects with each subsequent rescan 

(Schatti, 2013).  

 

There are two techniques of rescanning: 

• Layered rescanning – each energy layer is individually treated multiple 

times before moving on to the next energy layer. 

• Volumetric rescanning – the whole target volume (all energy layers) is 

treated at each rescan. This technique has been found to be more 

effective than layered rescanning for motion amplitudes up to 10mm 
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(Schatti, 2013), but has the disadvantage of a longer treatment time as 

a result of energy switching times (Zhang, 2016). 

 

Within those techniques, there are also two different approaches to the delivery 

of rescanning (Zenklusen, 2010, Schatti, 2013): 

• “Basic” rescanning - every spot is divided by a constant factor which is 

the number of rescans. This is sometimes referred as “scaled 

rescanning” in the literature.  

• “Adaptive Scaled Model” (ASM) rescanning - Optimised PBS fields can 

have a large range of differing weights, hence when multiple scans are 

applied, there will be an increasing number of low weighted beams per 

scan for certain spots which can be practically difficult to deliver resulting 

in cold dosimetric areas (Lomax, 2004). Therefore, with ASM 

rescanning, the number of protons delivered for each spot per rescan 

are divided to ensure they are above the minimum deliverable threshold. 

Once the defined beam weight of a spot position has been achieved, it 

is not revisited in subsequent rescans. This is sometimes referred as 

“iso-layered repainting” in the literature. 

 

In this chapter, a retrospective analysis of the outcomes of patients with 

neuroblastoma treated with PBS at the Paul Scherrer Institute (PSI), 

Switzerland is reported. Their experience with the clinical implementation of 

volumetric rescanning (vRSC) as their motion mitigation strategy in a subgroup 

of the cohort is also analysed and described. 
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5.2 Methods 

 

5.2.1 Patient identification 

This analysis was approved by the Switzerland Ethics Committee and has been 

conducted according to institutional guidelines. We identified children with 

intermediate / high-risk neuroblastoma who were aged <18 years from the 

institutional database. Between March 2014 and April 2018, 20 children with 

histologically diagnosed neuroblastoma were identified. They were treated with 

PBS with curative intent after a post-induction chemotherapy response was 

established. Suitability for PBS was assessed at a multidisciplinary tumour 

board with collaboration from the referring photon radiation oncology team, 

physicists and radiographers. One patient was excluded because parental 

consent was not provided. In total, 19 patients with intermediate-risk (n=3) and 

high-risk (n=16) neuroblastoma were evaluated.  
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5.2.2 Pencil beam scanning proton therapy  

5.2.2.1 Treatment planning and delivery 

All patients were immobilized using either a body mould, bite-block vacuum-

assisted technique or thermoplastic head mask for the rare head and neck 

location. The Gross Tumour Volume (GTV) was defined as the macroscopic 

tumour post-induction chemotherapy and residual disease post-surgery as 

seen on Computed Tomography (CT), Magnetic Resonance Imaging (MRI) and 

meta-Iodobenzylguanidine (mIBG) scans. The Clinical Target Volume (CTV) 

was defined per protocol, usually a 5mm extension of the GTV, taking into 

account natural anatomical barriers. The Planning Target Volume (PTV) margin 

of 4mm to 8mm (median, 5mm) from the CTV was used to account for set-up 

errors and range uncertainty. The adjacent vertebrae were included in the PTV 

to prevent growth asymmetry but application of a margin around the vertebrae 

was variable and clinician dependent.  

 

Note that despite discussions in previous chapters about evaluating PBS plans 

with robustness analysis, the PSI group takes the approach of analysing PBS 

plans on the PTV in the first instance with robustness analysis performed if it 

was identified that the case was complex. The PSI team have extensive 

experience in PBS planning therefore have the expertise in producing robust 

plans which have been quality assured (Albertini, 2010, Albertini, 2011a, 

McGowan, 2015, Lowe, 2016, Malyapa, 2016, Placidi, 2017) and have 

published good long-term outcome data for other tumour types (Weber, 2017, 

Snider, 2018, Weber, 2018b).  
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A generic relative biological effectiveness (RBE) factor of 1.1 for protons 

(relative to Co-60) was used, and proton dose was expressed in terms of 

Gy(RBE) (i.e. Gy(RBE) = proton dose Gy x 1.1) (Frey, 2014). All patients except 

one (95%) received 21Gy(RBE) in 14 fractions, delivered at 1.5Gy(RBE) per 

fraction given once daily over two and the half weeks. The other patient 

received 36Gy(RBE) in 20 fractions, delivered at 1.8Gy(RBE) per fraction, 

given once daily over four weeks, guided by the Dutch Childhood Oncology 

Group for Risk Adapted Treatment of Children with Neuroblastoma,  DCOG-

NBL-2009 protocol (DCOG, 2015) as the patient had residual disease. 

 

Patients were treated using PBS with energy-degraded beams from a 250 

mega-electron-volt (MeV) cyclotron. Protons were delivered using a PBS 

approach (Weber, 2004) by magnetically scanning a narrow proton pencil 

beam, depositing individually weighted Bragg peaks within the tumour volume, 

optimized with an in-house static 3-Dimensional (3D) dose calculation algorithm 

using SFUD or IMPT method (Scheib and Pedroni, 1992, Lomax, 1999, Lomax, 

2004). All abdominal and pelvic tumours were planned with posterior or 

posterior oblique fields to avoid entry through bowel gas. Patient positioning 

was verified with daily 2-Dimensional imaging (Weber, 2017). 

 

Since August 2017, 4-Dimensional (4D) treatment with vRSC for motion 

mitigation was clinically available. The planning process of a 4D treatment is 

described below and illustrated in Figure 5.1.  
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Figure 5.1. Flowchart illustrating the planning process of a patient with a 

moving target volume.  

Abbreviation: 4DCT = 4-Dimensional Computed Tomography 
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5.2.2.2 4D treatment planning 

A 4D Computed Tomography (4DCT) scan is acquired to capture the full 

respiration cycle of the patient (Siemens Somatom Sensation Open, Siemens 

Healthcare, Erlangen, Germany). Breathing patterns are recorded using a 

pressure belt respiratory gating system (Anzai Medical Co., Ltd, Tokyo, Japan). 

The 4DCT is reconstructed into eight image series (CT phases), using an 

amplitude based sorting method (Boye, 2013). The CT phases are individually 

distributed throughout the patient’s breathing pattern to achieve a temporal 

distribution of the reconstructed phases as evenly as possible.  

 

The contours are delineated on the full exhale phase, assuming that this is most 

stable. These contours are propagated through all the CT phases using 

deformable image registration based contour propagation software (Velocity, 

Varian Medical Systems, Palo Alto, CA) and then validated by the clinician. An 

Internal-Target-Volume (ITV) margin is generated from the CTV based on the 

maximum organ motion. Motion is calculated quantitatively from the centre of 

mass (COM) coordinates of the selected structures. A 5mm margin is then 

added to the ITV to generate the PTV.  

 

Using an in-house software, the phase closest to the time average position of 

the target volume is identified and chosen for 3D static planning. A SFUD plan 

with at least two fields was preferred for robustness.  
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5.2.2.3 4D Dose Calculation 

Once a static plan has been generated, the dose distribution is re-calculated 

on the 4DCT scan using a 4D Dose Calculation (4DDC) algorithm developed 

at PSI based on the time-varying-deformation of the dose grid rather than 

combining multiple 3D dose calculations from image datasets of the 

4DCT(Boye, 2013, Zhang, 2014). 

 

As patients are treated under free breathing, the starting phase is not effectively 

controlled. Previous in-house investigations at PSI have shown that Dose 

Volume Histogram parameters such as V95, D5-D95, Dmean, etc. vary 

minimally within 1-2% depending on the starting phase (personal 

communication with Dr Jan Hrbacek, PSI). Therefore, the dependence of 4DDC 

on a starting phase has not been taken into consideration clinically. 

 

5.2.2.4 Rescanning 

The vRSC technique is used as the motion mitigation strategy at PSI(Knopf, 

2011) (see Section 5.1). The number of vRSC applied is guided by the 

magnitude of motion, respiration-induced changes in heterogeneities, location 

and shape of the target volume. 4DDC was performed for guidance in the 

earlier cohort of patients when vRSC clinical experience was still relatively new 

and for those with complex targets. The number of vRSC was initially chosen 

conservatively at 8, but with increasing experience, it became apparent that 

such a high number may be unnecessary. The number of VRSC applied was 

subsequently reduced balancing between treatment duration and dosimetric 

benefit. As the learning curve increased, patients with minimal motion and little 
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tissue heterogeneities (retroperitoneal abdominal tumours with 2-3mm motion) 

did not require 4DDC, instead a “prophylactic” vRSC was applied 2-4 times. It 

is now standard practice that if 4DDC is utilised, 2 vRSC is applied 

incrementally until clinically acceptable dosimetry on 4DDC is achieved. 

 

5.2.2.5 4D treatment delivery and image guidance 

A slow low-dose 3DCT is taken prior to the start of treatment in the treatment 

position after set-up position verification. Using the VeriSuite system (MedCom 

GmbH, Darmstadt, Germany), the 3DCT is verified against the time-average-

position CT phase used for planning. 

 

5.2.3 Follow-up evaluation 

All patients were reviewed weekly during PBS treatment and acute toxicities 

were recorded prospectively using the institutional oncology information system 

(ARIA, VMS, Palo Alto, CA). After completion of treatment, patients were 

followed for outcomes and late effects clinically and radiologically at regular 

intervals as per treatment protocol by the referring centre. Follow-up data was 

retrospectively captured by our Study and Research Office from medical 

reports or annual questionnaires sent to the patient or guardian.  

 

Acute toxicities were defined as adverse events that occurred between the first 

day of PBS and day 90 post treatment. Late effects were defined as those 

occurring after day 90 post PBS. Toxicities were classified and graded 

according to the Common Terminology Criteria for Adverse Events (CTCAE), 

version 4.03 (https://www.eortc.be/services/doc/ctc/CTCAE_4.03_2010-06-
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14_QuickReference_5x7.pdf). Local failure was defined as progression of the 

treated tumour volume.  

 

5.2.4 Statistical analysis   

Local control, distant progression free survival (DPFS) and overall survival (OS) 

were measured from the start of PBS to the date of first local failure, distant 

failure and death as respective endpoints. Observations were censored for 

patients who died or had not experienced recurrence at the date last seen alive, 

defined by the date of most recent clinic review or imaging. Actuarial survival 

rates were estimated using the Kaplan-Meier method and survival functions 

were compared using the log-rank test. Fisher’s exact was used to compare 

two categorical variables. Analyses were performed using Statistical Package 

for Social Sciences (SPSS; version 24.0, Armonk, NY: IBM Corp. 
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5.3 Results 

 

5.3.1 Patient demographics 

Fifteen patients (79%) were ≥18 months old at diagnosis. Six patients (32%) 

had MYC-N amplification, an oncogene associated with poorer prognosis 

(Huang and Weiss, 2013). Anatomical sites of primary tumours were as follows: 

abdomen, n=13 (of which 8 were adrenal); pelvis, n=2; thorax, n=3; head and 

neck, n=1. Only a minority of children (n=4; 21%) did not undergo surgical 

resection. All patients had a Lansky/Karnofsky performance score of 100-80. 

 

The median age at time of PBS was 3.5 years (range, 1.2-8.6). Most children 

(89%) required general anaesthesia due to their young age, all of whom were 

<5 years. These children were anaesthetised with propofol with spontaneous 

breathing (Frei-Welte, 2012).  

 

All patients received chemotherapy according to various international trial 

protocols dependent on the referring centre and risk group: International 

Society of Paediatric Oncology European Neuroblastoma High-Risk-1 Study, 

HR-NBL-1/SIOPEN (n=16); DCOG-NBL-2009 (n=1) and European Low and 

Intermediate-Risk Neuroblastoma study, LINES/SIOPEN (n=2). 

 

Clinical characteristics of this cohort are summarized in Table 5.1.  
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Patient demographics Number (%) 
Gender Male 

Female 
11 (58%) 
8 (42%) 

Age at radiotherapy (years) Median [range] 3.5 [1.2 – 8.6] 
Age at diagnosis  <18 months  

³18 months 
4 (21%) 
15 (79%) 

General Anaesthesia Yes^ 
No  

17 (89%) 
2 (11%) 

Primary tumour location Abdomen 
Pelvis 
Thorax  
Head and neck 

13 (68%) 
2 (11%) 
3 (16%) 
1 (5%) 

INRG Risk group Intermediate 
High 

3 (16%) 
16 (84%) 

INRG stage L1 
L2 
M 

1 (5%) 
3 (16%) 
15 (79%) 

MYC-N amplification# Amplified 
Non-amplified 

6 (32%) 
13 (68%) 

Primary tumour maximum 
diameter at diagnosis (cm) Median [range] 7.5 [2.1-18.0] 

Primary tumour size post 
induction chemotherapy (cm) Median [range] 3.9 [0.0-14.0] 

Surgery Gross total 
resection 
Subtotal resection 
No surgery 

9 (47%) 
6 (32%) 
4 (21%) 

Chemotherapy protocol HR-NBL-1 / 
SIOPEN  
LINES / SIOPEN 
DCOG NBL-2009 

16 (84%) 
 
2 (11%) 
1 (5%) 

Dose [per fraction] 21Gy [1.5] (RBE) 
36Gy [1.8] (RBE) 

18 (95%) 
1 (5%) + 

Median Target Volumes (cm3) GTV [range] 
CTV [range] 
PTV [range] 

29.5 [1.4-399.0] 
103.9 [5-552.0] 
251.5 [61.5-1413.5] * 

Table 5.1. Clinical characteristics of patients with neuroblastoma treated with 

pencil beam scanning proton beam therapy. 

^All patients who required general anaesthesia were under 5 years old. 
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#MYC-N is an oncogene which if amplified is associated with a poorer 

prognosis. 

+ This patient was on the DCOG NBL-2009 trial protocol which recommends 

delivery of 36Gy for residual disease.  

*One patient had a large PTV of 1413.5cm3 as there was metabolically active 

residual disease in mediastinum and abdomen. Both lesions were treated 

simultaneously with inclusion of adjacent vertebral body into the PTV.  

Abbreviations: INRG = International Neuroblastoma Risk Group, GTV = Gross 

Tumour Volume, CTV = Clinical Target Volume, PTV = Planning Target 

Volume, RBE = Relative Biologic Effectiveness 
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5.3.2 Motion analysis and decision process regarding 

volumetric rescanning applications 

 

Ten patients were treated since the implementation of vRSC. The decision 

process for these patients are illustrated in Figure 5.2 and detailed in Table 5.2. 

Seven of these patients (70%) underwent a planning 4DCT scan for motion 

assessment and were treated with vRSC. Their target volume characteristics, 

motion analysis and treatment details and are detailed in Table 5.3.  

 

The mean result of maximum organ motion was largest in the cranial-caudal 

(CC) direction 3.2mm (range, 1.9-5.9), followed by 1.2mm (range, 1.0-1.6) in 

left-right (LR) direction and 1.0mm (range, 0.7-1.3) in anterior-posterior (AP) 

direction (Table 5.3). 

 

The number of vRSC used were 2 (n=2), 4 (n=3) and 8 (n=2). Four patients 

(57%) required 4DDC for guidance on the number of vRSC applications. Two 

patients had minimal motion (Case 6 and 7, see Figure 5.2 and Table 5.2), 

therefore did not have any 4DDC performed. Organ motion for Case 6 was 

minimal on 4DCT clinical review, therefore no quantitative motion analysis or 

4DDC were required and 4 vRSC was applied. For Case 7, as the maximum 

motion on analysis was only 2.4mm, 2 vRSC was applied without 4DDC. 

 

The treatment field size for ASM-vRSC was initially limited to 11.5cm x 19.5cm 

due to the technical inability to apply this delivery technique to patched fields 

required for larger volumes. This limitation precluded two patients from having 
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ASM-vRSC. One was treated without vRSC and another received basic-vRSC, 

where every spot was divided equally (Case 4). Two applications of basic-

vRSC was chosen for this case to offer some motion mitigation without 

increasing treatment time significantly or risk inefficient spot scanning with 

extremely low weighted spots.  

 

 

Figure 5.2. Flowchart demonstrating the decision processes for the 10 patients 

treated since vRSC was clinically available.  

Abbreviations: ASM-vRSC = Adaptive Scaled Model Volumetric Rescanning, 

4DDC = 4D Dose calculations, C4/C6/C7 = Case 4/6/7 (see Table 5.2 for 

individual descriptions). 
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Case 

Number 

Description 

C1 First patient treated with ASM-vRSC technique. 8 vRSC chosen 

upfront with 4DDC only done with and without 8 vRSC as previous 

dosimetric studies suggested that this was the ideal number 

coupled with a cautious approach.  

PTV V95 = 90.4% - no vRSC, 92.1% - 8 vRSC. 

X1 No 4DCT done as patient was unwell during planning CT. 

Therefore, decision taken to perform 3DCT to minimise 

anaesthesia duration. 

X2 No 4DCT performed, unclear reasons from clinical review of notes. 

C2 4DDC done with no vRSC, 4 and 8 vRSC. 8 vRSC chosen 

conservatively despite dosimetry with 4 and 8 vRSC being very 

similar.  

PTV V95% = 94.6 - no vRSC, 94.7% - 4 vRSC, 94.7% - 8 vRSC.  

C3 4DDC done with no vRSC, 2, 4 and 8 vRSC. Decision was taken 

to go with the lower vRSC of 4 instead of 8 to reduce treatment 

time as it offered similar coverage. In retrospect, dosimetry was 

very similar and 2 vRSC would probably have been adequate.  

PTV V95% 95.7% - no vRSC, 95.7% - 2 vRSC, 95.9% - 4 vRSC, 

95.9% - 8 vRSC. 

X3 Too large for ASM-vRSC, 4DCT not performed. 

C4 4DCT performed, but final target volume was 1cm too large for 

ASM-vRSC. Larger target volumes require patched fields, which 

was not possible at this time point to deliver vRSC with patching. 
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Thus, no 4DDC was performed, but decision taken to apply 2 

basic-vRSC to offer some motion mitigation. This vRSC number 

was chosen taking into consideration treatment duration (patched 

fields on its own also increases treatment duration) and possible 

risk of increasing low weighted beams with each additional rescan 

resulting in cold spots.   

(ASM-vRSC with patched fields have since been clinically 

commissioned) 

C5 4DDC done with no vRSC, 4 and 8 vRSC. 4 vRSC was chosen as 

it had best dosimetry. 

PTV V95% = 94.2% - no vRSC, 95.1% - 4 vRSC, 94.8% - 8 vRSC 

C6 4DCT performed, motion was minimal on clinical review of 4DCT 

subjectively. Therefore, quantitative motion analysis and 4DDC 

was deemed not necessary. 4 ASM-vRSC was chosen for 

application based on clinical experience. 

C7 4DCT performed, quantitative motion analysis was minimal at 

2.4mm. 4DDC was therefore not necessary and 2 ASM-vRSC was 

chosen for application based on clinical experience. 

Table 5.2. Detailed description of 4D decision processes of the 10 patients 

treated since vRSC was implemented.  

Cases are in chronological order from top to bottom, demonstrating the learning 

curve evolution on how the number of vRSC applications was chosen. Patients 

C1-C7 are those with 4DCT whilst X1-X3 are those who did not have 4DCT 

acquired. 
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Case number C1* C2 C3 C4 C5 C6 C7 Mean [range] / 
Percentage 

GA Yes Yes Yes Yes Yes No Yes 86% 
Age at RT (years) 3.5 3.5 3.4 4.6 4.3 6.9 1.2 3.9 [1.2-6.9] 
Site treated Adrenal Adrenal Adrenal Adrenal Abdomen Thorax Adrenal 71% adrenal 
Ventilation analysis Yes Yes Yes Yes Yes No Yes 86% 
Maximum movement Cranial-
Caudal (mm) 

1.9 4.3 2.2 5.9 2.6 - 2.4 3.2 [1.9-5.9] 

Maximum movement Left- 
Right (mm) 

1.0 1.3 1.1 1.6 1.4 - 1.0 1.2 [1.0-1.6] 

Maximum movement Anterior-
Posterior (mm) 

0.7 1.3 0.5 1.1 1.2 - 0.9 1.0 [0.7-1.3] 

Number of structures used for 
motion analyses 

3 3 2 2 2 - 2 - 

Structures used for motion 
analyses 

Both kidneys, TV Both kidneys, 
TV 

Both 
kidneys 

Both kidneys Both 
kidneys 

- Contralateral 
kidney, clip 

- 

CTV to ITV margin (mm) 2 2 2 5 CC 
2 LR 
1 AP 

3 - 2 CC 
1 LR 
1 AP 

- 

CT set or 4DCT time average 
position phase used for 
planning 

4DCT,  
26% Expo 

4DCT,  
10% Exp 

4DCT, 
1% Ins 

4DCT, 25% 
Exp 

4DCT, 12% 
Exp 

3DCT, 
static 

3DCT,  
static 

- 

4D Dose calculation Yes Yes Yes No# Yes No+ No+ 57% 
Number of vRSC 8 8 4 2 4 4 2 5 [2-8] 
PTV volume (cm3) 115.8 355 123.8 316.9 304.9 208.6 92.0 216.7  

[92.0-355.0] 
ITV volume (cm3) 15.9 141.7 20.0 151.9 122.4 - 19.5 78.6  

[15.9-151.9] 
CTV volume (cm3) 10.9 107 13.0 104.1 82.1 58.3 5.0 54.3 

[5.0-107.0] 
Number of fields 2 3 2 3 2 2 3 - 
Type of plan SFUD SFUD SFUD SFUD SFUD SFUD SFUD SFUD 100% 
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Table 5.3. Treatment, motion and 4D dosimetric characteristics for 7 patients who underwent 4DCT during the planning process in 

chronological order. 

Abbreviations:  GA = General Anaesthesia, LR = Left-Right, AP = Anterior-Posterior, CC = Cranial-Caudal, PTV = Planning Target 

Volume, ITV = Internal Target Volume, CTV = Clinical Target Volume, Exp = Expiration, Ins = Inspiratory, SFUD = Single Field 

Uniform Dose, vRSC = Volumetric Rescanning 

*Patient in Case 1 had two separate volumes treated with different plans: Abdomen with 4D treatment and thoracic spinal metastases 

with 3D static treatment. The information provided in this table is pertinent to the 4D abdominal treatment. 

 #The target volume for Case 4 was too large for Adaptive Scaled Model-vRSC. Therefore, basic-vRSC was applied.  

+Case 6 and 7 did not have 4DDC as motion was minimal. This was assessed subjectively on clinical review for Patient 6, therefore 

no quantitative motion analysis was performed.
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5.3.3 Dosimetric and 4DDC analysis for patients who 

underwent 4DCT 

 

The V95% (volume covered by 95% prescribed dose) of the generated 3D static 

nominal plan and 4D recalculated plans with and without vRSC are 

demonstrated in Figure 5.3. The change in the 4DDC recalculated plan with 

various rescanning applications compared to the 3D static plan is shown in 

Table 5.4. The mean deterioration or improvement compared to the 3D plan for 

PTV V95% were: 4DDC with no vRSC, -0.6%; 2 vRSC, +0.3%; 4 vRSC, +0.3%; 

and 8 vRSC, +0.1%.  

 

The PTV had the largest amount of V95% dose degradation, followed by ITV 

and then CTV. Dose deterioration was mainly seen in the 4DDC calculation 

without vRSC, and recovers to baseline with 2-4 vRSC. Nevertheless, the 

magnitude of dose degradation is minimal, with the largest degradation -1.9%, 

seen in Patient 1 at 4DDC without rescanning. 
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Figure 5.3. Plots demonstrating change in V95% from the 3D static plan to the 

4DDC recalculated plan without vRSC and 4DDC with vRSC.  

The PTV (top), ITV (middle) and CTV (bottom) for the four patients who had 

4DDC for vRSC guidance are shown. Case numbers follow cases in Table 5.3. 

Abbreviations: PTV = Planning Target Volume, ITV = Internal Target Volume, 

CTV = Clinical Target Volume, V95% = Volume covered by 95% of the 

prescribed dose, vRSC = volumetric Rescanning 
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 4DDC  

no vRSC 

4DDC  

2 vRSC ¥ 

4DDC  

4 vRSC 

4DDC  

8 vRSC 

PTV V95% 

(range) 

-0.58 

(-1.9, +0.5) 

+0.3 

(NA) 

+0.3 

(-0.3, +0.6) 

+0.1 

(-0.6, +0.6) 

CTV V95% 

(range) 

-0.21 

(-0.4, 0.0) 

0.0 

(NA) 

0.0 

(0.0,0.0) 

0.0 

(0.0,0.0) 

Table 5.4. Mean percentage difference between 4DDC and 3D generated static 

plan for PTV V95% and CTV V95% for the four patients who had 4DDC to guide 

number of rescans.  

¥There was only one case where 4DDC with 2 vRSC was applied. 

Abbreviations: 4DDC = 4-Dimensional Dose Calculation, vRSC = volumetric 

rescanning, NA = Not available (as only one 4DDC done) 
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5.3.4 Treatment outcomes  

With a median follow-up time of 14.9 months (range, 2.7-49.0), no local relapse 

was observed. Three (16%) patients developed distant failures; one bone 

marrow recurrence at 1.4 months, one bone metastases recurrence at 21.1 

months and one leptomeningeal dissemination at 2.9 months. The patient who 

developed leptomeningeal metastases died of his disease 2.8 months after the 

end of PBS. 

 

The estimated 2-year DPFS and OS is 76% (95% CI, 50-100%) and 94% (95% 

CI, 85%-100%) respectively (Figure 5.4). A subgroup analysis was performed 

in patients with abdominal, adrenal and thoracic tumours where motion could 

occur (n=16). There was no significant difference in DPFS (p=0.806) and OS 

(p=0.221) between patients treated with and without vRSC (Figure 5.5). 
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Figure 5.4. Distant progression free survival (A) and Overall Survival (B) of the 

entire cohort of patients with neuroblastoma treated with PBS. 

 

 

 

Figure 5.5. Distant progression free survival (A) and overall survival DPFS (B) 

stratified according to rescanning application in a subgroup of 16 patients in 

whom motion could occur. 
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5.3.5 Radiation-related Toxicity 

PBS was well tolerated with acute toxicities predominantly being Grade 1 

(36.8%, n=7). The Grade 2 rate was 11% (n=2), Grade 3 was 5.3% (n=1) and 

Grade 4 was 5.3% (n=1). The breakdown of acute toxicities is detailed in Table 

5.5. The two patients with Grade 3 and 4 toxicities were haematological with 

pre-existing low counts prior to PBS as a result of systemic therapy. One patient 

experienced improved haematological status during PBS compared to 

baseline, and the other had deterioration of thrombocytopaenia from Grade 1 

to Grade 4 during PBS.  In the subgroup of patients with possible motion, there 

was no significant difference in acute toxicity rates with and without vRSC, 

42.9% vs 33.3% respectively (p=1.0). 

 

No late toxicities were observed. 

 

Acute toxicity Grade 1 Grade 2 Grade 3 Grade 4 
Dermatitis 3 - - - 
Vomiting and abdominal pain 1 - - - 
Nasal congestion 1 - - - 
Hoarseness, cough 1 - - - 
Fatigue 2 - - - 
Anaemia - 1 - - 
Leukopenia - 1 1 - 
Thrombocytopenia - - - 1 

Table 5.5. Breakdown of the number of acute toxicities from PBS treatment.  
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5.4 Discussion 

The retrospective analysis presented in this chapter has been published by Lim 

et al. in the Clinical Oncology journal (Lim, 2020). This is the first series 

reporting the outcomes of paediatric patients with neuroblastoma treated solely 

with PBS delivery technique and utilising vRSC in the clinical setting for motion 

mitigation.  

 

The results of this study reveal excellent early outcomes with PBS having no 

observed local recurrence during the limited follow-up time. All patients with 

distant relapse in this cohort had metastatic disease at diagnosis. These results 

are also comparable with previously published series of neuroblastoma patients 

treated with proton therapy using passive scatter technique (Hattangadi, 2012, 

Hill-Kayser, 2013, Oshiro, 2013) and mixed passive scatter / PBS technique 

(Bagley, 2019, Hill-Kayser, 2019b).  

 

This study highlights that PBS dose degradation to the target volume due to 

interplay effects is clinically minimal in young anaesthetised children with <5mm 

maximum organ movement. PTV V95% was found to be more sensitive than 

CTV V95% to dose degradation, but this improved to baseline very rapidly with 

2 to 4 vRSC applications. The largest degradation seen in this cohort was -

1.9% for PTV V95%, which is marginal when converted to absolute doses for 

the two most common fractionation schedules used for neuroblastoma, 0.4Gy 

(RBE) for the standard 21Gy (RBE) fractionation and 0.7Gy (RBE) for dose 

escalated 36 Gy (RBE) fractionation. 
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A dosimetric study by Boria et al. investigating interplay effects and 

fractionation in paediatric patients has demonstrated comparable results (Boria, 

2018). Their study cohort contained 4 patients with neuroblastoma younger 

than 10 years old whereby the maximum CC organ motion was <5mm. Dose 

changes due to interplay effects were minimal in these four patients and PTV 

V95% recovered to 100% within 3 fractions. The slight difference between both 

studies is that the 4DDC algorithm at PSI does not take fractionation effects 

into consideration therefore the results demonstrated in this chapter probably 

slightly overestimates the interplay effects from motion. 

 

The largest degree of abdominal organ motion in this study cohort was seen in 

the CC direction, with the greatest at 5.9mm in a child aged 4.6 years. Other 

studies investigating motion in paediatric patients (Pai Panandiker, 2012, 

Huijskens, 2015, Kannan, 2017, Uh, 2017, Guerreiro, 2018, Huijskens, 2018) 

have confirmed similar observations where the abdominal organ motion was 

also found to the largest in the CC direction. A study by Uh et al. has 

demonstrated an association between organ motion with age with increased 

motion observed in adolescents compared to young children (Uh, 2017). 

Ninety-four percent of patients (n=16) aged £8 years in their cohort had a 

maximum kidney CC motion of <5mm.  

 

As the clinical experience with vRSC for PBS was relatively new at PSI, clinical 

practice in choosing the number of vRSC evolved with the learning curve. The 

first patient treated with vRSC had 4DDC evaluation only with no vRSC and 8 

vRSC, with this number of vRSC chosen conservatively. As the confidence with 
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the rescanning technique improved, lower numbers of vRSC were used. It is 

now standard practice at PSI that for simple target volumes with minimal 

movement, the physics team are confident with the application of 2-4 vRSC 

without requiring 4DDC guidance.  

 

Treating with a large number of rescans has the significant drawback of 

incurring a longer treatment time, particularly with volumetric rescanning which 

can be up to five times longer than layered rescanning due to energy switching 

times (Zhang, 2016). For the young child, this translates to a longer duration of 

anaesthesia. For the older child or adolescent, this could also cause increased 

anxiety and compliance issues, potentially increasing the risk of inter-field 

positional changes during treatment, negating the intended benefits of 

rescanning. Therefore, application of rescanning should be balanced carefully 

with the disadvantages, especially if improvements in dosimetry is minimal. 

 

It is recommended that a planning 4D scan should be acquired to assess the 

magnitude of motion in all children requiring PBS to the abdomen or thorax, as 

most but not all young children have a small extent of organ motion. It may be 

appropriate to treat children with <5mm organ movement without 4DDC 

assessment or rescanning as the interplay effects are minimal. However, 

careful patient selection for this approach is required with the consideration of 

other planning techniques to mitigate the effects of motion. These include 

prioritising the use of an SFUD plan where possible, ensuring posterior beam 

angles are chosen to minimise the effect from anterior-posterior motion, 

increasing the number of fields to 3 fields instead of a single or double as it 
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serves as a rescan in itself for an SFUD plan and selection of tumour locations 

which are more superficial as spot sizes are larger at shallower depths allowing 

for reduced interplay effects (Knopf, 2011).  

 

For all other cases, 4DDC should be used to assess the need for motion 

management. In patients with larger organ motion of >10mm, the utilisation of 

other motion management strategies in combination with rescanning has been 

suggested (Zhang, 2016). However, techniques such as breath hold and gating 

may be challenging to undertake in the paediatric population where compliance 

may be an issue.  

 

Limitations to this study include the retrospective nature and the small number 

of patients. 4DDC assessments were done on only 4 patients as vRSC 

technology was only clinically available within the last two years since 2017. All 

four cases had primary tumours located within the abdomen or adrenals, were 

under the age of 5 years and treated under anaesthesia. These characteristics 

are relatable to the majority of neuroblastoma cases, therefore this data serves 

as a useful guide for rescanning with PBS in children where limited literature is 

available.  

 

In summary, the early outcomes of patients with neuroblastoma treated with 

PBS is excellent. With a subset of this cohort receiving PBS with vRSC, this 

technique has been demonstrated to be logistically feasible and clinically safe 

in the paediatric setting. The clinical relevance of vRSC is debatable in 

anaesthetised children with abdominal neuroblastoma with motion of <5mm. 
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6.1 Clinical implementation 

 

6.1.1 Rationale 

In the earlier chapters, we have established that most neuroblastoma cases 

benefit from proton beam scanning (PBS) proton therapy delivery technique 

dosimetrically. However, some cases are particularly disadvantaged by PBS 

compared to advanced photon techniques such as Intensity Modulated Arc 

Therapy (IMAT) particularly for cases with large tumours at the midline location. 

A static PBS plan in the majority of cases will look better than an Intensity 

Modulated Radiotherapy (IMRT) plan, only for the PBS plan to reveal dose 

degradation when uncertain scenarios occur. Uncertainties that can occur 

during treatment such as bowel gas variation and motion must be taken into 

consideration during PBS planning and evaluation.  

 

However, this must be addressed with some pragmatism as it is a fine balance. 

On one hand, it is important to ensure that the PBS plan is robust enough 

against scenarios that may happen during treatment. On the other, these 

scenarios are not a guaranteed occurrence either, therefore, care must be 

taken not to “over compensate” the plan which could result in a plan with 

decreased conformality, losing the benefits of PBS all together. 

 

Whilst we have demonstrated that there are certain characteristics such as 

tumour location, anterior extension of the PTV, PTV volume and degree of 

motion that can help give us an indication as to which patients would benefit 

from PBS, these concepts are still very much in the “pre-clinical” stage. 
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Therefore, it is still essential to ensure that PBS can be delivered as intended 

to neuroblastoma patients in the clinical setting and still confer a benefit even 

with all the associated uncertainties before it is widely adopted as the standard 

of care. 

 

6.1.2 Current PBS commissioning criteria in England 

National Health Service (NHS) England has recognised that it is difficult to 

obtain high level comparative evidence of clinical outcomes of photons versus 

protons in paediatric malignancies given their rarity. Given there is international 

consensus that proton therapy for some young children is accepted as the 

standard of care based on dosimetric advantages leading to less normal tissue 

irradiation which then offers an advantage by the theoretical reduction of late 

toxicities, the interim policy by NHS England will routinely commission proton 

beam therapy for (NHS England, 2019): 

i) Patients under 25 years of age who have a clear indication for 

curative radiotherapy with a reasonable disease specific 5-year 

survival expectation.  

ii) Patients who have no evidence of distant metastases, with the 

exception of certain tumours which remain curable when metastatic, 

for example, metastatic intracranial germinoma, rhabdomyosarcoma 

and Ewing’s sarcoma with limited volume lung metastases that have 

demonstrated a good partial response on radiological reassessment 

after chemotherapy.  
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Paediatric patients with neuroblastoma even in the high-risk disease setting, 

including those with metastatic disease are currently treated with curative 

intent. The 5-year overall survival of patients with high risk neuroblastoma is at 

about 40% but a selected group of good responders who manage to complete 

the treatment protocol with immunotherapy have reported 5-year survival rates 

of up to 64% (Ladenstein, 2020). Therefore, some if not all neuroblastoma 

cases would technically be funded for PBS in England according to the criteria 

within this policy. However, this is highly dependent on one’s interpretation of 

the policy as to what constitutes a reasonable survival and if only a select group 

or all neuroblastoma patients with distant metastases should be eligible 

especially when there is upcoming evidence suggesting that there is an “ultra-

high risk” subgroup of patients identified with poor prognosis with a 5-year event 

free survival of <10% (Morgenstern, 2018).  

 

A few neuroblastoma cases in the UK have already been referred for proton 

therapy treatment, but none so far have been treated at a national proton 

centre. It will only be a matter of time before more cases are referred with the 

increasing expectation from referring clinicians and parents that these children 

should be offered proton therapy. It is therefore imperative that the two NHS 

proton centres are prepared from a technical point to safely implement clinical 

PBS treatment pathways for neuroblastoma patients. 
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6.2 Clinical study development 

 

6.2.1 The need for a study and its challenges 

In the ideal world of evidenced based medicine, we would like to be able to 

make decisions based on high-quality clinical evidence. However, this is easier 

said than done when it comes to expensive new technologies which are 

constantly being upgraded. With the high capital cost and the need for 

dedicated facilities specially constructed for PBS treatment, the expenditure 

needs to be justified, particularly in the cases where the dosimetric 

improvements with PBS are minimal after uncertainties are taken into account.  

 

Good early clinical outcomes have been reported with PBS for neuroblastoma 

patients. However, these reports consist of small single-centre, proton-only 

retrospectively analysed case series treated with either PBS (Lim, 2020) or 

mixed proton therapy techniques with either double-scatter or PBS (Bagley, 

2019, Hill-Kayser, 2019b). These retrospective single centre series are useful 

in reassuring the community that there is no suggestion that local control rates 

are lower with PBS. However, they are highly subjected to selection bias and 

do not have the same quality assurance of planning especially around 

uncertainties and data processing rigour as prospective trials. It is also hard to 

ascertain the true benefit of PBS compared with advanced photon radiotherapy 

from them as there are no comparator groups in these studies. 

 

One of the biggest challenge in trial development for this tumour group is the 

small patient numbers. It would take a very long time to recruit so much so that 
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the technology investigated may be outdated by the time results are mature. 

The limited patient numbers may mean that it would be challenging to 

sufficiently power prospective comparative trials to detect statistically significant 

differences in the risk of secondary malignancy and late effects given that this 

is the main aims of PBS in neuroblastoma. The incidence of secondary 

malignancy in neuroblastoma patients is about 2% at 15 years and 9% at 30 

years (Rubino, 2003). Setting specific late organ endpoints for statistical 

comparison is also difficult given the lack of accurate paediatric dose models. 

Given the low dose of radiotherapy, one would not expect significant 

differences in acute toxicity either for comparative endpoint generation. The 

small patient numbers would also increase the risk of heterogeneity within 

recruited groups decreasing the accuracy of the study outcome. One possibility 

would be to collaborate with other European nations given the close existing 

working relationship within the International Society of Paediatric Oncology 

European Neuroblastoma (SIOPEN) association, but the success for patient 

recruitment will be very dependent on the accessibility to PBS technology and 

current health care policies for PBS which is very disparate across the whole of 

Europe.  

 

Another big challenge to designing a comparator trial is the ethical issues 

surrounding randomisation. There is the argument that if proton therapy was 

available and accessible, it would be unethical to subject a paediatric patient to 

photon therapy when proton dosimetry looks better due to the increased 

radiation sensitivity in children. This will mean that much of the work in trying to 

demonstrate the clinical benefit of photons versus protons will be based on 



215 
 

dose models and statistical risk estimates. In a way, this raises the thought that 

perhaps comparison between modalities in a rare tumour setting is not the most 

feasible research goal in the fast-paced world of changing technologies, but 

instead a more sustainable research objective would be getting a real 

understanding of the organ’s dose-volume related outcomes which can 

hopefully be established from the radiotherapy data collected in a standardised 

fashion within trial settings such as the SIOPEN high risk trials. 

 

Regardless of whether a comparator trial could be designed successfully, PBS 

use in abdominal neuroblastoma should be studied in the clinical setting to 

further understand the occurrence and effects of the uncertainties even if it is 

within a prospective observational study with rigorous technical quality 

assurance processes as a minimum. What if motion mitigation strategies 

considerably increased treatment time to a point where the child was not able 

to tolerate the treatment awake after a few fractions? A PBS re-plan under 

general anaesthesia would interrupt treatment and if a photon plan was then 

used as a substitute this means that the child did not gain any of the intended 

benefits of PBS. What if the bowel gas increase during treatment affected the 

dosimetry more than the expected compared to when it was initially assessed 

during the planning stage? If so, does it actually cause a clinical detriment to 

local control? What is the proportion of patients who were initially thought to be 

suitable for PBS therapy then were not suitable at treatment delivery? These 

practical clinical scenarios cannot be identified from theoretical dosimetric 

studies. Unfortunately, these questions are not thought to be particularly 

attractive by funding committees from academic bodies as they do not address 
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a game-changing scientific question, but arguably will answer many important 

practical and logistical questions for the niche PBS and paediatric radiation 

community.  This is almost akin to a Phase I experimental drug trial, whereby 

the main question which attracts funders would be the drug’s efficacy rather 

than the compliance and tolerability of the drug which are questions just as 

important for translation to the real world clinical setting. However, unlike 

radiotherapy trials which are reliant on established medical research charities 

for funding, Phase I drug trials are commonly funded by pharmaceutical 

companies hoping to making a healthy profit in the future. 

 

There is a perceived opinion amongst the public that proton therapy is the 

magic bullet of radiotherapy given how it is portrayed in the media and online 

platforms. It is already a difficult task explaining the complex technical 

challenges of PBS to the lay person, but it is made even more difficult when 

they have a prefixed perception. There have been many cases of parents 

seeking proton therapy for their child at private centres overseas even when 

there is lack of established benefit, often crowdfunding to cover the costs of 

treatment (Coutrot, 2020). Therefore, investigating PBS within a study is a way 

of reassuring parents that clinicians are acting in the best interest of their child 

from a scientific viewpoint rather than a financial one when the clinical decision 

is not to recommend PBS therapy. After all, most of the cancer research funds 

do come from charities which are largely supported by the goodwill of the public. 

So, we as clinicians and researchers owe it to the public to generate evidence 

for good quality patient care to the best of our capabilities even within the limited 

conditions.	 	
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6.2.2 Stakeholder and public opinion 

Based on the work described in this thesis, a clinical study to identify a group 

of neuroblastoma patients who would most benefit from PBS in the clinical 

setting was proposed. The initial protocol was brought to the Methods of Clinical 

Cancer Research (MCCR) workshop for development in June 2019 which 

addressed many of the aforementioned limitations regarding finding suitable 

endpoints.   

 

The proposal was presented and supported by the National Cancer Research 

Institute (NCRI) Children’s Cancer and Leukaemia Neuroblastoma subgroup of 

the Clinical Studies Group in March 2019. The SIOPEN Radiotherapy group 

was also supportive of this proposal at the annual meeting in May 2019 and 

were satisfied that there would be no conflicts with the upcoming SIOPEN High-

Risk 2 dose escalation randomisation study as we anticipate that patients will 

be recruited into both studies. Whilst there was some appetite for collaboration, 

it was felt that health policies regarding PBS from various national health 

authorities was too diverse which would make trial design a challenge and 

different funding models would also significantly delay the start of the trial.  

 

The proposal was also discussed and further refined at the NCRI Clinical 

Translational Radiotherapy working group (CTRad) proton therapy trials 

development workshop in November 2019. In view of the enthusiasm given at 

the CTRad workshop in the value of pursuing the objectives set within the 

proposal, we actively sought a collaboration with the Cancer Research UK 

Clinical Trials Unit (CR-CTU) at the University of Birmingham given their 
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expertise in running clinical trials in children. Following a detailed meeting and 

subsequent internal discussions in January 2020, they did not feel that they 

could support bringing this trial proposal forward on the basis that the new NHS 

England funding policy for proton therapy (described in Section 6.1.2) meant 

that proton therapy would become the standard of care for neuroblastoma 

patients and the lack of comparator or randomisation arm within the design of 

the proposal would make it not scientific enough to be fundable by either CRUK 

or National Institute for Health Research (NIHR) Research for Patient Benefit 

funding programmes.  

 

Nevertheless, with the proton trial development support and guidance from 

CTRad, we arranged a successful combined virtual and in person stakeholder 

and public involvement meeting in March 2020. Patient and public involvement 

in the trial design process has been shown to be essential in successful trial 

recruitment (Brett, 2014, Gasson, 2015). Representatives from the parent 

group of Solving Kids’ Cancer, a neuroblastoma charity, NCRI CTRad group 

and UK Radiotherapy Trials Quality Assurance team were present. Clinicians, 

proton therapy physicists and radiographers were also present from both the 

national proton centres University College London Hospitals and The Christie, 

Manchester. Proton therapy clinicians from Aarhus University Hospital, 

Denmark and Essen, Germany were invited to discuss their clinical 

experiences. 

 

Overall, the meeting addressed the technical challenges of PBS and challenges 

of developing a trial in this niche area both from a funding and design 
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perspective. Parents did not appreciate the extent of complexities and 

uncertainties surrounding PBS before attending this meeting. They felt that 

most parents would be willing to travel if there was a benefit, but when the 

benefits are not as definitive, they often struggle with decisions balancing the 

ability of being able to provide the absolute best treatment for their child versus 

the decision of relocating their child away from their established support 

structure to a proton facility. Therefore, they felt that the trial would be useful to 

take some of the emotional burden of decision making away from families who 

are already in a stressed state. All parties agreed that being able to select 

patients and ensuring PBS uncertainties was well managed were still important 

questions to be answered and was worth pursuing. However, it was felt that 

although a trial was ideal it may not feasibly be possible and perhaps a well 

thought out observation or pathway validation study in collaboration with the 

already funded national Proton Clinical Outcomes Unit which has been set up 

to collect data prospectively between the two NHS proton therapy centres could 

be a pragmatic alternative.  
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6.2.3 Development of a study to validate a referral pathway 

Given the positive feedback from stakeholders and the parental group, a 

prospective study protocol is currently under development with the aim of 

validating a proposed referral pathway for patients referred for PBS. This is 

done by evaluating the clinical selection pathway based on anatomical 

characteristics (Figure 6.1) against a theoretical dosimetric based pathway 

based on double planning (Figure 6.2). This will also allow us to identify if the 

selection pathway is robust enough to correctly identify patients who would 

complete PBS without any unexpected effects from uncertainty scenarios in the 

clinical setting.  

 

At present, no such referral pathways exist for PBS for neuroblastoma 

worldwide and it is mainly up to the judgement of proton centres accepting the 

referral. There is then a bias of acceptance if that proton centre is financially 

motivated or is a proton-only centre with no capacity to double plan complex 

cases for evaluation. Therefore, the UK proton centres are in the optimal 

position to explore this concept and this will be a once-in-a lifetime opportunity 

before PBS for neuroblastoma is widely accepted worldwide as the “superior” 

treatment for standard of care.  
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Figure 6.1 Proposed clinical referral pathway to assist patient selection for PBS 

based on tumour location and anterior PTV extension.  

Note 40% anterior extension is proposed to take into account the 

overestimation in our study. 

Abbreviations: NB=Neuroblastoma, PTV = Planning Target Volume, PBS = 

pencil beam scanning proton therapy.  
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Figure 6.2 Proposed algorithm for plan selection based on dosimetry from 

double planning. 

Abbreviations: PBS = pencil beam scanning proton therapy, IMRT = Intensity 

Modulated Radiotherapy 
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This protocol has undergone many iterations since its refinement at MCCR in 

an attempt to match the strategy of proposed funding parties without losing any 

meaningful study intent (see Figure 6.3). Close working collaborations with 

colleagues from both of the NHS proton therapy centres, NCRI CTRad Proton 

working group, NHS England Specialised Commissioning Group, parent 

groups and international SIOPEN colleagues have been essential and 

instrumental to the progress. Discussions and development of this study for 

funding through the NHS England Evaluative Commissioning (EC) programme 

has been ongoing since May 2020. As of November 2020, with the refined 

protocol and proposed new funding route, preliminary agreements for 

partnership has been given by: 

• Birmingham CR-CTU team for study set up and statistical support for 

final data analysis to ensure credible publication outputs 

• The Quality and Excellence in Radiotherapy and Imaging for Children 

and Adolescents with Cancer across Europe in Clinical Trials 

(QUARTET) team for radiotherapy quality assurance 

 

Despite the many challenges, I still remain hopeful that this study will come to 

fruition in the future.  
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Figure 6.3 Pathway of the proposed study being developed for funding 

application.  
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6.3 Future work in this area 

 

Whilst the referral pathway study proposal is being developed, I am exploring 

and developing further research projects within this field. These include:  

 

• Improving the ability to accurately monitor bowel gas in children during 

treatment 

I am working in close collaboration with the radiographer team at University 

College London Hospitals (UCLH) to identify if the dose of the on-treat cone 

beam computed tomography (CBCT) can be reduced without affecting the 

ability to identify bone and air. If successful, this will allow us to perform 

more frequent CBCTs to investigate and monitor the degree of 

gastrointestinal air variation in children more accurately. My working 

hypothesis is that there will be a CBCT setting threshold for soft tissue 

identification (such as kidneys and tumour) and another setting threshold 

which would be a lower dose for purely air identification. The plan is to test 

this on a phantom first to identify suitable threshold ranges. Once a set 

threshold is found, one option is to use this setting for the last CBCT 

obtained during a radiotherapy treatment course which at present does not 

really add much to changing radiotherapy decisions, therefore will bring no 

detriment to the child, but this will then allow us to compare the difference 

in quality against current CBCT settings. The output of this work will not only 

be useful in the PBS setting, but it may even allow us to reduce the CBCT 

dose for photon patients as well.   
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• Exploring the feasibility of incorporating bowel gas into the planning 

optimisation process 

Similar to the current concept of robust optimisation where the PBS plans 

are generated by taking into account translational shifts, one could explore 

simulating an increase of bowel gas during the planning process to make 

the PBS more robust against the dosimetric effects demonstrated in 

Chapter 3. This however of course will probably mean that the plans will be 

less conformal due to the intentional ‘overshooting’ or ‘undershooting’ of 

spots. It is worth investigating to ascertain if it is feasible without causing too 

much compromise to conformality. If successful, it would be interesting to 

explore what would be the most optimal amount of bowel gas to optimise 

on. This concept may then be translatable to PBS for other abdominal 

tumours.  

 

• Exploring the benefits of PBS in the dose escalation setting 

The new SIOPEN High risk 2 study is investigating the benefits of a boost 

to 36Gy in patients with incomplete surgical resection. This trial is currently 

funded and open to recruitment in France, the sponsor nation. The UK has 

recently obtained funding through charity grants from Solving Kids’ Cancer 

and Neuroblastoma UK, and is scheduled to start recruiting by 2021. With 

higher doses, one would expect a larger amount of integral dose reduction 

with PBS compared with IMRT, but we may also find that it could even be 

more difficult in achieving acceptable kidney tolerances in the midline 

located tumours. Therefore, one cannot simply rely on the referral pathway 



227 
 

in Figure 6.1 which was designed based on dosimetric work using the 

standard 21Gy dose.  

 

• Evaluating the risk of radiation induced secondary malignancy from different 

radiotherapy techniques in neuroblastoma patients  

This project is being done in collaboration with the Medical Physics and 

Biomedical Engineering group at University College London. The secondary 

malignancy risk is estimated using a mathematical model with site specific 

dose response relationships proposed by Schneider et al. (Schneider, 

2011). The radiotherapy plans for the cohort of patients described in 

Chapter 2 have been used for this project. As these patients were originally 

treated with 3D conformal radiotherapy, this allows for comparison to be 

made between three different radiotherapy modalities: conformal photon 

radiotherapy, advanced photon radiotherapy with IMAT and PBS proton 

therapy.  

  

I believe that the outcomes from these projects will ultimately add value to the 

paediatric radiotherapy landscape and the ongoing collaborations will increase 

the scope of potential research in the future.  
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Chapter 7 :  
Outcomes of teenage and young 

adults treated for brain and skull-

base tumours with pencil beam 

scanning proton therapy 
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7.1 Background 

 

Teenage and young adults (TYA) with cancers are a unique and understudied 

group of patients. Their tumour profiles and characteristics are biologically 

distinct compared to the paediatric or older adult population (Ostrom, 2016). 

They are also at a phase of life already fraught with difficulties from the 

transition to independence from the physical, emotional, financial and 

psychosocial aspect, further complicating the upcoming challenges faced 

during their cancer journey and survivorship.  

 

Brain and central nervous system (CNS) tumours are the commonest occurring 

cancer and third most common cause of cancer deaths in TYA ages 15-39 

(Ostrom, 2016). Historic epidemiological data has reported little improvements 

in the survival rates for TYA patients over the decades compared to the 

paediatric or adult counterparts (Bleyer, 2002), but this is evolving with the 

EUROCARE-5 report showing significantly improved survival for TYA patients 

with CNS tumours (Trama, 2016).  

 

With improving survival, the aim of minimising long-term toxicities as a result 

from treatment needs to becomes a priority. Radiation therapy remains one of 

the treatment options for most brain tumours (Alken, 2015), which is associated 

with morbidities such as decreased cognition, hearing and endocrine issues 

which then makes it more challenging for the young cancer survivor to function 

in society. Proton therapy has the potential of reducing late effects with its 

dosimetric advantage of not having an exit dose, therefore allowing high doses 
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of radiation to be delivered to the tumour whilst minimising dose to surrounding 

critical structures within the brain. An increasing number of TYA patients are 

therefore now treated with proton therapy for this reason.  

 

The Paul Scherrer Institute (PSI) in Switzerland has been utilising pencil beam 

scanning proton therapy (PBS) for the irradiation of patients for over 20 years. 

This retrospective study has been undertaken to evaluate and report the long 

term clinical outcomes, prognostic factors, late side effects and employment 

status of TYA patients with primary brain and skull-base tumours who had been 

treated at the centre. 
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7.2 Methods 

 

7.2.1 Patient selection and characteristics   

Between October 1997 and January 2018, 194 patients between the age of 15-

39 years who were treated with focal PBS for primary brain or skull-base 

tumours were identified from the PSI institutional database. All patients had at 

least 12 months of clinical follow-up. Eighteen patients were excluded due to 

mixed photon-proton treatment (n=8), early discontinuation of treatment after 

9Gy(RBE) due to wound breakdown (n=1), re-irradiation (n=1), miscellaneous 

histology (n=8; 1 parasellar chondroblastoma, 1 von Hippel Lindau disease, 1 

haemangiopericytoma, 1 pineal gland germinoma, 1 suprasellar germinoma, 1 

uncharacterized benign neoplasm, 1 thalamic gangliocytoma and 1 giant cell 

tumour). None of the excluded patients received craniospinal irradiation. Ethical 

approval was obtained from the Switzerland Ethics Committee.  

 

In total, 176 patients were included in the current analysis. All patients were 

treated with curative intent and did not have metastases at diagnosis.  
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7.2.2 Treatment planning and delivery 

Patients were immobilized with either a vacuum-assisted bite-block system, 

thermoplastic mask or body mould. A planning Computed Tomography (CT) 

was acquired with or without contrast. This was co-registered with the relevant 

diagnostic and planning magnetic resonance imaging (MRI) for delineation.  

 

PT was delivered from a scanning gantry with energy-degraded beams 

generated from a 590-MeV up until 2005. A dedicated 250-MeV cyclotron was 

used after 2005 (Weber, 2004). A narrow proton pencil beam is magnetically 

scanned, depositing Bragg peak spots within the tumour volume. Dose 

conformity is achieved by optimizing the relative weight of spots within the 

target volume or a little distance outside, using the single filed uniform dose 

(SFUD) or intensity-modulated proton therapy (IMPT) technique (Scheib and 

Pedroni, 1992, Lomax, 1999, Lomax, 2004). Dose for protons was prescribed 

with a generic relative biological effectiveness (RBE) factor of 1.1 relative to 

Co-60, and dose was expressed in terms of Gy (RBE), i.e. Gy (RBE) = proton 

dose Gy x 1.1(Frey, 2014). 

 

Daily positioning was verified with 2D orthogonal imaging. 3D imaging with CT 

or MRI was performed during treatment at specified intervals on an 

individualized basis to monitor for anatomical changes. 
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7.2.3 Follow-up evaluation 

All patients were assessed weekly during PBS and acute toxicities were 

recorded prospectively. After completion of treatment, patients were monitored 

clinically and radiologically at regular intervals. If patients did not return for 

clinical visits, follow-up data was retrospectively captured by the Study and 

Research Office from medical reports and imaging at the referring centre or 

questionnaires sent to the patient or guardian.  

 

Acute toxicities were defined as adverse events that occurred from the first day 

of treatment to day 90. Late adverse events were defined as side effects 

occurring after day 90. All toxicities were classified according to the Common 

Terminology Criteria for Adverse Events (CTCAE) grading system, version 

4.03(NIHR, 2010). Ototoxicity was classified as any inner, middle or external 

ear toxicities. 
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7.2.4 Statistical analysis   

Local control (LC), distant-progression-free survival and overall survival (OS) 

were measured from the start of PBS. The respective events were date of first 

local failure, distant failure and death, respectively. Late toxicity free survival 

was calculated from the end of PBS. Patients who died or did not experience 

failure or toxicity were censored at the last point of time seen alive for respective 

survival estimates.  

 

Actuarial survival rates and cumulative incidence were assessed using the 

Kaplan-Meier method. Survival functions were compared with the log-rank test. 

Cox regression model was used to detect independent prognostic factors for 

LC and OS. Factors selected into the multivariate model were limited up to 3 

factors due to the low number of events and were chosen based on significance 

level from the univariate analysis (p£0.02). The proportional hazards 

assumption was assessed graphically.  

 

Fisher’s Exact test was used to identify associations between employment 

status and late toxicity. Statistical analyses were performed using Statistical 

Package for Social Sciences (SPSS; version 24.0, Armonk, NY: IBM Corp). 
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7.3 Results 

 

7.3.1 Demographics and Disease Characteristics 

The male to female ratio was 0.8:1. The median prescribed dose was 70.0Gy 

(RBE) (range, 50.4-76.0). All patients received focal irradiation. The median 

age at PBS was 30 years and 47 patients (26.7%) were under the age of 24. 

The most common histology treated was chordoma (n=58, 33%), followed by 

chondrosarcoma (n=50, 28.4%), meningioma (n=25, 14.2%), low-grade glioma 

(LGG) (n=24, 13.6%) and craniopharyngioma (n=6, 3.4%). One hundred and 

sixteen (65.9%) patients were treated at initial diagnosis whilst 60 (34.1%) were 

treated at recurrence or experienced progressive disease prior to PBS. The 

majority of patients (n=169, 96%) underwent surgery, with only 7.4% (n=13) 

achieving gross total resection status of which 53.8% (n=7) were 

chordoma/chondrosarcoma histology. Noteworthy, 8 (4.5%) TYA were treated 

without any histology for a presumed meningioma (n=6) and LGG (n=2). Five 

(2.8%) patients received chemotherapy prior to PBS (high grade gliomas 

(HGG), n=2; LGG, n=3. Patient demographics and disease characteristics are 

detailed in Table 7.1. 
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Patient demographics Total (%) 
Gender Female 

Male 
100 (56.8) 
76 (43.2) 

Country of Referral Switzerland 
Foreign (EU) 
Foreign (non-EU) 

88 (50.0) 
84 (47.7) 
4 (2.3) 

Median age at PBS [SD, range] (years)  30.3 [7.6, 15.1-39.5]  
Age category at PBS < 24 years 

≥ 24 years 
47 (26.7) 
129 (73.3) 

Timing of PBS Initial diagnosis 
Recurrence / Progression 

116 (65.9) 
60 (34.1) 

Tumour location Skull-Base 
Supratentorial 
Infratentorial 

136 (77.3) 
32 (18.2) 
8 (4.5) 

Histology Chordoma 
Chondrosarcoma  
Meningioma 
LGG 
HGG 
Craniopharyngioma  
Pituitary Adenoma 
Ependymoma 

58 (33.0) 
50 (28.4)  
25 (14.2) 
24 (13.7) 
3 (1.7)  
6 (3.4) 
5 (2.8) 
5 (2.8) 

Metastases Yes 
No 

0 (0) 
176 (100) 

Grade WHO G I 
WHO G II 
WHO G III 
Low Grade, uncategorized 
No histology* 

42 (23.9) 
57 (32.4) 
5 (2.8) 
64 (36.4) 
8 (4.5) 

Median time from the last intervention to PBS^ 
[SD, range] (weeks) 

19.4  
[63.8, 2-548] 

Median time from referral to PBS [SD, range] 
(weeks) 

8.4  
[11.1, 0.9-105.9] 

Surgery prior to PBS Yes 
No 

169 (96.0) 
7 (4.0) 

Number of surgeries 
prior to PBS 

0  
1 
2 
3 
4 
5 
6 

7 (4.0) 
76 (43.2) 
55 (31.2) 
23 (13.1) 
9 (5.1) 
3 (1.7) 
3 (1.7) 
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Residual tumour at PBS No Resection (with or 
without biopsy) 
Macroscopic Subtotal 
Resection 
Gross Total Resection 

24 (13.6) 
 
139 (79.0) 
 
13 (7.4) 

Postoperative 
complications 

Yes 
No 

77 (43.7) 
99 (56.3) 

Chemotherapy prior to 
PBS 

Yes 
No 

5 (2.8) 
171 (97.2) 

Concurrent 
chemotherapy 

Yes 
No 

3 (1.7) 
173 (98.3) 

Median PBS dose [SD, Range] (Gy(RBE)) 70.0 [8.4, 50.4-76.0] 
Interruptions during 
PBS+ 

Yes 
No 

7 (4.0) 
169 (96.0) 

Table 7.1. Patient demographics and disease characteristics of TYA treated 

with PBS. 

* Tumours with no biopsies are treated based on radiological diagnosis of a 

low-grade tumour 

^ Date of last intervention is defined by the date of the last surgery, 

chemotherapy or biopsy prior to PBS, whichever latest.  

+ Reasons for interruptions include technical breakdown (n=5), dental abscess 

non-PBS related (n=1) and patient compliance (n=1) 

Abbreviations: LC = Local Control, OS = Overall Survival, PBS = Pencil beam 

scanning proton therapy, LG = Low Grade, LGG = Low Grade Glioma, HGG = 

High Grade Glioma, SD = Standard Deviation 
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7.3.2 Local control and distant progression free survival 

With a median follow-up duration of 66 months (range, 12-236 months), 31 

(17.6%) failures were observed. Twenty-four (13.6%) local only failures 

occurred between 7 and 151.7 months after PBS. The estimated 6-year LC was 

83.2% (95%CI 77.1-89.3). The highest 6-year LC was seen in pituitary 

adenomas and craniopharyngioma at 100% whilst the worst was LGG at 

35.9%. Other LC rates stratified by histology is shown in Table 7.2. 

 

On univariate analysis, LC was significantly influenced by age, timing of PBS 

and tumour location (Table 7.3). Patients who were <24 years had better local 

control (6year-LC 95.5%) than those who were ≥24 years (78.9%; p=0.013). 

Treatment at recurrence or disease progression had a significantly negative 

impact on LC (6year-LC 66.2%) compared with treatment at initial presentation 

(91.0%, p<0.001). Tumours located at the skull-base region had LC of 86.4% 

at 6 years, followed by supratentorial tumours (75.6%) and infratentorial 

tumours (62.5%; p=0.001). The use of chemotherapy pre-PBS was of 

borderline significance for poorer LC (p=0.054). On multivariate analysis, age 

≥24 years, PBS for recurrent disease or disease progression and infratentorial 

tumours were independent negative prognostic factors for LC (Table 7.4).  

 

One (0.6%) distant only failure was observed at 13 months. Five combined 

(2.8%) local and distant failures occurred sequentially between 6.3-38.9 

months post-PBS, whereby the majority (80%, n=4) experienced local failure 

as the initial event. The one patient who experienced distant failure first was 

treated for a G2 astrocytoma which progressed at the contralateral side of the 
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brain at 6.3 months followed by local failure at 25.7 months. Distant failures 

were observed at the distant brain (n=4), leptomeninges (n=1) and vertebra 

(n=1).  The 6-year distant-progression-free survival and disease-free survival 

rates were 97.4% (95%CI 91.3-100) and 82.3% (76.1-88.6), respectively. 
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7.3.3 Overall Survival 

Nineteen (10.8%) patients died during the follow-up period between 21.9 and 

204.4 months after PBS. They had chordoma/chondrosarcoma (n=12), HGG 

(n=1) and meningioma (n=6). Reasons for death were disease progression 

(84%, n=16) and cerebrovascular event due to PBS toxicity (5%, n=1). There 

was no available data for cause of death for the other two patients. The 6-year 

actuarial overall survival (OS) rate was 90.2% (95%CI 85.1-95.3). The tumour 

group with the best survival prognosis was ependymoma, meningioma, pituitary 

adenoma and craniopharyngioma at 100%, whilst the worst was HGG at 

66.7%. OS stratified by histology is detailed in Table 7.2. 

 

On univariate analysis, OS was significantly influenced by timing of PBS, 

tumour location, chemotherapy pre-PBS and disease failure (Table 7.3). 

Treatment at initial presentation had a better prognosis (6year-OS 96.7%) than 

at recurrence or progressive disease (76%, p<0.001). Tumours located at the 

skull-base (6year-OS 92.7%) had the best prognosis, compared with the 

supratentorial (80.5%) and infratentorial region (50%; p=0.043). Patients who 

received chemotherapy prior to PBS (6year-OS 50.0%) had a poorer prognosis 

than those who did not (91.5%, p=0.023). Patients who recurred locally (6year-

OS 48.6% versus 99.2%, p<0.001) and distantly (6year-OS 33.3% versus 

92.8%, p<0.001) post-PBS had a significantly worse OS. On multivariate 

analysis, PBS at disease recurrence or progression and distant failure post-

PBS were independent negative factors influencing OS (Table 7.4).  
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Outcome 6-year LC (95%CI) 6-year OS (95%CI) 

Chondrosarcoma 93.6 (86.5-100) 95.5 (89.4-100) 

Chordoma 79.2 (68.2-90.2) 87.2 (77.6-96.8) 

Ependymoma 80.0 (44.9-100) 100 

HG Glioma 66.7 (13.4-100) 66.7 (13.4-100) 

LG Glioma 35.9 (1-70.8) 70.3 (45.4-95.2) 

Meningioma 96 (88.4-100) 100 

Pituitary Adenoma / 

Craniopharyngioma 
100 100 

Table 7.2. 6-year local control and overall survival stratified by histology. 
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Prognostic factors 6-year LC 
(95%CI) 

P 6-year OS 
(95%CI) 

P 

Gender Female 
Male 

84.4 (76.4-92.4) 
 81.7 (72.1-91.3) 

0.740 93.6 (88.1-99.1) 
85.6 (76.4-94.8) 

0.134 

Age at PBS < 24 years 
≥ 24 years 

95.5 (89.4-100) 
78.9 (71.1-86.7) 

0.013 94.4 (86.8-100) 
88.7 (82.2-95.2) 

0.111 

Timing of PBS Initial 
Recurrence / 
Progression 

91.0 (85.3-96.7) 
66.2 (52.1-80.3) 

<0.001 96.7 (93.0-100) 
76.0 (62.9-89.1) 

<0.001 

Tumour location Skull Base 
Supratentorial 
Infratentorial 

86.4 (80.1-92.7) 
74.6 (54.8-94.4) 
62.5 (28.9-96) 

0.001 92.7 (87.8-97.6) 
80.5 (63.3-97.8) 

50.0 (0-100) 

0.043 

Chemotherapy prior to PBS Yes 
No 

53.3 (4.7-100) 
84.0 (77.9-90.1) 

0.054 50.0 (7.5-92.5) 
91.5 (86.6-96.4) 

0.023 

Grade LG* / WHO GI/II 
WHO GIII 

83.9 (77.6-90.2) 
60 (17.1-100) 

0.135 90.6 (85.5-95.7) 
80.0 (44.9-100) 

0.743 

Surgery prior to PBS Yes 
No 

82.6 (76.3-88.9) 
100 

0.275 89.9 (84.6-95.2) 
100 

0.342 

Number of surgeries prior to PBS ≤ 2 
>2 

85.6 (79.1-92.1) 
73.8 (57.5-90.1) 

0.120 92.2 (86.9-97.5) 
83.3 (69.6-97.0) 

0.124 

Residual tumour at PBS Yes 
No 

82.9 (76.6-89.2) 
92.3 (77.8-100) 

0.656 90.5 (85.4-95.6) 
85.7 (59.8-100) 

0.707 

Interruptions during PBS Yes 100 0.262 100 0.347 
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No 82.6 (76.4-88.9) 89.9 (84.6-95.2) 
Local failure post-PBS Yes 

No 
- - 48.6 (28.0-69.2) 

99.2 (97.6-100) 
<0.001 

Distant failure post-PBS Yes 
No 

- - 33.3 (0-70.9) 
92.8 (88.3-97.3) 

<0.001 

Any failure post-PBS (local and/or 
distant) 

Yes 
No 

- - 46.8 (26.6-67.0) 
100 

<0.001 

Table 7.3. Univariate analysis of prognostic factors for local control and overall survival for 176 patients with primary brain and skull-

base tumours treated with proton therapy.  

Significant P values (p≤0.05) are highlighted in bold.   

* Radiological low-grade tumours without biopsy are included in this category 

Abbreviations: LC = Local Control, OS = Overall Survival, PBS = Pencil beam scanning proton therapy, LG = Low Grade, LGG = 

Low Grade Glioma 
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Prognostic factors 
LC OS 

Hazard Ratio (95% CI) P Hazard Ratio 
(95% CI) 

P 

Age at PBS < 24 years 
≥ 24 years 

1 
5.6 (1.3-23.9) 

0.019 - - 

Tumour location Skull Base 
Supratentorial 
Infratentorial 

1 
1.6 (0.6-4.2) 

8.3 (2.3-29.3) 

 
0.301 
0.001 

- 
- 
- 

 
- 
- 

Timing of PBS Initial 
Recurrence / Progression 

1 
3.7 (1.7-7.9) 

0.001 1 
3.5 (1.3-9.2) 

0.012 

Distant Failure post-PBS No  
Yes 

- - 1 
11.3 (3.7-34.5) 

<0.001 

Table 7.4. Multivariate analysis for local control and overall survival.  

Significant P values (p≤0.05) are highlighted in bold.   

Abbreviations: LC = Local Control, OS = Overall Survival, PBS = Pencil beam scanning proton therapy 
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7.3.4 Toxicities  

 

7.3.4.1 Acute toxicity 

PBS was generally well tolerated without any interruptions from PBS-related 

toxicity. Acute side effects (patients could have more than one) were observed 

in 135 patients (76.7%): 69.9% G1 (n=123); 25.0% G2 (n=44); 2.3% G3 (n=4; 

dysphagia, n=1; nausea, n=1; middle ear inflammation, n=1 and symptomatic 

tumour swelling, n=1). No G4 or G5 acute adverse events were observed. The 

patient who experienced G3 middle ear inflammation did not have resolution of 

symptoms and suffered chronic mastoiditis throughout the duration of follow-up 

(48 months). 
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7.3.4.2 Late PBS-related toxicity 

Four patients were excluded from late toxicity analysis due to the following 

reasons: no late toxicity follow-up data (n=3) and inability to distinguish if 

symptoms were due to toxicity or recurrence (n=1). Twenty-one (12.2%) 

patients experienced PBS-related high-grade (≥G3) late toxicity with a median 

onset of 35 months (range, 3-235). Details of each case are summarized in 

Table 7.5. The PBS-related crude late toxicity rates were 26.2% G1, 38.4% G2, 

12.2% G3, 0.6% G4 and 0.6% G5. The breakdown by body systems are shown 

in Table 7.6. 

 

The actuarial high-grade (≥G3) PBS-related late toxicity-free survival (TFS) at 

6 years was 88.5% (95%CI 82.8-94.2). On univariate analysis, no significant 

factors were found to influence late high-grade TFS (gender, p=0.999; age at 

PBS, p=0.388; timing of PBS, p=0.632; tumour location, p=0.569; 

chemotherapy pre-PBS, p=0.485, concurrent chemotherapy, p=0.680; surgery 

pre-PBS, 0.651; number of surgeries pre-PBS ≤2 versus >2, p.191, 

postoperative complications, p=0.537). 

 

One Grade 4 retinopathy and maculopathy was observed. The patient was a 

39-year-old lady treated for a Grade I meningioma with pre-existing tumour-

related exophthalmos and had a medical background of Type II diabetes 

mellitus. The prescribed dose was 54Gy(RBE) and the right eye received a 

maximum dose (D2%) of 53.1Gy(RBE) as the tumour was pushing the 

structure. The onset of retinopathy was at 27.6 months and was managed with 

intra-orbital bevacizumab as well as pan-retinal laser coagulation. Although 



247 
 

there was no further deterioration of vision, there was no improvement either. 

One Grade 5 brainstem haemorrhage was observed. This was a 35-year-old 

male non-smoker who was treated for a low grade clival chordoma with stable 

residual disease after two surgical resections. He experienced a stroke at 88 

months post-PBS requiring a period of rehabilitation due to balance deficit. The 

prescribed dose was 74Gy(RBE) and the maximum dose (D2%) to the organs 

at risk were 72Gy(RBE) basilar artery, 65.9(RBE) brainstem surface and 

52.4Gy(RBE) brainstem core. The patient suffered a fatal brainstem 

haemorrhage at 99 months post-PBS. In the preceding months leading up to 

this event, it was noted that there were evolving radiological changes at the 

brainstem, but it was uncertain if this was due to the previous stroke or radio-

necrosis.  

 

No secondary malignancies were observed. 
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Case Primary tumour Sex Baseline 
symptoms related 
to late toxicity^ 

PBS 
dose 
Gy 
(RBE) 

PBS-related Late 
Toxicity 

Late 
Tox 
Grade 

Time 
to 
event 
(m) 

Dose to OAR 
Gy(RBE) + 
Mean/Max (D2%) 

1 Chordoma of the 

clivus LG 

M - 74 Intracranial haemorrhage 

(brainstem) 

Stroke 

5 

 

3 

99 

 

88 

BS surf 42/65.9 

BS core 41/52.4 

Basilar A 67/72 

2 Meningioma G1 F G2 Exopthalmos
tum 

54 Right Retinopathy and 

maculopathy 

4 28 Eye 30/53.1 

3 Meningioma LG M G3 Optic 

neuropathy
tum 

50.4 Retinal detachment 3 28 Eye 13.4/48.9 

4‡ Chordoma of the 

clivus LG 

F - 74 Left Optic neuropathy 3 19 Chiasm 54.8/60 

L ON 48.2/60 

5 Meningioma G2 M G1 Hemiparesis
tum 

64.8 Intracranial 

Haemorrhage  

(peri-tumoural) 

3 64 - 

6 Chordoma of the 

clivus LG 

F - 74 CSF leak 3 78 - 

7 Chondrosarcoma 

skull base G1 

M - 70 CSF leak 3 12 - 

8 Chondrosarcoma 

skull base G2 

F G1 Dry eye
op

  70 Epiphora 3 35 PTV covers almost 

the entire ethmoid 

sinuses 

9 Chondrosarcoma 

G2 

F - 70 Fatigue 3 19 - 

10 LGG G2 F G3 

Hydrocephalus
tum 

54 Hydrocephalus due to 

tumour swelling* 

3 6 - 



249 

 

11 Chondrosarcoma 

skull base G2 

F - 70 Middle ear inflammation 3 3 Cochlea
§
 63.6/67.2 

12 Chondrosarcoma 

skull base G1 

F G3 Hearing deficit
op 

70 Middle ear inflammation 3 235 Information not 

available 

13 Chondrosarcoma 

skull base G2 

F - 70 Middle ear inflammation, 

hearing deficit 

3 19 Cochlea 49/60 

14 Chordoma skull 

base LG 

M G1 Hearing deficit
op 

74 Middle ear inflammation 

(bilateral),  

hearing deficit 

3 56 Inner ear L 

47.8/53.9 

Inner ear R 50/59.9 

15 Chordoma skull 

base LG 

F G4 Hearing deficit
tum 

74 Otitis media 3 53 Not available 

16 Chondrosarcoma 

skull base G1 

F - 72 Hearing deficit 3 231 Cochlea 67.8/78.7 

17 Chondrosarcoma 

skull base G2 

F - 

 

70 Hearing deficit 3 65 Cochlea 69.9/72.8 

18 Chordoma skull 

base LG 

M G1 hearing deficit
tum 

74 Hearing deficit 3 3 Cochlea 42.6/68.9 

19 Chordoma skull 

base LG 

M - 74 Hearing deficit 3 101 Not available 

20 Chordoma skull 

base LG 

M - 74.1
#
 Hearing deficit 3 75 Cochlea 41/64 

21 Ependymoma 

infratentorium G2 

F - 60 Hearing deficit 3 6 Cochlea 41.3/50.2 

Table 7.5. Case details of teenage and young adults with PBS-related ≥G3 late toxicities. 

* Tumour swelling was not due to progression. Patient required emergency surgical shunt insertion. 
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‡ 
Case 4 is the only patient out of this group who experienced local failure, which occurred 23 months after the onset of the G3 late 

toxicity of optic neuropathy.  

^ Superscript characters: 
op

 = symptoms due to surgical complication, 
tum 

= symptoms from tumour 

# 
Due to technical failure causing a treatment break of 5 days, dose compensation was applied. The patient received 

66Gy(RBE) in 2Gy(RBE) per fraction and 8.1Gy(RBE) in 2.7Gy(RBE) per fraction.  

+ 
For organs with bilateralism (eyes and cochleae), the OAR dose stated is of the unilateral affected side if only one set of values is 

documented. 

§ 
Cochlea dose is used as a proxy for dose to OAR for middle ear toxicity.   

Abbreviations: LG = Low-grade, OAR = Organs at risk, PBS = pencil beam proton therapy, BS= brainstem, surf = surface, ON = optic 

nerve 
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Body Systems 
Late Toxicity Grade 

Grade 2 
(n=66, 38.4%) 

Grade 3 
(n=20, 12.2%) 

Grade 4 
(n=1, 0.6%) 

Grade 5 
(n=1, 0.6%) 

Endocrine Pituitary insufficiency (n=41) - - - 

Total n=41; 23.8% 
 

   

Ototoxicity 
 

Hearing deficit (n=6) 

Middle / external ear 

inflammation (n=4) 

Vertigo (n=1) 

Tinnitus (n=1) 

Hearing deficit (n=8) 

Middle ear inflammation 

(n=4) 

Otitis media (n=1) 

- - 

Total 
 

n=12, 7.0% n=11, 6.4%   

Neurological  CNS necrosis (n=5) 

Cognition (n=3) 

Memory (n=4) 

CN infarction (n=1) 

Oculomotor dysfunction 

(n=2) 

Neuralgia (n=1)  

Seizure (n=3) 

Hydrocephalus^ (n=1) 

Intracranial 

haemorrhage (n=1) 

Stroke (n=1) 

CSF leak (n=2) 

 

- Intracranial 

haemorrhage (n=1) 

Total 
 

n=14, 8.1% n=5, 2.9%  n=1, 0.6% 

Social  
 

Fatigue (n=2) 

Social issues (n=1) 

Depression (n=1) 

Fatigue (n=1) - - 

Total 
 

n=4, 2.3% n=1, 0.6%   
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Ophthalmological 
 

Retinopathy (n=2) Optic neuropathy (n=1) 

Retinal detachment 

(n=1) 

Epiphoria (n=1) 

Retinopathy, 

maculopathy (n=1) 

- 

Total 
 

n=2, 1.1% n=3, 1.7% n=1, 0.6%  

Others  
 

Alopecia (n=2) 

Pain (n=1) 

Sinus disorder (n=1) 

- - - 

Total 
 

n=4, 2.3%    

Table 7.6. Breakdown of moderate to high grade late toxicities by body systems for TYA treated with PBS. 

Late toxicity was calculated from 172 patients. The highest toxicity grade was recorded per patient.  

^ Hydrocephalus was secondary to tumour swelling due to radiation inflammation rather than progression. 

Abbreviations: CSF = cerebrospinal fluid, CNS = central nervous system
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Endocrinopathy 

Twenty patients (11.3%) had baseline endocrinopathy prior to PBS, of which 8 

(40%) were tumour related, 10 (50%) surgical related, 1 (5%) chemo related 

and 1 (5%) unrelated cause.  50 cases (29%) of PBS-related pituitary toxicity 

were observed, of which 6 patients (12%) had pre-PBS mild baseline pituitary 

deficit.  

 

In total, the crude rates of PBS-related pituitary toxicity were 4.7% G1 (n=8) 

and 23.8% G2 (n=41) demonstrated in Table 7.6. Amongst patients without 

baseline endocrinopathy (n=153), the 6-year estimated cumulative incidence 

for any PBS-related pituitary toxicity is 36.3% (Figure 7.1). 

 

 

Figure 7.1. Cumulative Incidence of any late pituitary toxicity. 
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Ototoxicity 

Twenty-one patients (11.9%) had baseline hearing deficits prior to PBS, of 

which 5 (23.8%) were tumour related, 15 (71.4%) surgical related, and 1 (4.8%) 

unrelated cause. 30 cases (17.4%) of PBS-related late ototoxicity (hearing 

deficit, external/middle ear issues, vertigo, tinnitus) were observed, of which 5 

(16.7%) had pre-existing baseline deficits.  

 

In total, the crude rates of PBS-related ototoxicity were 6.4% G1 (n=11), 7% 

G2 (n=12) and 6.4% G3 (n=11), demonstrated in Table 7.6. Amongst patients 

without baseline hearing deficits (n=151), the 6-year estimated cumulative 

incidence for any PBS-related ototoxicity was 18.3% (Figure 7.2). 

 

 

Figure 7.2. Cumulative Incidence of any late ototoxicity. 
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Neurological toxicity 

Baseline neurological symptoms pre-PBS were observed in 122 two patients 

(70.9%), of which 80 (65.6%) were tumour related, 31 (25.4%) surgical related, 

9 (7.4%) both tumour and surgical related and 2 (1.6%) non-surgical related. 

45 cases (26.2%) of PBS-related late neurological toxicity were observed.  

 

The crude PBS-related neurological toxicity rates were 14.5% G1 (n=25), 8.1% 

G2 (n=14), 2.9% G3 (n=5) and 0.6% G5 (n=1), demonstrated in Table 7.6. 

Notably, no high-grade (≥G3) CNS necrosis or cognitive deficits were observed. 

The 6-year estimated cumulative incidence for any PBS-related neurological 

toxicity was 25.6% (Figure 7.3). Baseline deficits were not excluded from this 

analysis as the experienced toxicity were mostly unrelated to the baseline 

symptoms. 

 

 

Figure 7.3. Cumulative Incidence of any late neurotoxicity. 



256 
 

7.3.5 Employment status pre- and post-PBS 

Employment status was available for 109 (61.9%) patients at the time of PBS 

and 79 (44.8%) patients at the time of last follow-up, of which 63 (79.7%) had 

initial employment history available (Table 7.7). In total, the unemployment rate 

was 7.3% at time of PBS, increasing to 25.3% at survivorship. 62% of survivors 

were employed and physically able to work whilst 12.7% were in education. 

Five (25.0%) patients within the unemployed group had disease failures.  

 

A further analysis was done on the group of 63 cases with longitudinal status 

available (Figure 7.4). Unemployment rate was 9.5% at PBS and 23.8% at 

follow-up. Within the unemployed group at PBS (n=6), only 16.7% (n=1) 

managed to work whilst 83.3% (n=5) remained unemployed post-PBS. Eight 

(22.2%) patients who were initially employed at PBS became unemployed at 

follow-up. Two (9.5%) students at PBS were unemployed post-PBS. 

 

The rate of late toxicity in the unemployed group post-PBS was 78.9% and 

employed / in education group was 57.6%. The high-grade (≥G3) late toxicity 

rate was 21% in the unemployed group and 8.5% in the employed / in education 

group post-PBS. There was however no significant association found between 

employment status and late toxicity (Table 7.8).  
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 Employment at 
time of PBS 

Employment at time of 
last follow up 

Available data* 109 79^ 
Unemployed 8 (7.3%) 20 (25.3%) 
Employed, at work 49 (45%) 49 (62%) 
Employed, 100% sick leave 17 (15.6%) 0 (0%) 
In education 35 (32.1%) 10 (12.7%) 

Table 7.7. Employment history of TYA at time of PBS and last follow-up. 

*Percentages are calculated from this value. 

^63 patients (79.7%) had initial employment history available. 

 

 

 Any 
toxicity 

P value ≥G3 
toxicity 

P value 

Unemployed (n=19) 15 (78.9%) 0.110 4 (21%) 0.210 
Employed / In education 
(n=59) 

34 (57.6%) 
 

5 (8.5%) 
 

Table 7.8. Association between employment / education status at time of last 

follow-up and late toxicity. 

Out of the 79 patients with employment status information at last follow up, 1 

had no late toxicity data, therefore 78 patients were analysed. 
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Figure 7.4. Employment and education status teenage and young adult patients with brain and skull base tumours. 

These are analysed based on 63 patients with longitudinal data pre-PBS and post-PBS. 
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7.4 Discussion 

 

This is a large series of the TYA population with brain and skull-base tumours 

between ages 15-39 detailing the long-term clinical outcomes including a 

comprehensive breakdown of late effects, prognostic factors and employment 

status after PBS therapy.  

 

Comparison of these outcomes with other published reports is challenging. 

Existing PBS studies have mainly focused on either the paediatric(McGovern, 

2014, Ares, 2016, Mizumoto, 2016, Yock, 2016, Indelicato, 2018, Indelicato, 

2019) or adult population (Sherman, 2016, Murray, 2017, Weber, 2018b) only. 

There is also no international consensus on the age criteria definition for TYA. 

The age group 15-39 years was used by the United States of America (USA) 

National Cancer Institute (Ostrom, 2016), Canadian (Walker, 2019), 

French(Ng, 2019), Southern and Eastern Europe registries (Georgakis, 2017); 

15-29 years by the Netherlands (Aben, 2012) and Brazilian registries (Oliveira, 

2019); 13-24 years in the UK (NCIN, 2018) and Finnish registries (Gunn, 2015). 

For this study, the age range of 15-39 was chosen as it was the most widely 

accepted international definition for TYA in Europe (Saloustros, 2017) and USA 

(Coccia, 2018).  

 

Outcomes may also differ depending on whether benign tumours were included 

for their analysis. The Central Brain Tumour Registry of the United States 

(CBTRUS) reported a 5-year relative survival rate of 65.4% in TYA aged 15-39 
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with malignant only brain/CNS tumours (Ostrom, 2016). The reported 5-year 

survival of 13-24 year olds in England was 80% for all CNS tumours including 

benign tumours (NCIN, 2018). The 6-year OS rate of this study cohort is much 

higher over 90%, some of which can be attributed to selection bias. The patient 

population in this study has been highly selected for PBS, having to be relatively 

fit for distant travel with a good prognosis. Therefore, it is not surprising that 

only 2.8% of the cohort was treated for a high-grade tumour (Table 7.1).  

 

This study provides insight into the patterns of PBS referrals and care within a 

European centre for TYA, where over 97% of the patients are referred from 

within Europe (Table 7.1). The commonest brain or skull-base tumour groups 

treated with PBS at PSI were chordomas/chondrosarcomas, gliomas and 

meningiomas. In contrast, the US Proton Collaborative Group has reported that 

the commonest CNS tumours treated in their young adult population (age 19-

40) were gliomas (astrocytic, oligodendroglial and oligoastrocytic tumours), 

followed by embryonal and ependymal tumours (Tseng, 2018). Some of the 

difference could be attributed to the exclusion of spinal CNS tumours in this 

study to allow for focused toxicity assessment within the brain and skull-base 

region only. It is also interesting that there were no cases of embryonal tumours 

at PSI, possibly reflective of the varying PBS referral patterns for TYA across 

continents. 

 

Age over 24, PBS at recurrence or progression and infratentorial tumours were 

independent negative predictive factors for LC. The CBTRUS TYA report has 

also observed that those diagnosed at a younger age have a higher survival 
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than older patients for all CNS histologies (Ostrom, 2016). PBS at recurrence 

and distant failure post-PBS were independent predictive factors for inferior OS. 

The majority of the distant failures in this cohort occurred after local failures (4 

out of 6 events; 67%), highlighting the importance of achieving LC. Due to 

limited number of events, the number of variables used for the Cox model had 

to be limited (Peduzzi, 1995).   

 

This study has demonstrated a good late toxicity profile for TYA with a 6-year 

high-grade (≥G3) PBS-related late TFS of 88.5%. Although it is encouraging 

that no secondary malignancies were observed, longer follow-up is warranted 

as there is a latency period to its onset (Preston, 2007).  

 

The one G5 event from CNS haemorrhage likely due to vasculopathy is a 

recognized radiation side effect. In the paediatric population, the 3-year 

cumulative risk of serious vasculopathy was reported at 2.6% after PBS (Hall, 

2018) and the stroke incidence at 25 years was 5.6% after photons (Omura, 

1997). In adults, the reported cerebrovascular incidence after photon irradiation 

was 12-21% with a mortality of 0.39% at 20 years (Flickinger, 1989, Brada, 

1999, Aizer, 2015).  

 

The 6-year pituitary toxicity incidence of 36.3% in this cohort is comparable to 

other proton studies and is lower than adult photon series with reported 

incidences of 60-62% at 5 years (Lam, 1991, Appelman-Dijkstra, 2014). The 5-

year endocrine deficiency incidence after passive-scatter proton therapy has 

been reported at 30% in adult patients with LGG (Shih, 2015) and 55.5% in 
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children and young adults <26 years with brain tumours with a lower incidence 

in those over 10 years old (Vatner, 2018).   

 

Most of the patients in this study did not undergo regular formal audiograms 

unless symptomatic, therefore ototoxicity estimates included inner, middle and 

external ear toxicities as a compensation. The 6-year cumulative ototoxicity 

incidence was 18.3% in this study. Sensorineural hearing loss after conformal 

cranial photon radiotherapy in paediatric patients treated without chemotherapy 

was 14% with a median follow-up of 9 years (Bass, 2016). Promising early 

outcomes are seen after proton irradiation in paediatric craniopharyngioma 

patients where normal hearing was maintained at 2-year median follow-up 

(Bass, 2018). In contrast, sensorineural hearing loss after conventional photon 

irradiation for adult brain tumour patients was higher at 30% with 13-year 

median follow-up (Johannesen, 2002). Recent guidelines published by the 

International Late Effects of Childhood Cancer Guideline Harmonization Group 

(IGHG) Ototoxicity Group has recommended ototoxicity surveillance with pure 

tone conventional audiometry at 1000-8000Hz every 5 years and health 

provider awareness of tinnitus risk for TYA who have received any head or brain 

radiotherapy of more than 30Gy (Clemens, 2019). 

 

Unemployment rates post-PBS in this study increased by 18.0% from 7.3% to 

25.3%, although the increment is slightly lesser at 14.3% within the cohort with 

longitudinal data. Shih et al. (Shih, 2015) reported stable employment rates pre- 

and post-PBS at 70% in twenty adult patients with LGG after 54Gy(RBE) with 

prospective follow-up. A high proportion of patients who were unemployed at 
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baseline remained unemployed (83.3% in this cohort and 75% in theirs), 

suggesting that factors for unemployment within this group was likely already 

present prior to PBS. Patients who were employed at baseline but not working 

at last follow-up post-PBS was 7.1% in their group (1 of 14 patients) compared 

to 22.2% in the PSI cohort. It is difficult to make a direct comparison as the 

patient demographics in both studies are different. Their cohort has older 

patients (age range 22-56 (Shih et al study) versus 15-39 (PSI study); median 

age 37.5 versus 30.0), higher male gender (65% versus 43.2%) and different 

histology groups (LGG only versus heterogeneous group of brain/skull base 

tumours). Although there was no statistical significance between late toxicities 

and employment status, there appears to be a higher rate of late toxicities within 

the unemployed group (78.9% versus 57.6%). However, no firm conclusions 

can be made as the study cohort with available data at PSI is small and 

unemployment during survivorship is very likely multi-factorial.  

 

The main limitation to this study is its retrospective nature. Low-grade late 

toxicities, particularly non-specific symptoms such as intermittent fatigue or 

trouble concentrating, may be under-reported as patients may not necessarily 

volunteer the information or associate it as a consequence. However, this may 

just be enough to impair their ability to excel at work (Parsons, 2012). Medical 

reports were mainly focused on tumour status with little documentation on 

social status. Just under half of the patients in this study had documented 

employment status post-PBS, whereby limited information was available on the 

reasons for unemployment (e.g. toxicity consequence, patient choice or lack of 

support in facilitating return to work).  
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It was also challenging to obtain dosimetric data for organs at risk (OARs) for 

correlation with toxicities. OARs which did not have hard constraints such as 

the pituitary, cochlea or Circle of Willis were not consistently contoured and 

therefore due to time limitations, I was not able to retrospectively contour the 

relevant OARs. This is a limitation with most retrospective datasets. The value 

of prospectively contouring and collecting dosimetric data on organs at risk 

even when the dose tolerance is not known at that time point has been 

increasingly recognised in the radiotherapy research community.  

 

The experience of dealing with the inaccuracies and uncertainties with 

obtaining retrospective data at an established proton centre where majority of 

the follow up happens at the referring centre has been valuable. This 

knowledge has been used to assist the development of the proton therapy 

prospective data collection workflow for paediatric and TYA brain tumours at 

UCLH in preparation for clinical operations. OAR contouring has been 

incorporated as much as pragmatically possible to allow for future correlation 

with the outcome data collected via the national Proton Clinical Outcomes Unit.  

 

In conclusion, this study demonstrates that PBS is an effective treatment for 

brain and skull-base tumours in the TYA population with an acceptable late 

toxicity profile. There is some suggestion that toxicity rates from PBS are lower 

than historical photon series, although this is must be interpreted with caution 

due to the lack of direct comparative cohorts. We must now focus our efforts 

on recognising and best supporting TYA survivors who experience inadvertent 

consequences after treatment. 
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Chapter 8 : Conclusion  
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The survival of children, teenage and young adults (TYA) with cancer is 

improving (Trama, 2016) and the quality of life during survivorship is becoming 

increasingly relevant. A large focus of research within the paediatric and TYA 

community is aimed at minimising the long-term complications of treatment. 

The use of proton therapy to treat this population is becoming increasingly 

attractive as it allows a reduction of high radiation dose to non-target volumes 

as well as a reduction of integral dose to the patient compared with available 

photon techniques, which in turn translates to a reduction in side effects. 

 

This work studies pencil beam scanning (PBS) which is the most sophisticated 

proton therapy delivery technique clinically available at the moment. It offers a 

more conformal dose distribution than the older proton delivery technique using 

passive scatter. However, PBS dose distribution is very sensitive to anatomical 

and density changes. This is technically challenging for abdominal tumours 

where unpredictable bowel movement and gastrointestinal air variation may 

have a negative impact on PBS dosimetry.  

 

The main collection of work described in this thesis explores the benefits and 

consequences of the clinically relevant technical challenges (set up variation, 

bowel density changes and intra-field motion) of PBS in a dedicated abdominal 

neuroblastoma study population. The effects of the technical challenges in this 

group of patients is not fully described within the limited existing literature in this 

field, making this work unique.  
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There is often a misperception amongst both the medical community and the 

public that a new technology such as protons is better and therefore the most 

appropriate treatment for all. There is also often a belief that patients are not 

offered this treatment due to rationing of national services. This work shows 

that although there are huge dosimetric advantages to PBS in some cases, 

there are uncertainties and in fact PBS may be detrimental for some situations. 

It is essential that whilst trying to minimise toxicity we don’t compromise on local 

control rates or cure. Parents were actually surprised to hear about the potential 

disadvantages of PBS during our stakeholders’ engagement meeting. It is 

therefore absolutely essential that these new techniques are evaluated properly 

and this work seeks to address some of these challenges. Essential work such 

as this will allow us to continue to strive for the best outcomes for children with 

cancer. 

 

As with the other aspects of oncology, we have to move away from a one size 

fits all concept, but instead apply personalised decision making to the process 

of choosing the best radiotherapy modality recommended for treatment. 

Potential features which may facilitate the selection of patients for PBS have 

been identified in this work. Characteristics favouring improved dosimetry with 

the PBS technique include a lateralised tumour location, anterior extension of 

the PTV £60% anterior to the vertebra, PTV volume £400 cm3 and respiratory 

motion of £5mm. As a result of this work, a referral algorithm has been 

developed to facilitate patient selection and the next steps are to validate this 

within the clinical setting.  
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The unpredictability of bowel gas filling was found to be particularly problematic 

for PBS plans for tumours at the midline location (Chapter 3). In a limited 

number of patients with weekly on treat imaging with cone beam computed 

tomography (CBCT), a larger degree of bowel gas variation was observed in 

the group of patients treated under general anaesthesia (Chapter 4). Whilst 

these findings mean that we should use PBS with caution in patients with 

midline tumours treated under general anaesthesia at the moment, further 

research must be done in order to find ways of overcoming this limitation. 

Innovative planning approaches such as the feasibility of incorporating varying 

amount bowel gas during robust optimisation for PBS plans is currently under 

investigation by the physics proton team at UCLH. Advancements within the 

field of on treatment imaging is another area that can be developed to tackle 

the bowel gas issue. Therefore, projects looking into the feasibility of improving 

the quality of CBCT image reconstruction to allow for more accurate dose 

recalculations, algorithm development for automated bowel gas volume 

measurement daily, reduction of CBCT dose to allow for more frequent on treat 

imaging acquisition is also underway in collaboration with the radiographer and 

physics team at University College London Hospitals (UCLH) as well as the 

Medical Image Computing team at University College London (UCL).  

 

The interplay effects due to intra-field respiratory motion on PBS dosimetry in 

neuroblastoma patients was explored in Chapter 5 of this work. Dose 

degradation to PBS plans was found to be minimal in patients treated under 

general anaesthesia with <5mm motion. Motion mitigation using volumetric 

rescanning technique in the clinical setting was also described and found to be 
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logistically feasible in the paediatric population. It was interesting that earlier 

patients were treated with a higher number of rescans up to 8 applications 

based on previous theoretical work, but in fact, when applied to the clinic a 

lower number of rescan applications was found to be sufficient. This highlights 

the importance of studying and reporting clinical experiences rather than relying 

solely on pre-clinical findings. Whilst this work has proven the feasibility of 

volumetric rescanning, the limitation is that this was performed at the Paul 

Scherrer Institute on their in-house customised gantry. There are some 

technical specifications which are not readily available on the Varian 

commercial systems such as 4D dose calculation algorithm and adaptive 

scaled model rescanning which makes this technology and methodology not 

fully applicable at present. However, work is ongoing not only at UCLH but at 

Manchester and internationally to best incorporate the concept of volumetric 

rescanning into the clinics (personal communication with Vasilis Rompokos, 

proton physicist at UCLH). I also understand that a gating solution will 

potentially be made available for Varian PBS commercial systems in the near 

future.  

 

The work done in this thesis sets the foundation with respect to the impact and 

management of bowel gas and motion uncertainties with PBS. It will be 

translatable to other retroperitoneal abdominal tumour sites particularly 

paediatric renal tumours and adult retroperitoneal sarcomas. A new highly 

conformal target volume definition for flank radiotherapy in paediatric renal 

tumours will soon be evaluated prospectively within the current International 

Society of Paediatric Oncology Renal Tumour Study group (SIOP-RTSG) 
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UMBRELLA study (Janssens, 2020). This new volume definition is mostly 

confined to the retroperitoneal space only and will be fairly similar to the 

volumes seen in the lateralised neuroblastoma cohort investigated in this 

thesis. I have also been in personal contact with the adult sarcoma team at 

UCLH who are looking at investigating dose escalation for retroperitoneal 

sarcomas with PBS, using the concepts of this work as a template for their pre-

clinical pilot study methodology.  

 

The other portion of this thesis describes the long term clinical outcomes of 

teenage and young adults (TYA) treated with PBS for brain and skull-base 

tumours. TYA patients have not been the main focus of PBS research up until 

recently and they are arguably one of the most vulnerable group of cancer 

patients given the complex psychosocial challenges they face. Particular focus 

was given to describing the detailed analysis of late long-term toxicities and 

employment status during survivorship. Toxicity rates were found to be lower 

than historical photon cohorts, but caution must be taken interpreting this as it 

is not a direct comparison. Unemployment rates increased by 14% post PBS 

with a suggestion that those unemployed had higher rates of late toxicities 

although it is not significant likely due to the small number of events. Whilst it 

would have been ideal to have obtained dose to individual organs at risk to 

allow correlation with toxicities, data collection was challenging as not all of the 

organs were consistently contoured and is a common problem in radiotherapy 

research.  
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One potential solution could be the utilisation of an atlas and spatial 

normalisation technique that Dr. Catarina Veiga at the Medical Image 

Computing team at UCL has developed in collaboration with the paediatric 

radiotherapy team at UCLH to facilitate voxel-based analysis of radiotherapy 

toxicity for paediatric patients (manuscript submitted). Only the dose distribution 

and treatment planning imaging data is required from individual patients. These 

will be propagated onto the atlas which is a common reference space with pre-

validated contours. It not only allows for clinical toxicities to be correlated with 

organs at risk without needing the contours from the individual patient dataset 

but also dose relationships can be analysed in a 3D fashion. For example, one 

could identify if visual toxicity was associated with a dose threshold to a specific 

portion of the optic nerve by visual analysis initially, and if a pattern was 

identified one could quantify it further by subdividing the contours (for example 

anterior and posterior optic nerve) on the atlas rather than each individual 

patient. Although Dr. Veiga’s work is in its early days, once further developed 

and refined, it would open up the scope of paediatric and TYA radiotherapy 

research in developing dose response models, which in turn can help quantify 

the expected clinical benefits from proton therapy. The quality of clinical data 

for the development of these models can be further enhanced by prospectively 

obtaining formal multidisciplinary assessments from long term survivors looking 

at specific parameters of interest.   

 

The “Gartner Hype Cycle” (Figure 8.1) has been used to describe the hype 

surrounding the adoption of new technologies (Gartner). Proton therapy is no 

different, but it is an extremely costly investment with NHS England investing 
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over £250 million to build the two national proton centres. With the commercial 

and media hype surrounding proton therapy, many new proton centres have 

been built in the last decade during the “inflated expectation phase” driven by 

business models directed at the prostate cancer market especially in the USA. 

However, this has been fast hit by the “trough of disillusionment phase” when 

policy makers and insurers decline to pay extravagant amounts of money for a 

treatment with no proven additional benefit, causing a few proton centres to 

shut down due to financial difficulties (Zietman, 2018).  

 

 

 

Figure 8.1. The Gartner Hype cycle. 
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Therefore, it is extremely important for radiation oncologists to persistently work 

towards obtaining evidence with good quality research. Whilst it will no doubt 

be a challenging and arduous task in the context of rare tumours and limited 

access to proton therapy, every opportunity to do so must be utilised to guide 

best practice in the coming decades. Engagement with as many stakeholders 

as possible including industry, public, co-operative networks, academic bodies 

and commissioning bodies will help expand the horizons of research in the field 

of PBS but also ensure that the findings can be applicable to the real world. 

Only by equipping ourselves with knowledge on the clinical benefits and 

intricate complexities of proton therapy can we continually progress on the 

journey up the “slope of enlightenment”. 
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