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Abstract 

Background 

There are approximately 48,000 new diagnoses of lung cancer in the United 

Kingdom. It is one of the most lethal cancers, with a 10% chance of survival at 10 

years. A third of patients receive radiotherapy a part of the primary treatment 

for lung cancer. However, there is an approximately 30% local recurrence rate 

after radical radiotherapy for non-small cell lung cancer, and there is a 14% risk 

at 10 years of developing a second lung cancer. There are no treatment 

guidelines for patients who are diagnosed with intra-thoracic relapsed disease. 

Radical thoracic re-irradiation for non-small cell lung cancer has been performed 

in selected patients from the 1970s with promising efficacy. However, re-

irradiation is associated with increased risk of toxicity compared to de novo 

radiotherapy. Re-irradiation is being delivered more frequently due to the 

advances in radiotherapy technology and better detection of recurrent disease, 

despite the lack of evidence in how to deliver re-irradiation safely, or any recent 

prospective studies that demonstrate efficacy. 

Aim of thesis  

The aim of this thesis is to investigate how to optimise the safety of radical 

thoracic re-irradiation, in preparation for a future prospective clinical trial. 

Methods  

(i) An international Delphi consensus process with thoracic oncologists 

was performed to identify current practice in thoracic re-irradiation, 

patient selection, develop dose constraints and radiotherapy planning 

strategies. 

(ii) A retrospective review of 39 patients who underwent re-irradiation in 

the Beatson West of Scotland cancer centre was conducted. Clinical 

outcomes and cumulative dosimetric information were analysed. 

Image and dose registration strategies were developed to account for 
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the previous dose delivered from initial radiotherapy with the re-

irradiation dose. 

(iii) A literature review was performed to collect information (including 

toxicity, cumulative dose, interval between treatments and use of 

chemotherapy) about thoracic re-irradiation. This was divided into five 

datasets for the organs at risk in the chest (spinal cord, oesophagus, 

lungs, proximal bronchial tree, and aorta) and logistic regression 

modelling was performed to determine cumulative dose constraints. 

(iv) A literature review was performed to collect information (including 

cumulative dose, local control, and overall survival rates) from 

thoracic re-irradiation for non-small cell lung cancer. Logistic 

regression modelling was performed to determine the dose required 

for 50% rates of 2-year local control and overall survival. 

(v) A radiotherapy planning study using the 39 Beatson patients was 

conducted using volumetric arc therapy (VMAT) and multi-criteria 

optimisation (MCO). Patients were re-planned to the cumulative dose 

constraints and the models developed in sections (iii) and (iv) were 

applied to assess if the re-planned re-irradiation was safer. 

(vi) Patients who had completed a course of radical lung radiotherapy 

were recruited into a qualitative interview study to explore patients’ 

perspectives on re-irradiation. The interviews were transcribed and 

underwent thematic analysis. 

Results 

(i) Fifteen lung oncologists participated in the Delphi process. Patients 

being considered for radical re-irradiation should be PS 0-2, and 

radical resection should be discussed. Staging with PET-CT and brain 

imaging was endorsed. Consensus dose constraints based on clinician 

expertise were agreed upon for the oesophagus, spinal cord, brachial 

plexus and aorta. There was no consensus for lung and proximal 

bronchial tree doses. 
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(ii) Clinical outcomes and cumulative dose of 39 patients from the Beatson 

were analysed and divided into patients with local recurrence and 

second primary lung cancers. The 2-year OS rate was 38.5% in the local 

recurrence group, and 69.2% in the SPLC group. Sixteen patients (41%) 

experienced grade 3 toxicities and one patient (2.6%) had fatal 

haemoptysis. A reproducible process to accumulate dose was 

developed, which identified that using the whole lung for image 

registration was the optimal strategy. 

(iii) The literature search identified 55 studies with the cumulative dose 

and toxicity required for modelling. Dose/toxicity models were 

developed using logistic regression for the spinal cord, oesophagus, the 

mean lung dose, the lung V20Gy, the proximal bronchial tree and 

aorta. There was insufficient data to model the heart, chest wall and 

brachial plexus dose. For the spinal cord, oesophagus, proximal 

bronchial tree and aorta, the maximum likelihood 5% risk of grade 3 

toxicity was seen at 77.2Gy, 94.3Gy, 157.5Gy and 142.5Gy respectively 

(all doses in equivalent dose in 2-Gray fractions, median values used if 

other variables were included in the model). The mean lung dose and 

V20Gy associated with 20% grade 3 toxicity were 19.3Gy and 28.4% 

respectively. These models were validated on the Beatson data, and 

dose constraints developed. 

(iv) The literature search identified 21 studies with 2-year local control or 

overall survival data and cumulative dose to the tumour. 

Dose/outcome models were developed using logistic regression 

modelling. The modelling predicted a 50% 2-year local control rate at 

67.8Gy using a median planning target volume of 112cc. The predicted 

dose to the tumour for a 50% 2-year overall survival rate was 76.5Gy. A 

sub-study to assess if 13 locally recurrent patients from the Beatson 

cohort could have dose escalation identified six patients where their 

re-irradiation dose could potentially be increased. 

(v) The planning study identified 15 patients from the 39 patients in the 

Beatson cohort that breached the re-irradiation dose constraints. 

These patients mostly had locally recurrent disease. Seven patients 
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were replanned using VMAT and MCO and met the dose constraints. 

The remaining eight patients required alternate strategies (such as a 

change in dose fractionation or modification of the planning target 

volume) to meet the constraints. Six patients were able to be safely 

replanned with these alternate strategies. The combination of VMAT 

and MCO was superior to VMAT alone when planning re-irradiation for 

sparing the serial organs at risk in the chest. 

(vi) Eight patients participated in a qualitative interview exploring their 

perspectives on radical re-irradiation. Thematic analysis identified two 

main themes from the interviews: fear and control. The key finding 

was that all patients would consider re-irradiation. A common reason 

given was they were not afraid of it having experienced radiotherapy 

before. Each patient had a very different attitude to risk, with some 

patients stating that they would accept high risk treatment if the 

outcomes were better, whereas others preferred to prioritise avoiding 

toxicity. 

Conclusions 

The research detailed in this thesis contributes to the delivery of safe re-

irradiation in several ways. The consensus statements provided guidance for 

the selection and staging of patients to be considered for radical re-

irradiation, ensuring that only suitable patients proceed with high-risk 

treatment. The dose constraints developed from the dose/toxicity can be 

used to limit severe re-irradiation toxicity and allows patients to be better 

counselled prior to treatment. The dose/outcome study identified that 

recurrent disease required higher doses for disease control, and that dose 

escalation may be possible in selected patients. The planning study identified 

that the optimal planning technique is VMAT with MCO. The qualitative study 

demonstrated that patients may consider re-irradiation and require individual 

counselling regarding their acceptance of risk. This research provides insights 

to the inclusion criteria, dose constraints, radiotherapy planning technique 

and the patient and public involvement necessary for a prospective clinical 

study of re-irradiation.  
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1 Introduction 

 
1.1 Overview 

Second courses of radical radiotherapy for lung cancer have been given to 

selected patients since the 1970s, with long-term disease control in some. This is 

not standard practice due to concerns regarding the safety and efficacy of 

repeated radiation, and the lack of data to support treatment decisions. Radical 

re-irradiation is an attractive treatment as it offers patients with recurrent 

disease a second chance of disease control. This thesis investigates how re-

irradiation can be delivered safely, by developing practice guidelines, safe dose 

limits, evaluating planning techniques and patient opinions on re-irradiation.  

This introduction summarises the impact of lung cancer as a disease, the current 

treatment paradigm and why new treatments are required. This is followed by a 

short history of the clinical trial evidence for radiotherapy for non-small cell 

lung cancer (NSCLC), the effects of ionising radiation on tumour and normal 

tissue, and an overview of the recent advances in radiotherapy technology. This 

is required to provide context as the delivery and effects of the first course of 

radiation has an impact on the second course and illustrate how the technology 

to facilitate re-irradiation was developed. 

The final section of the introduction outlines the possible treatments for 

recurrent disease, reviews the literature of re-irradiation for lung cancer and 

why re-irradiation is worthy of further investigation. 

1.2 Lung cancer 

1.2.1 Epidemiology 

Lung cancer is the commonest cause of cancer death in the UK, with over 48,000 

people diagnosed each year, and 35,000 deaths. The 5 year survival from lung 

cancer is 16.2%1. In addition to the untold amount of human suffering, lung 

cancer has the highest economic cost of any tumour type, costing the EU €18.8 

billion (15% of all cancer costs) in 2009 and is responsible for 23% of the total 

lost productivity from all cancers2. In the UK, the demographics of lung cancer 
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are changing, with the incidence rising in women by 15% and decreasing in men 

by 8% from 2007 to 2017, and this shift is mirrored globally1,3. Half of patients 

diagnosed with lung cancer are 75 years of age or above, and incidence and 

mortality are higher in socio-economic classes IV and V1,4,5. 

The predominant risk factor for lung cancer is tobacco smoke. This has been 

shown to increase the risk of lung cancer and all-cause mortality in several 

studies6-8. Other factors are air pollution, occupational exposures to asbestos, 

silica dust, polycyclic aromatic hydrocarbons and chromium compounds, chronic 

inflammation of the lung and genetic predisposition9.  

1.2.2 Histology 

Lung cancer can be divided into two broad categories pathologically: NSCLC, 

(85%) and small cell lung cancer (SCLC, 15%). The main histologies represented 

by NSCLC are squamous cell cancers, adenocarcinomas and large cell carcinoma. 

Considerable heterogeneity is seen in the behaviour and response to treatment 

of NSCLC, with the discovery of driver mutations and the interaction with the 

immune system leading to new targeted therapies and immunotherapies. There 

has been less progress in the management of SCLC, the main development being 

the addition of immunotherapy to platinum-based chemotherapy10. 

1.2.3 Diagnosis and staging 

Diagnosis and staging of lung cancer typically involve a series of investigations 

that may include chest radiographs (CXR), computed tomography (CT) of the 

thorax, abdomen and pelvis, 18-fluorodeoxyglucose-positron emission 

tomography–computed tomography (PET-CT), magnetic resonance imaging (MRI) 

brain and a biopsy, either bronchoscopically, thorascopically or percutaneously.  

Staging of lung cancer is according to the tumour-node-metastasis (TNM) system 

from the American Joint Committee on Cancer (AJCC)11. 

1.2.4 Treatment of NSCLC 

Treatment of lung cancer is dependent on the stage at diagnosis and the 

pathology of the tumour. In NSCLC, stage I and II tumours can be treated with 

radical surgery, or in patients who are unfit or decline thoracic surgery, radical 
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radiotherapy12,13. There are several approaches for stage III tumours depending 

on the operability of the disease. For patients with operable disease, options 

include radical surgery followed by adjuvant treatment, neo-adjuvant 

chemotherapy (+/-immunotherapy) and surgery, or chemo-radiotherapy followed 

by surgery. Adjuvant chemotherapy, immunotherapy or targeted treatment 

(depending on molecular markers) post-operatively may be offered for patients 

of Eastern Cooperative Oncology Group Performance Status (ECOG-PS) of 0 or 1, 

with positive lymph nodes14. Post-operative radiotherapy may be offered in 

selected patients with positive resection margins; a recent study concluded that 

there is no survival benefit to irradiating completely resected disease15. Patients 

with inoperable disease can be treated with definitive chemo-radiotherapy with 

adjuvant immunotherapy or sequential chemotherapy and radical radiotherapy. 

There is considerable variation in practice in this area16.  

Patients with stage IV disease are treated palliatively, except for patients with a 

solitary brain metastasis and a radically treatable lung primary, where radical 

treatment can be given to both sites. There is an increasing number of 

treatment options for patients with metastatic disease, dependent on the 

mutational status and expression of programmed death-ligand 1 (PD-L1) of the 

tumour. Prior to 2009, platinum doublet chemotherapy was the standard of care, 

and remains so for patients with no oncogenic mutations and are unsuitable for 

immunotherapy17. Historically, the median overall survival (OS) from 

chemotherapy is 8 months18.  Between 2009 and 2015, tyrosine-kinase inhibitors 

in patients with oncogenic mutations (such as gefitinib and erlotinib for 

epidermal growth factor receptor (EGFR) mutation positive tumours, or 

crizotinib for anaplastic lymphoma kinase (ALK) rearranged tumours) 

demonstrated superior efficacy to chemotherapy and were approved for 

treatment in the UK19-21. Since then, further targeted therapies for mutations in 

ROS proto-oncogene 1 (ROS1), B-raf proto-oncogene (BRAF), and neurotrophic 

tyrosine receptor kinase (NTRK) are now available. Immunotherapy with PD-1 or 

PD-L1 blockade has been used for NSCLC, initially in the second line setting after 

chemotherapy, then subsequently in the first line setting for patients with PD-L1 

³50% as monotherapy, or in combination with chemotherapy regardless of PD-L1 

status22-24. These trials have demonstrated longer median OS compared to 

chemotherapy alone. When compared to chemotherapy alone, there is less 
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toxicity with immunotherapy monotherapy and similar amounts of toxicity with 

the chemotherapy-PD-L1 combination. 

In summary, lung cancer is a common and lethal cancer with poor outcomes, 

often affecting older patients with comorbidities associated with tobacco smoke. 

Radiotherapy is a curative option in the primary treatment of both NSCLC and 

SCLC. It can be used as the sole modality or in combination with chemotherapy 

or immunotherapy. 

1.3 Role of radiotherapy in lung cancer 

Roentgen discovered x-rays in 1895 and one year later, there were reports of 

radiation being used to treat benign and malignant diseases25. Lung cancer was 

considered a rare disease in the 19th and early 20th centuries, likely due to the 

absence of tobacco smoking and very limited techniques to diagnose thoracic 

malignancies26,27. However, the incidence of lung cancer increased dramatically 

as tobacco consumption became commonplace. Radiotherapy also had extremely 

poor outcomes in part because the x-ray energies generated by cathode ray 

tubes were too low to give tumoricidal doses to deep tissues (such as in the lung) 

without causing significant skin toxicity. This is reflected in the outcomes from 

the use of kV (kilovoltage) radiotherapy as the sole modality of treatment with a 

5 year survival of 2.7%28. Therefore, the role of radiotherapy in lung cancer 

between 1930 and 1950 was generally used as neo-adjuvant or adjuvant 

treatment after surgery or to palliate symptoms29.  

The development of the megavoltage (MV) linear accelerator allowed greater 

skin-sparing. Results from 8MV and 240kV radiotherapy for lung cancer were 

reported in the late 1950s. This showed an improvement in 1 year survival for 

squamous cell lung cancer (38% for 8MV and 24.2% for 240kV). In addition, there 

were fewer radiation reactions in the MV group30. A randomised trial compared 

radiotherapy (4500 rads given over 4 weeks using 8MV beams) against surgical 

management. This study reported a statistically significant survival benefit with 

surgery. However this study generated interest in how to improve radiotherapy 

for those unable to have an operation31.  
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1.3.1 Radical radiotherapy in non-small cell lung cancer 

The first major trial to test the different doses and schedules in a defined 

population was the landmark Radiation Therapy Oncology Group (RTOG) trial 73-

01, published in 1982. This study enrolled unresectable NSCLC patients with 

stage III disease and randomised them into 4 groups: 4000 rad in a split course, 

4000 rad, 5000 rad and 6000 rad in daily 200 rad doses. It demonstrated a 

greater response rate (71%) and reduced intra-thoracic recurrence (30%) in the 

6000 rad group, significantly better than the other groups32. This study 

established 60 Gy (equivalent to 6000 rad) as the standard of care dose for 

NSCLC. The two main questions that defined subsequent radiotherapy trials in 

lung cancer were (i) what is the optimal schedule and dose to increase tumour 

control and (ii) what is the best systemic treatment to give with radiotherapy to 

improve outcomes? 

1.3.2 Trials testing novel radiotherapy schedules and dose 

Three key studies in the 1990s explored different radiotherapy schedules. The 

phase I/II RTOG 83-11 trial explored hyperfractionation and dose escalation. 

Patients with stage II – IV NSCLC were given 1.2 Gy twice daily four hours apart, 

to increasing prescription doses (60 Gy, 64.8 Gy, 69.6 Gy, 74.4 Gy and 79.2 Gy). 

Toxicity was deemed acceptable with a grade 3 or worse rate between 5.7% and 

10.5% across all arms. There was no OS difference between the dose groups on 

intention to treat analysis, however in a subgroup analysis of patients with PS 0-

1 and stage III disease, 69.6 Gy had superior 2 year OS rate compared to 60 Gy 

(35% vs 13% respectively)33.  

One study that did demonstrate a survival advantage was the CHART (Continuous 

Hyperfractionated Accelerated Radiotherapy) trial. This phase III study 

randomised patients with stage I – III NSCLC to either standard radiotherapy with 

60 Gy in 2 Gy fractions or 54 Gy in 1.5 Gy fractions given three times a day over 

12 days with no interruptions (CHART). The majority of the patients had stage III 

disease (61%). Patients in the CHART arm had a 24% reduction in the risk of 

death (hazard ratio (HR) for death 0·76, p=0·004, 95% confidence interval (CI) 

0·63–0·92). This translated to an improvement in 2-year OS from 20% to 29%. 

This was at the cost of increased early dysphagia34. The barriers to universal 
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adoption of this approach were the logistical challenges of delivering the 

treatment and how to incorporate chemotherapy into this regime35. 

Dose escalation and hypofractionation were evaluated in the phase I/II RTOG 83-

12 trial, where patients with stage III disease received 75 Gy in 28 treatments, 

given once daily over 5.5 weeks. The 2-year OS was 24% with a 5% rate of severe 

late toxicity. Despite the high dose to the tumour, the local failure rate was 

33%36. This early trial of hypofractionation demonstrated tolerability of high 

dose radiotherapy.  

Both CHART and subsequent research, in part on head and neck cancers, 

demonstrate that extending overall treatment time beyond 4 weeks is 

detrimental to overall disease control, due to accelerated repopulation of the 

tumour37. Therefore, subsequent studies used hypofractionation to reduce the 

duration of the radiation course with the additional benefits of a convenient 

once daily schedule and the ability to include chemotherapy. Early studies of 

hypofractionation used 55 Gy in 20 fractions and this was widely adopted in the 

UK without a randomised controlled trial38,39. 

As radiotherapy technology improved in the 2000s, hypofractionation became 

possible with manageable toxicity due to the advances in radiotherapy planning 

and delivery, with a move from 2-dimensional (2D) planning to 3 dimensional 

(3D) CT planning, and image guided radiotherapy (IGRT). This increased the 

precision of treatment, allowing for greater sparing of normal tissue. These 

developments were applied not only to stage III NSCLC, but also in stage I and II, 

with the use of stereotactic ablative body radiotherapy (SABR).  

SABR involves the use of high dose per fraction radiotherapy (³5 Gy per fraction) 

over shorter courses (1 – 2 weeks). The use of SABR for patients with inoperable 

early-stage NSCLC had an 88% 3-year cause-specific survival, a 6% local failure 

rate, and little acute toxicity40. These impressive outcomes were replicated in 

several other studies41-45. A subsequent randomised trial compared conventional 

fractionation and SABR in early-stage NSCLC. The two-year cumulative incidence 

of local failure was 10% in the SABR arm, compared to 26% in the conventional 

fractionation arm (HR 0.32, 95% CI 0.13-0.77, p-value = 0.008). Median OS was 5 
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years in the SABR group and 3 years in the standard arm (HR 0·53, 95% CI 0·30–

0·94, p-value = 0·027)46.  

The trials of the last 50 years have tested several different radiotherapy 

regimes. The standard of care for stage I-II NSCLC is SABR. For stage III tumours 

or stage I-II patients unsuitable for SABR, CHART, 55Gy in 20 fractions or 60-66Gy 

in 30-33 fractions are in common use in the UK47. Dose escalation beyond this 

has not demonstrated a survival benefit, therefore research proceeded to 

enhance the effect of radiotherapy with systemic treatment. 

1.3.3 Trials testing systemic therapies with radical radiotherapy 

At the same time as RTOG 83-11 was recruiting patients in the mid-1980s, the 

Cancer and Leukaemia Group B (CALGB) 8433 studied the addition of induction 

chemotherapy with cisplatin and vinblastine with stage III NSCLC. This phase III 

study randomised patients between two months of induction chemotherapy 

followed by radical radiotherapy (60 Gy in 2 Gy fractions) or radical radiotherapy 

alone. The combination group had a superior median OS of 13.6 months 

compared to 9.6 months for radiotherapy alone group (p-value 0.012), and 2-

year OS rates of 26% vs 13% respectively48. 

The results of RTOG 83-11 and CALGB 8433 made it difficult to determine what 

was the optimal treatment for patients with stage III NSCLC. To resolve this 

question, RTOG 88-08 compared induction chemotherapy followed by radical 

radiotherapy (60Gy in 2 Gy fractions), high dose hyperfractionated radiotherapy 

(69.6 Gy in two daily 1.2 Gy fractions) and radical radiotherapy alone (60Gy in 2 

Gy fractions). The sequential chemotherapy/radical radiotherapy arm had 

significantly longer median OS 13.8 months compared to 12.3 and 11.4 months in 

the hyperfractionated and standard radiotherapy arms (p-value 0.002) with 

acceptable toxicity49. However, the 5-year survival remained low at 5-8% for all 

groups50.  

Subsequent trials focused on investigating chemotherapy concurrently with 

radiotherapy. RTOG 88-04 was a phase II study in stage II or III NSCLC using 

conventionally fractionated radiotherapy (61.2 Gy in 1.8 Gy fractions once daily) 

with two cycles of cisplatin and vinblastine pre-radiotherapy and then 
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concurrently with the radiation. The grade 4 or worse acute toxicity rate was 

31% and the median OS was 13.9 months51.  

RTOG 09-15 was a phase II study using hyperfractionated radiotherapy (69.6 Gy 

in 1.2 Gy fractions twice daily) and concurrent cisplatin-vinblastine. The acute 

grade 4 or worse toxicity rate was 45%, and this resulted in only 53% completing 

treatment on protocol. Despite the high burden of toxicity of the intensified 

treatment, the 2-year OS rate was 28% and 31% had local recurrence at 18 

months52.  

Further analysis of the data from these trials showed that regardless of which 

strategy was used (induction chemotherapy and standard radiotherapy, 

concurrent chemotherapy and standard radiotherapy or concurrent 

chemotherapy and hyperfractionated radiotherapy), the in-field failure rate was 

high (58%, 71% and 55% respectively)53.  

Two large phase III randomised controlled trials compared sequential and 

concurrent chemoradiotherapy. In a Japanese study, there was longer median OS 

in a group of stage III patients treated with concurrent chemotherapy compared 

with sequential (16.5 months to 13.3 months, p-value 0.04) with a 2 year OS rate 

of 34.8% in the concurrent arm54. The RTOG 94-10 randomised PS 0-1 patients 

with unresectable stage III NSCLC to either cisplatin/vinblastine and standard 

radical radiotherapy (60 Gy in 2 Gy fractions) sequentially, cisplatin/vinblastine 

and standard radical radiotherapy concurrently, or cisplatin/etoposide and 

hyperfractionated radiotherapy (69.6Gy in 1.2 Gy fractions twice daily). Patients 

treated with once daily concurrent chemoradiotherapy had a significantly longer 

median OS compared to the other groups (17 months compared to 14.6 months 

for the sequential arm and 15.6 months for the hyperfractionated arm, p-value 

0.046)55. The 5-year survival for the concurrent arm was 16%. A third trial 

compared sequential against concurrent chemotherapy with hypofractionated 

radiotherapy (55 Gy in 20 fractions). This confirmed the safety of the 

hypofractionated regime, but due to poor recruitment, the trial closed early, 

resulting in inadequate power to assess for any difference in OS56. A subsequent 

meta-analysis of 19 trials demonstrated a reduction in the risk of death with 

concurrent chemoradiotherapy compared to radical radiotherapy alone (HR 0.71, 

95% CI 0.64 to 0.80). Concurrent chemoradiotherapy compared to sequential 
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treatment also had a reduced risk of death (HR 0.74, 95% CI 0.62 to 0.89) on 

meta-analysis of 6 trials57. This established concurrent chemoradiotherapy as the 

standard of care in fit patients with irresectable stage III NSCLC. 

More recently, the use of biological agents and immunotherapy in conjunction 

with concurrent chemoradiotherapy. The RTOG 06-17 trial is a controversial 

phase III study with a 2x2 factorial design. It compared standard concurrent 

chemoradiotherapy (60 Gy in 2 Gy fractions) with or without cetuximab (an anti-

EGFR antibody) against high dose concurrent chemoradiotherapy (74 Gy in 2 Gy 

fractions), again, with or without cetuximab. The standard dose arms had longer 

OS compared to the high dose arms (28.7 months vs 20.3 months, two-sided p-

value 0.008) and cetuximab had no effect on survival58. This was unexpected as 

there was a growing body of evidence that the higher the delivered dose, the 

greater the chances of tumour control59. In addition, the local relapse rate was 

worse in the high dose arm compared to the standard arm, although not 

statistically significant (45.7% vs 38.2%, p-value=0.07)60. One theory for why the 

high dose arm performed worse is due to increased cardiac doses in the high 

dose arm resulting in undetected early cardiac deaths61. Other possibilities are 

related to the longer overall treatment time in the high dose arms and less 

adherence to dose constraints due to variance in the radiotherapy quality 

assurance62.  

The PACIFIC trial recruited a similar group of patients as RTOG 06-17 

(unresectable stage III NSCLC) but used standard dose concurrent 

chemoradiotherapy followed by immunotherapy. Chemotherapy and 

radiotherapy in pre-clinical studies demonstrated increased expression of PD-L1 

on tumour cells63,64. Immunotherapy with PD-1 and PD-L1 inhibitors had proven 

efficacy in metastatic NSCLC. It was hypothesised that chemoradiotherapy would 

therefore sensitise the tumour to PD-L1 inhibitors. This practice-changing trial 

demonstrated that the addition of adjuvant durvalumab (a PD-L1 inhibitor) 

started within 42 days of completing concurrent chemoradiotherapy improved 

median OS when compared to adjuvant placebo (47.5 months vs 29.1 months, HR 

= 0.71, 95% CI: 0.57–0.88, p-value <0.01)65,66. This is now the standard of care for 

fit stage III NSCLC patients, although despite this, local failure remains at 

36.6%67. 
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Radiation treatment for NSCLC has evolved over the last 70 years from high dose 

palliation with poor overall survival outcomes, to a treatment that now has a 

chance of 5-year survival for a large group of patients. This was achieved 

through a series of trials, which firstly established a safe radical radiotherapy 

dose of 60 Gy in 30 fractions (median OS of 9 – 12 months) for all stages of 

NSCLC. For stage I and II NSCLC, SABR has excellent outcomes with 80-90% local 

control rates. For stage III NSCLC, the use of sequential chemotherapy improved 

OS by 3 months, and the use concurrent chemoradiotherapy improved this 

further to approximately 17 months initially. Further improvements in pre-

treatment staging with PET-CT and radiotherapy treatment increased OS to 28 

months as seen in RTOG 06-17. The addition of adjuvant PD-L1 inhibitors 

increased this further to 47.5 months. However, local control remains 

troublesome with RTOG 06-17 and PACIFIC reporting rates of local only failure 

between 36-46%. There is strong evidence relating local control to overall 

survival, and dose escalation has not provided the predicted benefits, resulting 

in a large number of patients who have localised recurrence after initial 

radiotherapy.68 

1.4 The radiobiology of ionising radiation as treatment 
for cancer 

The previous section summarised the clinical trial evidence of radiation as a 

curative treatment for lung cancer. The triallists tested higher radiotherapy 

doses in attempt to reduce the amount of treatment failures, but this approach 

caused significant toxicity. The next section details the effect of radiation on 

tumours and normal tissue, and the methods that have been developed to model 

efficacy and toxicity. 

1.4.1 The effect of ionising radiation on cells 

When ionising radiation reaches cells, a series of physical, chemical and 

biological events occur. The physical events involve the interaction between 

charged particles and the organic matter of the cell. This interaction creates 

ionisation events in the cell and the formation of free radicals, which are highly 

reactive species. The free radicals undergo a chain of chemical reactions, before 

they are either scavenged by intra-cellular mechanisms or damage cellular 
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structures. The physical and chemical reactions take place within a millisecond 

of irradiation.   

The critical structure for cell survival and ability to proliferate is the nucleus of 

the cell, due to the presence of DNA69. The biological consequences of these 

reactions revolve around the cellular response to DNA-damage and can take 

minutes to many years to take effect. Ionising radiation damages DNA by the 

creation of single strand or double strand DNA breaks (SSBs or DSBs). One Gray of 

radiation will create approximately 1000 SSBs and 30-40 DSBs. DSBs are the most 

lethal type of damage as they interfere most with the cells ability to undergo 

mitosis successfully. Cells have evolved a complex system called the DNA 

damage response (DDR) to identify and repair SSBs, DSBs and other changes to 

the DNA that may affect genomic fidelity. The three main outcomes from the 

DDR are checkpoint activation, DNA repair, or cell death. Whether a cell survives 

ionising radiation depends on several factors including the extent and location of 

damage and how well that damage is repaired. Tumour cells often have impaired 

DDR mechanisms and may be in a proliferative phase of the cell cycle, therefore 

may be more susceptible to radiation induced injury compared to normal tissue.  

Cells can die in several different ways after radiation. The main ways are 

apoptosis, autophagy, necrosis, senescence and mitotic catastrophe. These 

processes can happen over a long period of time. This makes it difficult to 

accurately measure the amount of cell death as changes in the DNA take time to 

manifest themselves. Therefore, a different method, called clonogenic survival 

is used, which determines the ability of an irradiated cell to firstly survive and 

subsequently undergo multiple rounds of proliferation. The clinical outcomes of 

any radiotherapy treatment are dependent on the survival of normal tissue cells 

(which predict normal tissue toxicity), and the death of tumour cells (tumour 

control). These two competing aims are described in the therapeutic index. The 

ideal situation for radiotherapy would be to treat only the tumour and have no 

dose to normal tissue. However, this is impossible to achieve, as radiation has to 

travel through normal tissue to reach the tumour, and an adequate margin needs 

to be included around the tumour to ensure that all of the cancer cells are 

treated. Moreover, most cancer cells invade normal tissue, making tumour and 

normal cells inseparable. Therefore, for a given radiation treatment, a fraction 
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of normal tissue cells and a fraction of tumour cells will die. The biological 

effect of the loss of normal tissue may lead to toxicity, and the biological effect 

of the death of tumour cells is eradication of the cancer. A radiation treatment 

will be useful if the biological effect on the tumour is significant, without 

causing severe toxicity. The prediction of the biological effects of radiation on 

normal tissue and tumours is important to identify if a treatment will be 

beneficial for patients. 

1.4.2 The linear-quadratic model 

Several models can be used to predict the survival of irradiated cells. One model 

is the linear-quadratic (LQ) model. In simple terms, it is a mathematical 

expression that fits observed survival curves from clinical experiments. It is in 

common use as it has been proven to be accurate over 1-6Gy per fraction (the 

fraction sizes commonly used clinically). The expression is: 

𝑆𝐹 = exp	(−𝛼𝐷 − 𝛽𝐷!) 

where D = total dose, SF = surviving fraction. 

The first order term (𝑒𝑥𝑝(−𝛼𝐷)) describes the linear contribution to cell death, 

and the second order term (exp(𝛽𝐷!)) relates to the quadratic component of 

cell death. It is postulated that that these two mathematical terms represent 

different types of DNA damage. The linear part of the equation describes where 

a single electron damages two adjacent chromosomes, leading to serious damage 

to the DNA in the form of dicentric or centric-ring chromosomes which make 

mitosis impossible. The quadratic part of the equation describes where two 

independent single electron tracks damage to neighbouring chromosomes, 

leading to lethal damage. However, there remains uncertainty on the exact 

mechanism that this model describes. Additionally, the LQ model becomes 

inaccurate at fraction sizes beyond 6Gy, as the radiation damage relationship 

becomes more linear, represented by the linear-quadratic-cubic model. 

1.4.3 Fraction sensitivity 

From the start of the use of radiation as a cancer treatment, splitting the dose 

of radiotherapy into smaller fractions causes less normal tissue toxicity with 
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similar effect on the tumour70. Fraction sensitivity is an intrinsic characteristic 

of a cell’s response to radiation and is described by the α/β ratio. This describes 

the point of the LQ curve where the contribution of the linear and quadratic 

parts of the equation are equal. Each tissue has a different α/β ratio and is 

often different for the specific outcome that is being assessed. The ratios for 

human tissue have been determined experimentally. For example, late toxicity 

from radiation is associated with low α/β ratios, and early toxicity is associated 

with high α/β ratios71. Tumours were thought to all have high α/β ratios, 

however, recent clinical data demonstrates that for breast and prostate 

tumours, the α/β ratio is lower than what had been assumed, leading to the 

adoption of hypofractionated regimes72,73. 

The LQ model incorporates fractionation by adding the terms total effect (E) in n 

number of fractions, and D = total dose, and d = dose per fraction: 

𝑆𝐹" = exp(−𝛼𝑑 − 𝛽𝑑!) 

𝐸 = 	−𝑙𝑜𝑔#(𝑆𝐹")$ 

𝐸 = 	−𝑛𝑙𝑜𝑔#(𝑆𝐹") 

𝐸 = 	−𝑛(−𝛼𝑑 − 𝛽𝑑!) 

𝐸 = 	𝛼𝑛𝑑 + 𝛽𝑛𝑑! 

Adding nd=D 

𝐸 = 	𝛼𝐷 + 𝛽𝑑𝐷 

This equation gives the total expected effect of a course of radiotherapy. It is 

useful in clinical practice to re-arrange this formula to compare different dose 

fractionation schedules, by calculating the equivalent dose. As the α/β value is a 

measure of fraction sensitivity, first this equation is rearranged in include this 

term: 

𝐸 = 	𝛼𝐷 + 𝛽𝑑𝐷 
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𝐸 = 	𝛼𝐷	(1 +
𝛽𝑑
𝛼 ) 

𝐸 = 	𝛼𝐷(1 +	
𝑑
𝛼
𝛽9
) 

E and α are constant and the equation can be reformulated like this, for two 

equivalent dose fractionation schedules: 

𝛼𝐷% :1 +	
𝑑%
𝛼
𝛽9
; = 	𝛼𝐷! :1 +	

𝑑!
𝛼
𝛽9
; 

𝐷% :1 +	
𝑑%
𝛼
𝛽9
; = 𝐷! :1 +	

𝑑!
𝛼
𝛽9
; 

𝐷%
𝐷!

=	

:1 +	 𝑑!𝛼
𝛽9
;

:1 +	 𝑑%𝛼
𝛽9
;

 

 

Expressing 1 with α/β as the denominator (i.e., α/β/ α/β), and then dividing the 

right-hand side of the equation gives: 

𝐷%
𝐷!

=	
<𝛼 𝛽9 +	𝑑!=

<𝛼 𝛽9 +	𝑑%=
 

To convert between different dose and fractionation schedules, the concept of 

EQD2 (equivalent dose in 2 Gray fractions) has been used widely, as the 2 Gy per 

fraction is a frequently used dose in clinical practice, and the units from this 

equation are in Gy, which make the results easier to understand in a clinical 

context. Taking D1 as EQD2 and d1 as the 2 Gy dose per fraction: 
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𝐸𝑄𝐷2 = 	𝐷!
<𝑑! + 𝛼 𝛽9 	=

<2 + 𝛼 𝛽9 =
 

An alternative method is to calculate the biological effective dose (BED), which 

is a theoretical dose that gives the total effect of radiation if it was given 

continuously i.e., E/α: 

𝐸 = 	𝛼𝐷(1 +	
𝑑
𝛼
𝛽9
) 

𝐵𝐸𝐷 =	
𝐸
𝛼 = 	𝑛𝑑(1 +	

𝑑
𝛼
𝛽9
) 

BED produces values in Gyα/β which makes it difficult to apply in clinical 

situations, therefore the ICRU recommends using EQD2 for dose conversions. The 

utility of the LQ model (and of its derivatives EQD2 and BED) allow the biological 

effects of different dose and fractionations to be compared in a single term, for 

both tumour control and normal tissue. 

1.4.4 Tumour control probability models 

The dose required to maximise the probability of killing all proliferating tumour 

cells is important, as too low a dose will result in sub-optimal control rates, and 

too high a dose will cause unnecessary normal tissue death with resulting 

toxicity.  

Historically, doses for tumour control have been determined by the maximum 

dose the normal tissues can tolerate, with the assumption that the higher the 

dose, the better chance of tumour control. However, tumour response to the 

same delivered dose is often heterogenous. There are many possible reasons why 

the responses of tumours are not uniform, such as different phases of the cell 

cycle, tumour hypoxia and the intrinsic radiosensitivity of a cell.  

The LQ model can be used for tumour control probability (TCP) modelling with 

corrections for repopulation and sub-lethal repair. This approach has been used 

for modelling outcomes from SABR, and comparing 3D-conformal radiotherapy, 
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CHART and SABR in early-stage lung cancer74,75. The SABR modelling study 

developed tumour control models from clinical trial data. They demonstrate that 

high rates of local control are achieved with a dose of 50Gy in 5 fractions, and 

that higher doses may not add extra efficacy75.  

1.4.5 Normal tissue complication probability models 

The ability to predict the normal tissue effects from a dose of radiation is 

critical at reducing the toxicity from treatment. These NTCP models are 

different to TCP models, in terms of how normal tissues respond to radiation, 

the measurement of outcomes and how the dose to normal tissue can be 

calculated.  

Normal tissue responds differently to radiation damage compared to tumour 

cells. Toxicity can be divided into early side effects (within three months of 

radiation) and late side effects (beyond three months). Early side effects affect 

cells which are highly proliferative such as bone marrow, skin or cells lining 

mucosal barriers. These cells have a rapid turnover as part of their physiological 

function. Radiation depletes the available cells for cell division, leading to acute 

toxicity such as mucositis, or pancytopaenia. However, cellular repopulation 

occurs either by migration of stem cells or the division of surviving stem cells in 

the irradiated area, and the tissue regains its function. Consequential late side 

effects occur when the radiation damage that resulted in the early side effects 

is so severe that the tissue is unable to repair, leading to long term toxicity. 

Late side effects can affect any type of tissue, can occur many years after 

radiation, and are often irreversible. It is a complex interaction between the 

immune system, the tissue vasculature, and the tissue parenchyma, triggered by 

the loss of functional cells.   

In addition to the proliferation rate of cells, the architecture of an organ is 

important in how radiation damage can manifest itself as clinical toxicity. Tissue 

organisation can be classified as parallel or serial. Parallel organs are able to 

withstand high doses to a small part of their structure and still function (e.g., 

lung). The failure of the organ is therefore largely dependent on the total 

volume of tissue irradiated. Serial organs require all parts of the structure to 

function, therefore if a part of the organ had a high dose and failed, the whole 
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structure would fail (e.g., spinal cord, bowel). Therefore, the highest dose 

received by any part of the structure is predictive of toxicity. Some organs have 

elements of both, and this can be characterised by the relative seriality index.  

Due to how normal tissue is organised and responds to radiation, there is a range 

of clinical presentations of toxicity. To accurately capture this, grading systems 

for toxicity are more detailed. Several toxicity grading scores exist such as the 

CTCAE (common terminology criteria for adverse events) or RTOG scales. These 

scales rank toxicity between zero to five, with zero having no toxicity, and five 

being severe toxicity leading to death.  

Another difference between NTCP and TCP models is the homogeneity of the 

radiation dose. Most non-SABR radiation doses to the tumour are calculated to 

be within 95 – 107% of the prescription dose so can be considered generally 

homogenous76. In order to reduce the dose to normal tissue, there is often dose 

fall-off across an organ. For example, in thoracic radiotherapy, the dose across 

the lungs varies widely, with some parts having the prescription dose, and other 

having virtually no dose. NTCP models therefore must accommodate this added 

complexity. 

There are two general approaches to NTCP modelling: mechanistic models and 

phenomenological models. Mechanistic models, such as the LQ model, express 

mathematically the biological events that occur in irradiated cells. 

Phenomenological models attempt to describe dose and outcome data in 

mathematical terms that are not connected to the biological processes of 

irradiated tissue. The first widely used model is the Lyman model which was 

initially used to describe the probability of cardiac toxicity as a function of the 

total dose and the partial volume uniformly irradiated (i.e. a third of the organ 

received a given dose)77. However, normal tissues had a range of doses across 

the organ, rather than one part of the organ receiving a given dose. To resolve 

this problem of dose heterogeneity across an organ, the Lyman-Kutcher-Burman 

(LKB) model was developed. This took the maximum dose and dose-volume 

histogram (DVH) of an organ and converted it to the effective volume. This can 

be used to predict the probability of toxicity by interpolating between the 

existing known toxicity rates from partial organ uniform irradiation78.  
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The Lyman and LKB models were developed as tools to select the optimal 

radiotherapy plan. The models predict the risk of toxicity and allow clinicians to 

choose the most suitable plan. Radiotherapy planning systems improved from 

forward planning (where a dose distribution was calculated by placing the beams 

first, then predicting the dose) to inverse planning (where a set of objectives are 

provided to the planning system and a beam arrangement is calculated to deliver 

the pre-specified dose targets). A further development from inverse planning 

(where the dose determines the target) is the concept of an equivalent uniform 

dose (EUD) planning. The EUD is derived from the LQ model for a given target 

with corrections for inhomogeneities and can be used in inverse planning 

optimisation79,80. An EUD based model uses the calculated probability of 

complication for a given plan as a target, rather than physical dose constraints. 

These models are limited as the primary variable in the calculation is the dose 

received by the normal tissue. This is an important factor which is modifiable by 

the clinician. However, there are many different variables that could influence 

toxicity. For example, patients with lung cancer often have chronic obstructive 

pulmonary disease (COPD), the severity of which could make them more likely to 

develop toxicity after radiotherapy81. The addition of genetic information to a 

LKB model of radiation pneumonitis demonstrated superior predictive ability 

than the LKB model alone82. Therefore, the ideal NTCP model should account for 

additional non-dose variables. Data driven models have the flexibility to 

accommodate both dose and other variables and have the benefit of relative 

ease of use.  

There are several different data driven modelling techniques, including logistic 

regression and machine learning models. Logistic regression is a common 

statistical method of predicting a binary outcome (i.e., toxicity or no toxicity) 

from independent predictor variables. The logistic regression formula is: 

𝑃 = 	
𝑒&'()

1 + 𝑒&'() 

where P is the probability of an event occurring, a is a constant, and b is a 

coefficient of predictor variable X. The formula can be expanded to 

accommodate any number of variables: 
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𝑃 = 	
𝑒&'(!)!'	(")"'	(#)#….($)$

1 +	𝑒&'(!)!'	(")"'	(#)#….($)$ 

when n is the number of variables included in the model. This model produces a 

sigmoid graph like the previously discussed models. The main drawback to data 

driven modelling is the quantity and quality of the data, with large amounts of 

accurate predictor variable data needed, consistent outcome detection, and 

enough outcome events for statistical validity. 

The practical applications of these models are seen first in the work of Emami et 

al. who describes the dose and expected toxicity with partial volume uniform 

irradiation of the organs of the body83. As the dose to normal tissues became 

more heterogenous as radiotherapy moved from 2D to 3D planning, these dose 

constraints became outdated. The Quantitative Analyses of Normal Tissue 

Effects in the Clinic (QUANTEC) series of papers in 2010 used data from 3D 

dosimetry. They form the basis of the current dose constraints used in clinical 

practice for conventionally fractionated treatments84. For SABR, dose constraints 

have been developed as part of the high dose per fraction, Hypofractionated 

Treatment Effects in the Clinic (HyTEC) initiative85. These dose constraints are 

essential to reduce the risk of toxicity from radiation treatments. 

1.5 Radiotherapy planning and delivery for lung cancer 

Ionising radiation has been used as a treatment for cancer for over 100 years. 

Radiotherapy has adopted vast scientific and technological developments over 

that time to improve treatments. The advances in technology have directly led 

to more conformal radiotherapy delivery, more precise treatments using image 

guidance, better methods to predict dose deposition, and the use of different 

types of ionising radiation. The cumulative benefits of this slew of innovation 

improve tumour control and minimise toxicity.  

1.5.1 Radiotherapy technique 

Radiotherapy for deep seated tumours was limited in the first part of the 20th 

century due to the low energy of the photons produced by radioactive sources 

and kV x-ray tubes, as this would cause unacceptably large dose deposition to 

subcutaneous tissue. The linear accelerator, developed at Stanford University in 
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the 1940s, allowed the widespread clinical use of high energy photons and made 

the treatment of deep seated tumours such as lung cancers possible86.  

Planning radiotherapy in the 1970s and 80s used 2D plain x-rays and a range of 

beam modifying devices such as wedges, to shape the beam to the planning 

target volume. This is an example of forward planning, as the dose delivered to 

the target is calculated by the beam arrangement. If any changes were required 

to the plan, the beams would have to be re-arranged and the dose recalculated. 

Planning using plain x-rays required larger margins to be added when treating a 

tumour due to the difficulty in predicting the tumour location. CT scans provide 

better visualisation of the tumour. This technique of 3D-radiotherapy planning 

allows for the margins to be smaller, thereby treating less normal tissue. A 

comparative study of 2D and 3D planning for lung cancer demonstrated 

significant normal tissue sparing and similar tumour doses with 3D planning 

compared to 2D87. Two key technological advances in the 1990s - intensity 

modulated radiotherapy (IMRT) with the multi-leaf collimator (MLC) and 

improved computing power enabled increased sophistication of radiotherapy 

delivery.  

The MLC is a beam shaping device that uses leaves that sit on automated tracks 

to block parts of the beam. This creates a shaped beam that better resembles 

the planning target volume (PTV). The PTV is created by a series of steps, to 

ensures with a high degree of confidence that the tumour, at the time of 

treatment is in that volume. The initial step is delineating the gross tumour 

volume (GTV), which the tumour on the CT scan (or other imaging). This GTV is 

grown by a margin (which depends on the type of tumour) to account for the 

microscopic disease that is surrounding the tumour but is not visible on the scan. 

This is known as the clinical target volume (CTV). The CTV is finally grown to 

form the PTV, to accommodate for the factors that can change over the multiple 

treatments that form a course of radiotherapy, such as the patient’s organ 

motion, changes in how the patient is positioned on the treatment couch and 

machine variability. Utilising the variety of shapes that the MLC can make, and 

the different angles that a gantry can be placed to deliver multiple beams, with 

different intensities converging on the PTV enabled the development of IMRT. 

This resulted in better dose conformality to the tumour.  
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Due to the non-uniform field sizes the MLC would make to approximate the PTV 

size, forward planning IMRT treatments would be difficult due to the number of 

calculations involved88. Therefore, inverse planning is used, where a dose is 

specified to be given to the PTV, or the maximum dose to an OAR, and a 

planning algorithm calculates iteratively the optimal leaf-sequence and intensity 

to achieve the planning objectives. IMRT was compared to 3D-conformal 

radiotherapy for lung cancer, and significant improvements were seen in the 

dose to the lung using IMRT, provided the IMRT used greater than 3 fields89.  

IMRT resulted in longer treatment times because of the increased number of 

beams compared to 3D-CRT. A version of IMRT was subsequently developed 

called volumetric modulated arc therapy (VMAT). This is where the gantry 

speed, dose rate and MLC shape vary continuously through a treatment. The 

time taken for this treatment was less than for standard treatments. VMAT IMRT 

also delivered a lower volume of lung receiving at least 20 Gray (lung V20 Gy) 

and mean lung dose (MLD), with an increase in lung V5 Gy90,91.  

Inverse optimisation can be viewed as a cost/benefit function, where for each 

possible beam arrangement, it will benefit the dose to the PTV, but have a cost 

on the dose to the OARs. Inverse planning iteratively works through many 

potential plans to determine an optimal solution, where the PTV dose is met, 

and the OAR dose is minimised. However, when plan objectives are not met, 

planners will adjust the priorities of the plan variables, and re-optimise. This is 

time consuming and may not lead to the best plan solution. Where there are 

multiple OARs competing against each other, inverse planning may present sub-

optimal solutions, as it is difficult to specify which OAR is of greater importance. 

Multi-criteria optimisation (MCO) is a development of inverse planning, where 

several plans are created for each OAR, and then the planner can modify the 

dose to each OAR to find the global optimal solution for the whole plan92.  

Craft et al. describe the algorithm that underpins MCO planning93:  

𝑚𝑖𝑛𝑖𝑚𝑖𝑠𝑒	{𝐹-(𝑥)}, 𝑖 = 1…𝑁, 𝑥 ∈ 𝑋 

where Fi is the ith objective function, x is a vector of decision variables, and X is 

a convex constraint set in the decision variable space.  This function takes a 
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series of variables (in the case of radiotherapy planning, the PTV and OAR 

doses), and will create a series of plans to approximate the Pareto surface. The 

Pareto surface is a mathematical solution to the practical situation where one 

objective cannot be improved without degradation of another. As there is no 

mathematical way to improve on a Pareto-optimal solution, it is the decision of 

the planner to choose a plan along this space.  

To illustrate the use of MCO, consider a radiotherapy plan where the 

oesophageal and the spinal cord both receive a high dose. MCO will generate a 

series of plans to approximate the Pareto surface. If the radiotherapy plan is 

Pareto-optimal, an increase in the dose to oesophagus will cause a corresponding 

decrease in cord dose. At this point, the radiotherapy planner is required to 

make a clinical decision on how to distribute the dose to each OAR, accounting 

for patient factors and likely toxicity.  

MCO planning is computationally demanding as it involves calculating several 

plans – in the Varian MCO module, it calculates 3 plans for each variable and a 

balanced plan. In clinical practice, a study comparing MCO against non-MCO 

IMRT, the use of MCO reduced planning time and produced MCO plans that were 

preferred by clinicians94.   

1.5.2 Image guided radiotherapy 

Image guidance in radiotherapy can be divided into two categories: the use of 

imaging in radiotherapy simulation and the use of imaging in treatment delivery. 

Both have adopted new technology to better target tumours.  

In radiotherapy simulation, CT is commonly used instead of plain films, due to 

the better visualisation of the tumour, and it also provides the Hounsfield units 

required for radiotherapy planning86. In order to account for tumour movement 

in the breathing cycle, 4D-CTs are used to allow the creation of an internal 

target volume (ITV). This allows delineation of the tumour throughout the 

breathing cycles, allowing a smaller CTV to PTV margin95. Some lung tumours are 

better visualised using PET-CT, and this can be fused to the simulation CT scan. 

There are unresolved issues regarding respiratory motion in PET-CT capture and 

the risk of false positive FDG avidity which means that the routine use of PET-CT 
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fused images for radiotherapy planning remains non-standard96. The use of MRI 

in radiotherapy planning is established for other tumour types (brain and pelvic 

cancers) but it is not in standard use for lung cancer, unless the tumour is 

abutting the superior sulcus or chest wall involvement is suspected97.  

Image guidance in treatment delivery has undergone a similar transformation. 

The addition of kV imagers to linear accelerators have allowed for on-board 

imaging of the patient in the treatment position. However, plain radiographs use 

bony anatomy as a surrogate marker for the tumour position, which may not be 

accurate. The use of cone beam CTs on the treatment machine allows the 

matching of the radiation dose to the tumour, reducing the chance of 

geographical misses whilst also confirming the position of OARs98. CBCTs were 

evaluated in the setting of frameless SABR for lung cancer and demonstrated 

that reduced PTV margins were achievable in the majority of patients99. 

1.5.3 Developments in dose prediction 

The dose deposited to tissue from a beam depends on several factors, such as 

the size of the field, the focus to skin distance and the electron density of the 

material the radiation is travelling through. The prediction of where dose is 

deposited is essential to maximise the chance of tumour control and minimise 

normal tissue toxicity. With the advances in computer power, dose calculation 

has become more and more accurate. Lu has summarised the developments in a 

review article, which is summarised here100. 

For 2D planning, the dose deposition was estimated from observed 

measurements from phantoms and adapted to meet the specific characteristics 

of the treatment field. This was called correction-based calculations. This 

technique was accurate for where the tissue density was homogenous, but was 

inaccurate for inhomogeneous media e.g., lung and failed to predict lateral 

scatter. 

Model-based dose calculation algorithms became commercially available in the 

1980s and are based on Monte Carlo modelling. This models the process of where 

a single incident photon interacts with tissue, creating secondary electrons and a 

deflected photon. Both will continue to have subsequent interactions leading to 
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dose deposition. The Monte Carlo model tracks each photon and electron path 

and determines the dose deposited. This requires a large amount of computing 

power and is impractical to use clinically, yet it is considered the most accurate 

way of determining dose101.  

Due to the time and computing power required for Monte Carlo calculations, 

alternative faster methods have been developed to closer match the Monte Carlo 

predictions. The most recent versions of these are the analytical anisotropic 

algorithm (AAA) which was superseded by an algorithm was developed called 

Acuros XB. This method has been shown to give excellent correlation with Monte 

Carlo models and superior dose prediction than other models102,103. 

1.5.4 Modality 

Photons have been historically used for treatment. Initially limited due to beam 

low energies to treating superficial tumours, technological advances led to the 

development of Cobalt60 treatment units, and the linear accelerator in the 

1950s. The photon energies of these machines were 1.33MV and between 4-25MV 

respectively. As the beam energy determines the depth a beam can penetrate 

tissue, the delivery of radiotherapy to deep tumours was now possible25.  

The increased penetration of photon beams meant that the photons would 

continue to deliver dose beyond the PTV. The excess tissue irradiated from the 

exit dose however could cause additional toxicity, especially where critical OARs 

are distal to the tumour. Particle therapy such as protons and carbon ions have 

dosimetric benefits due to the way they deposit their dose along the Bragg peak. 

This leads to a sharp dose fall-off beyond the PTV and sparing of the distal 

tissues. This is of critical importance to tumours located at the base of skull or 

retinoblastomas where avoiding dose to the central nervous system is needed to 

deliver a tumoricidal dose86.  

Proton therapy and carbon ion radiotherapy has been used for lung cancer for 

both stage I and stage III tumours. Particle therapy has longer overall survival 

compared to conventional radiotherapy (but not SABR) for early stage lung 

cancers on meta-analysis of 30 studies104. However, when proton treatment was 

compared to photon radiotherapy in a randomised clinical trial for unresectable 
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stage III patients, there was no improvement in toxicity or better tumour control 

in the patients who received protons105. There are several possible reasons for 

these negative results. There was only a significant difference in the lung V5-

V10Gy metrics, but not in the lung V20Gy, implying that sparing the low dose 

areas of the lung does not impact on the pneumonitis rate. In addition, the 

target volume size of the proton treatments was larger, due to the uncertainty 

of dose deposition with protons compared to photons, which may have impacted 

on the perceived reduction in normal tissue dose106.  

For lung cancer radiotherapy, particle therapy remains experimental and may 

have benefits in certain circumstances. Photon radiotherapy in the form of SABR 

for early-stage tumours, and conventionally fractionated treatments for stage III 

cancers, is the treatment modality in common use. The technical development 

of radiotherapy for lung cancer has changed enormously with improvements in 

the accuracy of treatment (IGRT), dose planning and calculation and the 

capabilities of linear accelerators to deliver highly conformal treatments.  

1.6 Recurrent disease 

1.6.1 Epidemiology of intra-thoracic disease recurrence 

Radiotherapy is an established treatment in the radical management of lung 

cancer. With the exception of SABR, rates of local recurrence are high. In 

patients with stage III disease, the 1-year local recurrence rate was 24.8% in the 

high dose arm in RTOG 0617, and the addition of immunotherapy in the PACIFIC 

regime reduced this to 14%58,107. In patients with stage I or II NSCLC, 

conventional fractionation is associated with a local failure rate of 26% at 2 

years46.  

However, the rate of recurrence after radiation in routine clinical practice is 

unknown in the UK. This is due to several reasons: the UK national lung cancer 

audit does not collect this information; follow-up CT surveillance is not 

rigorously performed, and diagnosis of recurrent disease is difficult on imaging. 

Recently published guidelines recommend CT surveillance post-radical 

radiotherapy every 6 months in patients that are fit for further treatment108. It is 

not clear if these guidelines have been implemented widely in the UK. CT 
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diagnosis of recurrent disease is often made on serial imaging, as post-radiation 

fibrosis can mask the identification of recurrent disease. In the absence of 

national data, a recent study by Evison et al. analysing outcome data from 9 

National Health Service (NHS) trusts (898 patients) described a 30% local 

recurrence rate and an 8% nodal recurrence rate after curative intent 

radiotherapy, consistent with the trial data109. 

To estimate the potential number of patients who have local recurrences each 

year, the national lung cancer audit (NLCA) can be used. The NCLA in 2017 

identified 2,680 patients with PS 0-2 stage I – III NSCLC lung cancer who had 

radical radiotherapy110. Using a local recurrence rate of 10% for SABR and 30% for 

other radiotherapy regimes, 632 patients will likely have local only recurrence 

within 2 years of completing treatment. Some patients will be unfit for further 

treatment, although this is difficult to estimate.  

If the definition of recurrence is broadened to include metachronous or second 

primary lung cancer (SPLC), the rate of recurrence is 14.2% at 10 years111. 

Therefore, the annual number of patients developing SPLC using the NLCA data 

is estimated at 37.  

A total of 669 patients annually are estimated to have local recurrence or SPLC. 

The treatment at relapse received by these patients is not documented in the 

NLCA data. However, from the Evison et al. cohort, 6.4% of patients with either 

thoracic or distant recurrent disease had radical treatment (surgery, 

radiotherapy, or ablation therapy), 36% had palliative systemic therapy, and 58% 

had best supportive care. If only local recurrences are considered, 78.3% of 

patients are not receiving radical treatment. For patients with SPLC, 60% had 

either radical surgery or radiotherapy, 8% had systemic therapy, and 32% had 

best supportive care109.  
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1.7 Re-irradiation as a treatment of recurrent disease 

Possible treatments in the event of local recurrence have little evidence to 

support them. Re-irradiation has been used with increasing frequency over the 

past decade112. However, there remain several unanswered questions about re-

irradiation that need to be resolved. Firstly, if a tumour has recurred after 

irradiation, then it has demonstrated a degree of radioresistance. It is unclear 

why repeating the same form of treatment would be effective. Secondly, most 

radical radiotherapy treatments deliver doses close to the normal tissue 

tolerance, therefore re-irradiation may exceed these limits and cause severe 

toxicity. Thirdly, there is a lack of prospective trials or guidelines in this area to 

give clinicians any high-quality evidence to support decision making.  

1.7.1 The classification of intra-thoracic tumour recurrence 

Intra-thoracic recurrence of lung cancer after primary radiotherapy can be 

classified into several groups: local tumour relapse (relapse in the same lobe as 

the primary tumour) or a SPLC. The former group can be subdivided further into 

tumour recurrence in the same lobe, but at less than 50% isodose (an “out-of-

field” local relapse), or within the 50% isodose line of the radiotherapy plan (an 

“in-field” relapse). When considering nodal involvement, the following situations 

may arise: relapse in both the tumour and the nodes, relapse in previously 

irradiated nodes, or relapse in unirradiated nodes. The definition of SPLC is a 

tumour arising in the thorax that is either: of a different histology to the primary 

tumour or; a tumour of the same histology but in a different lobe than the initial 

primary and no evidence of nodal involvement or systemic metastases or; a 

tumour of the same histology but temporarily separated with at least a 4-year 

interval between cancers and no evidence of systemic metastases113. These 

subdivisions highlight the range of possible clinical scenarios that can be classed 

as recurrent disease. Furthermore, these relapse patterns may represent 

different tumour biology. 

The above relapse patterns could be re-grouped into recurrence around a high 

dose of radiotherapy (in-field local or nodal recurrences) and recurrence in areas 

of low or no dose (SPLC, out-of-field local or nodal recurrences). SPLCs arising in 

areas of no dose could be assumed to respond to treatment like de novo disease. 
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Relapse in areas of high dose is often considered to be “radioresistant” disease. 

There has been extensive pre-clinical research into mechanisms of 

radioresistance. However, there is retrospective clinical evidence that suggests 

that some tumours retain radiosensitivity.  

1.7.2 Review of published data of efficacy of radical re-irradiation  

Re-irradiation efficacy is difficult to predict, as the published data are mainly 

retrospective studies with a heterogenous patient population. The main issues 

about the accuracy of the outcomes of re-irradiation for lung cancer are the 

methodology of the studies, the heterogeneity of the patients, and the variance 

in treatment.  

Most studies are retrospective with small numbers. The lack of comparator arms 

in the studies make it difficult to determine whether re-irradiation has a survival 

benefit. The accuracy of retrospective data depends on how robustly data is 

recorded, and if adequate follow-up is performed and analysed appropriately. 

Limitations in retrospective trial design also include the period the data was 

collected over. As re-irradiation is a relatively uncommon treatment, some 

studies report outcomes of patients treated over 10 years apart. This may lead 

to some patients being treated with different techniques, which may influence 

the efficacy. The choice of efficacy measure is also important. Overall survival is 

a good measure but may be affected by treatments given after re-irradiation. 

Using local control as an alternate efficacy measure may be difficult, as fibrosis 

can often be mistaken for recurrence. A repeat biopsy may be required, but 

many patients in these studies would not have had this. 

Patient heterogeneity in the studies is also a complicating factor. Re-irradiation 

has been performed in patients with metastatic disease, second cancers of a 

different histology and local recurrence. Some patients may be treated without 

a histological confirmation of relapse. Patients included in the study may have a 

range of comorbidities which may influence survival. In addition, the degree of 

dosimetric overlap may be significant due to radioresistance but is rarely 

recorded.  
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Finally, the choice of treatment varies in the retrospective studies. Re-

irradiation has been used with a range of radiotherapy techniques, including 

conventionally fractionated radiotherapy (CFRT) but also with SABR, protons and 

carbon ions, with a range of doses. Some patients have had surgery, and some 

have with concurrent chemotherapy or have additional treatment after re-

irradiation. These factors may all affect the accuracy of the overall survival of 

the patient. The lack of a standardised criteria for patient selection and 

treatment means that there is clinician bias in the group of patients these 

studies represent. This may affect the type of patients included and the 

radiotherapy received. Clinicians’ re-irradiation experience also would influence 

the study outcomes, with some oncologists more aggressive and willing to accept 

high risk treatment than others.  

Despite the variability of the study cohorts, it is possible to divide the studies 

into patients treated with SABR re-irradiation, and those treated with 

conventionally fractionated radiotherapy (CFRT). There have been multiple 

literature reviews and a selection of these studies are summarised in Table 1.1. 

Longer time to recurrence and smaller PTV size have been associated with 

better survival114-116. There are many confounding factors about 

fractionation/treatment choice, (e.g. SABR is only feasible in smaller tumours) 

which determine and influence survival after re-irradiation, other than the 

fractionation, therefore these data should be interpreted with caution.  

Patients re-irradiated with two courses of CFRT have a 2-year OS rate between 

11 – 64%, based on 335 patients. Re-irradiation with SABR (either following SABR 

or CFRT) has been more widely studied. Based on 11 studies and 397 patients, 

the 2-year OS (from the time of re-irradiation) and local control rates (LCR) are 

37-79% (median 47%) and 37-90% (median 71%) respectively117. In comparison, 

primary SABR has a 2-year OS and LCR of 82.9% and 90% respectively118. 

In summary, some patients have long term disease control after radical re-

irradiation, although the data is not robust.  
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Table 1.1 Summary of re-irradiation studies and efficacy Conv/Conv: Conventionally fractionated treatment followed by conventionally fractionated re-
irradiation, Conv/SABR: Conventionally fractionated treatment followed by stereotactic ablative body radiotherapy re-irradiation, EQD2: Equivalent dose in 
2-Gray fractions, fr: fractions, NR: Not recorded, NSCLC: Non-small cell lung cancer, PTV: Planning target volume, RBE: relative biological effectiveness, 
Re-RT: re-irradiation, SABR/SABR: stereotactic ablative body radiotherapy followed by stereotactic ablative body radiotherapy re-irradiation, SCLC: small 
cell lung cancer. 

Type of re-RT 
and study 

n Study type Inclusion 
group 

Histology Median initial 
dose/fractionation 

Median Re-RT 
dose/fractionation 

Median OS 
(months) 

1-year OS 
(%) 

2-year OS 
(%) 

Conv/conv 
Okamoto 
2002119 

18 Retrospective 100% locally 
recurrent 

NR 60Gy in 30fr 50Gy in 25fr 15 77 51 

Wu 2003120 23 Phase I/II 100% locally 
recurrent, 
100% in-
field 

70% 
NSCLC, 
30% 
SCLC 

66Gy in 33fr 51Gy in 25fr 14 59 21 

Tada 2005121 14 Retrospective 100% locally 
recurrent, 
100% in-
field 

100% 
NSCLC 

50-69.6Gy 
conventionally 
fractionated 

50Gy in 25fr 7.1 26 11 

McAvoy 2013122 33 Retrospective 64% infield 
failure  

100% 
NSCLC 

63Gy in 33fr  66Gy in 32fr (RBE 
Protons) 

11.1 47 33 

Tetar/Griffoen 
2015114,123 

30 Retrospective 60% local 
recurrence 

83% 
NSCLC, 
17% 
SCLC 

59.9Gy in 25fr 60Gy in 30fr 13.5 55 23 

Sumita 2016124 21 Retrospective 100% in-
field 
recurrence 

67% 
NSCLC, 
33% 
SCLC 

60Gy10 (EQD2) 60Gy10 (EQD2) 31.4 76 64 
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Chao 2016125 57 Single arm 

prospective 
study 

100% in-
field or 
‘near’ initial 
field 

100% 
NSCLC 

NR 66.6Gy in 33fr 
(RBE Protons) 

14.9 59 43 

Ho 2017126 27 Retrospective 89% in-field, 
11% out of 
field 

81% 
NSCLC 

60Gy10 (EQD2) 66Gy10 (EQD2) 18 54 NR 

Schlampp 
2019127 

62 Retrospective 100% local 
relapses 

84% 
NSCLC, 
16% 
SCLC, 
(40% 
mets) 

60Gy in 30fr 38.5Gy in 19fr 9.3 NR NR 

Yang 2020128 50 Retrospective All local 
recurrence 
within 50% 
isodose line 

8% SCLC, 
92% 
NSCLC 

60Gy10 (EQD2) 51.1Gy10 (EQD2) 25.1 NR NR 

Conv/SABR 
Trovo 2014129 17 Retrospective 100% infield 

local 
recurrence 

100% 
NSCLC 

50-60Gy in 20-30fr 30Gy in 5 or 6fr 19 59 29 

Kilburn 2014130 33 Retrospective 100% locally 
recurrent, 
(Conv/SABR 
73%, 
SABR/SABR 
22%) 

75% 
NSCLC, 
12% 
SCLC, 
13% 
other 

60Gy in 30fr 50Gy in 10fr 21 76 45 

Patel 2015131 26 Retrospective 100% locally 
recurrent, 
93% infield, 

88% 
NSCLC 

61.2Gy in 32fr 30Gy in 5fr 14 52.3 37 
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(Conv/SABR 
88%) 

Horne 2018132 39 Retrospective Locally 
recurrent 
subset  

100% 
NSCLC 

84Gy10 (BED) 106Gy10 (BED) 16.2 NR NR 

Sumodhee 
2019133 

46 Retrospective 100% locally 
recurrent, 
63% in-field 
recurrences 

100% 
NSCLC 

66Gy in 33fr 60Gy in 4fr 21.8 NR NR 

SABR/SABR 
Valakh 2013134 9 Retrospective All locally 

recurrent  
89% 
NSCLC 

60Gy in 3fr  60Gy in 4fr NR NR 68.6 

Hearn 2014135 10 Retrospective 100% local 
relapses in 
field 

100% 
NSCLC 

50Gy in 5fr 50Gy in 5fr NR estimated 
50% 

NR 

Kennedy 
2019136 

21 Retrospective 100% locally 
recurrent 
(within 25% 
isodose or 
1cm from 
PTV) 

100% 
NSCLC 

54Gy in 3fr  50Gy in 5fr  39 NR 68 
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1.7.3 Review of published data of safety of radical re-irradiation  

1.7.3.1 Pre-clinical research of re-treatment of normal tissue 

The published normal tissue dose constraints (QUANTEC and HyTEC) mainly report 

on maximum doses after a single course of radiation. As discussed above, for acute 

responding tissues, function is recovered by repopulation of stem cells, or by 

migration of new stem cells into the irradiated area. The late responding tissue 

response is more complicated depending on several different biological processes. 

A key question when considering a second course of radiotherapy is how much 

recovery the normal tissue makes, as this will define the amount of additional dose 

that can be given to that structure. Added complicating factors are the amount of 

time required for a given amount of recovery to occur, and how close the initial 

dose was to tissue tolerance. The re-irradiation tolerances of the spinal cord, lung, 

heart and skin have been studied in pre-clinical models.  

The re-irradiation tolerance of the spinal cord has been studied in both pre-clinical 

models and clinical practice, making it one of the best studied organs regarding re-

treatment. In rat models, two types of repair mechanism was observed - Elkind 

repair which takes place within 24 hours, and slow repair which is due to stem cell 

repopulation137. The time for the slow repair to commence varies depending on 

which area of spinal cord was irradiated – lumbar cord takes approximately 4 

weeks after irradiation, cervical cord 8 weeks138. The extent of recovery was 

quantified using studies using rhesus monkeys, chosen because their radiation 

response is similar to humans. Rhesus monkeys were irradiated in 2.2Gy fractions 

to an initial dose of 44Gy, then re-irradiated at 1, 2 and 3 years. The recorded 

toxicity was clinical signs of myelopathy. The most conservative dose-toxicity 

model identified a recovery of 61% of the initial organ tolerance after 1 year. The 

authors suggested for humans there was 50% recovery after 1 year, 60% after 2 

years and up to 70% recovery after 3 years139,140. 

Pre-clinical research on lung re-irradiation is based on murine studies. Terry et al. 

delivered a single dose of 6, 8 or 10 Gy whole thorax radiotherapy on mice, then 

repeated the single dose at 1, 2, 3, 4, and 6 months141. The clinical measure of 
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toxicity was increased breathing rate. For the groups who received 6 or 8 Gy single 

fractions, there was complete recovery by 2 months, but after 6 months there was 

a trend for decreasing re-irradiation tolerance. This was thought to be due to 

acute recovery, followed by chronic fibrosis limiting the re-treatment tolerance. 

The study did not continue for longer than 6 months therefore it is unclear 

whether this effect continued. 

The skin and subcutaneous tissues tolerance to re-irradiation were assessed in a 

mouse study, where mice were given 40 or 50 Gy in 10 fractions followed by re-

irradiation with different doses 6 months after. The measured endpoints were 

acute skin reactions and leg fibrosis, both graded on a 6-point scale. There was 

little difference in acute reactions to re-irradiation, whereas dose reductions of 

21% and 38% were required to prevent late fibrosis in the mice who had been pre-

treated with 40 Gy and 50Gy respectively142. 

Cardiac re-irradiation was investigated in a rodent study, where single initial doses 

between 17.5 and 35Gy were delivered to the whole heart followed by re-

treatment at 6 months143. The outcome measure was ex vivo cardiac output at 

time of sacrifice. The main findings were that cardiac function progressively 

declined over the 14-month period of follow up even in rats that did not have re-

irradiation, and that there is some measure of short-term repair over the first 6 

months after which there is a chronic decline. This resulted in cardiac tolerance to 

re-irradiation was reduced by 57% compared to the initial tolerance dose. In 

addition, the size of the initial dose was inversely proportional to the re-irradiation 

tolerance, a feature seen in both the lung and spinal cord studies. 

The animal models clearly show that some tissues develop some acute re-

irradiation tolerance which is followed by late fibrosis (lung, heart and skin), 

whereas the spinal cord appears to have improved tolerance the longer the 

interval is between radiation. They also demonstrate that the lower the initial 

dose, the higher the re-irradiation tolerance. However, there are several issues 

with the use of pre-clinical models for re-irradiation toxicity, when attempting to 

correlate these findings to clinical practice. 
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There are several organs in the thorax that there is no pre-clinical re-irradiation 

data for (oesophagus, great vessels, brachial plexus and proximal bronchial tree). 

This may be due to the difficulty in assigning toxicity endpoints for animals. The 

pre-clinical studies had various endpoints which are difficult to correlate with the 

range of toxicity humans can develop. The radiation techniques used to irradiate 

the heart and the lung involved the whole organ. Modern radiotherapy techniques 

would very rarely deliver a uniform dose to the whole heart or lung. Moreover, 

heart and lung function are closely interlinked, therefore there may be undetected 

effects when irradiating one in isolation. In addition, the heart and lung studies 

used a single dose of radiation, making the findings difficult to extrapolate to 

fractionation courses of radiotherapy with large dose homogeneities across organs 

at risk. In addition, humans often have comorbidities that would make it difficult 

to extrapolate accurate dose constraints from animal studies.  

1.7.3.2 Clinical research on re-irradiation toxicity 

The risk of toxicity from re-irradiation is a major concern. The studies have several 

areas of possible inaccuracy. As before, the methodology of studies, the method of 

toxicity recording, and the outcome measures are all sources of inaccuracy. 

Retrospective reviews record toxicity in variable ways and may miss important 

information, especially if the toxicity is graded retrospectively. In addition, there 

are a range of toxicity scoring systems which mean that comparing them between 

studies may be prone to error. Finally, the attribution of toxicity to radiotherapy is 

often difficult. For example, where a patient has a central relapse re-irradiated 

and dies from haemoptysis, this may be due to re-irradiation toxicity, but also it 

may be due to the tumour eroding into the trachea.  

The way the studies plan their re-irradiation is also important. Some centres may 

use institutional dose constraints or have some experience in re-irradiation to 

guide replanning. Other centres may use different constraints or approaches. 

Therefore, the most useful information from the retrospective studies is the 

cumulative doses received by an OAR and the resulting toxicity, rather than the 

prescription dose. However, for several studies, this data is not given, perhaps due 



57 
 

to the difficulties in obtaining the original radiotherapy treatment plans or 

summating the doses.  

Table 1.2 summarises the reported toxicity rates from a selection of studies for 

locally recurrent disease, split by CFRT and SABR re-treatment. A review of both 

CFRT and SABR re-irradiation described ≥Grade 3 pneumonitis rates of 0-21% 

(median 7%) and >grade 3 oesophagitis rates of 0-9% (median 2%)144. A recent 

meta-analysis of patients treated only with SABR re-irradiation combines data from 

595 patients in 20 observational studies116. This study concluded that there was a 

1.5% rate of death from SABR re-irradiation, with a 6.3% rate of grade 3 or above 

pneumonitis. The rate of other grade three or above toxicities were <1.5%. 

Location of the tumour and concurrent chemotherapy with re-irradiation are 

associated with higher grade toxicity. A Dutch group demonstrated a high rate of 

grade 5 toxicity (20%) in patients with central disease123,145. Proton re-irradiation 

may reduce toxicity, as in silico studies have demonstrated a dosimetric benefit to 

the OAR dose146.  A US group reported a high toxicity rate (≥Grade 3 toxicity of 

42%) in a cohort of patients re-irradiated with protons. There was a statistically 

significant association of central disease and concurrent chemotherapy with 

toxicity125. This highlights the uncertainty of dose delivery with proton re-

irradiation. Potential areas of imprecision are related to the radiotherapy 

technique (pencil beam vs passive scattering) and motion management.  

In summary, re-irradiation toxicity is related to several factors such as cumulative 

dose received to a given OAR, location of the recurrent tumour, use of concurrent 

chemotherapy, re-irradiation fractionation, tolerance of the initial course of 

radiation, and patient co-morbidities.  
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Table 1.2 Summary of the safety of re-irradiation studies BED: biologically effective dose, Central: central location of recurrence, Chemo: concurrent 
chemotherapy, CFRT: conventionally fractionated radiotherapy, Conv/Conv: Conventionally fractionated treatment followed by conventionally fractionated 
re-irradiation, Conv/SABR: Conventionally fractionated treatment followed by stereotactic ablative body radiotherapy re-irradiation, EQD2: Equivalent dose 
in 2-Gray fractions, fr: fractions, LR: local recurrence, NR: Not recorded, NSCLC: Non-small cell lung cancer, PTV: Planning target volume, RBE: relative 
biological effectiveness, Re-RT: re-irradiation, SABR/SABR: stereotactic ablative body radiotherapy followed by stereotactic ablative body radiotherapy re-
irradiation, SCLC: small cell lung cancer. Toxicities – Haemop: haemoptysis, Lfib: lung fibrosis, Oes: oesophagitis, Pneu: pneumonitis, Resp: unspecified 
respiratory toxicity, TOF: tracheo-oesophageal fistula, Trach: tracheal necrosis 

Type of re-
RT and 
study 

n Study type Inclusion 
group 

Median initial 
dose/ 
fractionation 

Median re-RT 
dose/ 
fractionation 

Central 
(%) 

Chemo 
(%) 

G3/4 tox (%) 
and type 

Grade 5 tox (%) 
and type 

Conv/conv 
Okamoto 
2002119 

34 Retrospective 100% LR 60Gy in 30fr 50Gy in 25fr NR NR 20.5 Pneu 0 
 

5.8 Oes 
Wu 2003120 23 Phase I/II 100% LR, 

100% in-
field 

66Gy in 33fr 51Gy in 25fr NR 0 8.7 Lfibrosis 0 
 

Tada 
2005121 

14 Retrospective 100% LR, 
100% in-
field 

50-69.6Gy 
CFRT 

50Gy in 25fr NR 7 7 Pneu 0 
 

McAvoy 
2013122 

33 Retrospective 64% infield 
failure  

63Gy in 33fr  66Gy in 32fr 
(RBE Protons) 

85 24 15.2 Pneu 0 
 

9 Oes 
6.6 Trach 

Tetar/ 
Griffoen 
2015114,123 

30 Retrospective 60% LR 59.9Gy in 
25fr 

60Gy in 30fr 97 NR 3.3 Oes 20 Haemop 
9.9 Other 

Sumita 
2016124 

21 Retrospective 100% in-
field 
recurrence  

60Gy10 
(EQD2) 

60Gy10 
(EQD2) 

71 76 4.7 Pneu 0 
 

57 NR 64 68 31.5 NR 3.5 Pneu 
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Chao 
2016125 

Single arm 
prospective 
study 

100% in-
field or 
‘near’ 
initial field 

66.6Gy in 
33fr (RBE 
Protons) 

1.8 Haemop 
1.8 TOF 
3.6 Other 

Ho 2017126 27 Retrospective 89% in-
field, 11% 
out of 
field 

60Gy10 

(EQD2) 
66Gy10 

(EQD2) 
81 48 7 Pneu 0 

 

Ren 2018147 67 Retrospective 80% LR, 
49.3% 
infield  

56Gy10 
(EQD2) 

54Gy10 
(EQD2) 

70 9 26.9 Pneu 0 
 

Schlampp 
2019127 

62 Retrospective 100% LR  60Gy in 30fr 38.5Gy in 
19fr 

NR 0 4.6 Pneu 1.6 Pneu 
1.6 TOF 

Badiyan 
2019148 

79 Prospective 
registry 

68% initial 
RT conv, 
32% initial 
RT  

60.2Gy10 
(68%)/ 
83.3Gy10 
(32%) (EQD2) 

60Gy10 
(EQD2) 

NR 30 3.8 Pneu 2.5 Haemop 

3.8 Other 

Yang 
2020128 

50 Retrospective 100% LR 60Gy10 
(EQD2) 

51.1Gy10 
(EQD2) 

86 18 12 NR 14 Resp 

Conv/SABR 
Lui 2012149 72 Retrospective Mixed 

group of 
LR and 
second 
primaries 

63Gy in 32fr 50Gy in 4fr 50% 0 19.4 Pneu 1.3 Pneu 

Trovo 
2014129 

17 Retrospective 100% 
infield 

50-60Gy in 
20-30fr 

30Gy in 5 or 
6fr 

100 0 23 Pneu 5.5 Pneu 

5.5 Haemop 
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local 
recurrence 

Kilburn 
2014130 

33 Retrospective 100% LR, 
(Conv/SAB
R 73%, 
SABR/SABR 
22%) 

60Gy in 30fr 50Gy in 10fr 51.5 42.4 3 Pneu 3 Aortic 
rupture 

Patel 
2015131 

26 Retrospective 100% LR, 
93% 
infield, 
(Conv/SAB
R 88%) 

61.2 in 32fr 30Gy in 5fr 41.4 0 0 
 

0 
 

Horne 
2018132 

39 Retrospective LR subset  84Gy10 (BED) 106Gy10 
(BED) 

NR 0 10.3 Pneu 0 
 

Sumodhee 
2019133 

46 Retrospective 100% LR, 
63% in-
field 
recurrence 

66Gy in 33fr 60Gy in 4fr 52.2 0 2.2 NR 2.2 Pneu 

2.2 Haemop 

SABR/SABR 
Peulen 
2011145 

29 Retrospective 100% in-
field LR 

109Gy10 
(EQD2) 

109Gy10 
(EQD2) 

37.9 0 34.5 Resp 10 Haemop 

10.3 Other 

Valakh 
2013134 

9 Retrospective 100% LR  60Gy in 3fr  60Gy in 4fr 0 0 22 Resp 0 
 

11 Chest 
wall 

Hearn 
2014135 

10 Retrospective 100% LR in 
field 

50Gy in 5fr 50Gy in 5fr 20 0 0 
 

0 
 

Kennedy 
2019136 

21 Retrospective 100% LR  54Gy in 3fr  50Gy in 5fr  28.5 0 0 
 

0 
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1.8 Aim of this thesis 

Lung cancer treated by radiotherapy has a high local recurrence rate of 30% and 

a 14% risk of second lung primaries after 10 years. There is a lack of suitable 

treatments for the estimated 700 patients in the UK who are in this clinical 

situation. Radical re-irradiation is associated with a 23-75% 2-year overall 

survival from the current literature, although there are several possible sources 

of inaccuracies, and there are no comparative trials. Radical re-irradiation is 

also associated with high toxicity rates, depending on the technique used, the 

location of the tumour, and the dose delivered. The lack of cumulative dose 

constraints, guidelines with how to replan patients and lack of advice about 

patient selection also contribute to increased toxicity. This thesis aims to 

investigate the safety of radical re-irradiation, in preparation of developing a 

prospective study. 
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2 Aims and objectives 

The aim of this thesis is to investigate the safety of radical re-irradiation to 

guide a future prospective clinical trial. This was performed in six sub-projects.  

2.1 Clinician consensus 

The aim of the clinician consensus is to identify the current practice of re-

irradiation and determine areas of uncertainty. The objectives are: 

(i) Identify international radiation oncologists with expertise in re-

irradiation to participate in an expert survey 

(ii) Develop consensus statements on the selection and evaluation of 

patients for re-irradiation 

(iii) Identify the current re-irradiation dose constraints in use 

internationally and develop consensus over their use 

(iv) Develop consensus statements on appropriate planning techniques and 

follow-up for re-irradiation 

2.2 Beatson re-irradiation cohort 

The aim of the review of Beatson re-irradiation patients is to verify the findings 

of previous re-irradiation studies using a complete dataset of cumulative doses 

and clinical outcomes. This formed the basis of the planning study and validation 

data for the dose/toxicity models. The objectives are: 

(i) Identify a cohort of patients who have received two courses of radical 

dose radiation to the chest for NSCLC in the Beatson  

(ii) Develop a dose-registration process to determine the cumulative 

doses received by OARs 

(iii) Determine clinical information, toxicity and outcome data from 

electronic patient records 
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2.3 Dose/toxicity modelling 

The aim of dose/toxicity modelling is to develop models to enable the prediction 

of the toxicity of a re-irradiation treatment. The objectives are: 

(i) Synthesise a database from published studies of the cumulative dose 

delivered to thoracic organs at risk, the interval between treatments 

and the amount of dose given in the first treatment with associated 

toxicity. 

(ii) Create dose toxicity models using logistic regression and predict the 

5% toxicity rate for each OAR (20% toxicity rate for lung toxicity). 

(iii) Construct and validate the models using a cohort created from re-

irradiation data from patients already treated at the Beatson. 

2.4 Tumour control modelling 

The aim of the tumour control modelling is to develop models to enable 

prediction of the local control and overall survival of a re-irradiation treatment. 

The objectives are: 

(i) Synthesise a database from published studies of the dose delivered to 

a PTV of recurrent disease, the interval and the PTV size with the 

local control rate and overall survival rate. 

(ii) Create efficacy models using logistic regression and predict the re-

irradiation doses required for 30% and 50% 2-year local control and 

overall survival rates 

(iii) Assess how much the dose to the PTV can be escalated by and the 

predicted survival and local control rates without breaching re-

irradiation dose constraints  



 64 
 
2.5 Planning study 

The aim of the planning study is to investigate the safest radiotherapy planning 

technique to meet the re-irradiation dose constraints. The objectives are: 

(i) Develop a workstream for dose accumulation of two courses of 

radiotherapy 

(ii) Apply the re-irradiation dose constraints to the Beatson re-irradiation 

cohort to identify a group of patients that do not meet the dose 

constraints 

(iii) Replan the group who failed the dose constraints using VMAT and MCO 

and re-analyse if dose constraints can be met 

(iv) Replan the group who failed the dose constraints with alternate 

strategies (e.g. change dose/fractionation, alter PTV) 

(v) Using the dose/toxicity and efficacy models, predict the change in the 

risk of side effects and outcomes with the replanned re-irradiations. 

2.6 Patient survey 

The aim of the patient survey is to explore patients’ attitudes to re-irradiation 

and whether it would be a treatment they would consider. The objectives are: 

(i) Produce a protocol and gain approval for a qualitative interview study 

(ii) Conduct and transcribe interviews with patients 

(iii) Perform thematic analysis on the transcriptions 

Due to the different techniques required for each mini-project, each chapter 

will have an introduction to the pertinent concepts and describe the methods, 

results and a discussion. The findings will be summarised in a final discussion 

section.
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3 Clinician consensus 

3.1 Introduction 

Radical thoracic re-irradiation has been performed on selected patients using a 

variety of different techniques. The current literature (reviewed in Chapter 1) 

demonstrate that some patients have durable disease control after re-

irradiation, but there are significant toxicity risks144. The number of re-

irradiation treatments is increasing. Data from the University of Michigan show 

the number of re-irradiation physics requests doubling from 2017 to 2018112. This 

may be due to several reasons: the advances in precision radiotherapy 

technology, greater use of surveillance scanning to detect recurrence, better 

survival after initial treatments, and clinician confidence in re-irradiation.  

There is limited clinical guidance on the practice of re-irradiation. The 

radiotherapy planning process used in the University of Michigan was published 

and describes suggested institutional OAR dose constraints, dose accumulation 

and workflow. However, for lung re-irradiation, there are no specific guidelines. 

A UK clinician survey about re-irradiation demonstrated clear support for further 

research, which indicates the lack of information in this setting150. Areas of 

uncertainty are patient suitability in terms of both clinical stage and fitness, 

investigations prior to re-irradiation, dose constraints, radiotherapy planning 

technique and follow-up. 

There are several areas of uncertainty about the delivery of re-irradiation. 

Firstly, no clear definition of re-irradiation exists. Does thoracic re-irradiation 

refer only to areas where there is an overlap of a significant dose, or should it 

be considered as any second treatment in the thorax. If it is the former, what 

would constitute a significant dose? Re-irradiation has been delivered for 

patients with local recurrence, second primaries or in metastatic disease. The 

amount of overlap between the first and second treatment may be important in 

the outcome from re-irradiation or the toxicity, therefore defining a minimum 

threshold or a way to categorise re-irradiation may be useful. As part of this 

definition, the clinical scenarios where thoracic re-irradiation can be considered 

will aid radiation oncologists in appropriate patient selection.  
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Secondly, should there be a minimum interval between primary radiotherapy 

and re-irradiation to allow for tissue recovery. Thirdly, what are the minimum 

lung function parameters that can be considered acceptable for re-irradiation. 

Finally, what are the necessary pre-treatment investigations and is there an 

absolute need for biopsy prior to treatment. A biopsy may confirm recurrent 

disease, but also risk significant side-effects. Information to support clinical 

practice is limited due to the low patient numbers and the retrospective nature 

of the current literature. Therefore, an expert survey is a useful method of 

pooling experience to provide clinical guidance. 

The aims of this Delphi consensus process are to develop patient and treatment 

recommendations including patient suitability, cumulative dose constraints, 

planning technique and follow up. This work will also identify areas of 

uncertainty and where further research is required. This process is limited 

specifically to NSCLC, but the recommendations may be applicable to other 

thoracic tumours. 

3.2 Methods 

3.2.1 Participant selection 

Thoracic radiation oncologists who have published articles about re-irradiation 

were invited by e-mail to participate in this study. If they were unable to 

participate, they could nominate another person who had an interest in re-

irradiation. Clinicians were selected from North America, Europe, Asia and 

Australia to capture a wide range of opinions and practice. 

3.2.2 Ethics and consent 

Ethics approval was waived by the University of Glasgow Ethics Committee and 

the West of Scotland Research Ethics Committee. All participants consented to 

the Delphi process. 

3.2.3 Survey process 

The Delphi consensus method was chosen to develop recommendations as it 

allows unbiased anonymised responses, over a large geographic distance151. The 
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process is divided into rounds of questionnaires. The first round consists of open 

ended questions to allow the expression of a wide range of opinions. The second 

round uses the answers given in the first round as the basis of the statements 

created by the study organisers, which the participants review and vote on using 

a five-point Likert scale (strongly agree, agree, neutral, disagree, strongly 

disagree). If ³75% of the responses were strongly agree or agree, then the 

statement had reached consensus and no further changes were made to it. 

Where participants did not agree with a statement, they were able to provide 

feedback on how to improve the statement. In the subsequent rounds, the 

statements which did not reach consensus were modified by the study organisers 

and re-presented to the participants to vote on again until it became clear that 

no consensus can be made in a specific area. The study organisers were blinded 

from linking the answers to a participant to reduce bias. In addition, the study 

organisers did not answer the questionnaires. The study was conducted using an 

online survey website (webropol.com). 

The first round consisted of 36 open questions, relating to 6 subject areas: the 

definition of re-irradiation, patient suitability for re-irradiation in terms of 

disease stage and fitness, re-irradiation investigations, acceptable risks of 

toxicity, radiotherapy planning technique and delivery including cumulative dose 

constraints, and follow-up after re-irradiation. Where a range of values were 

given (e.g. for minimum lung function) the median value was used in the related 

statement. 

The second round consisted of the 57 statements, with the participants voting on 

them using the Likert scale. Feedback on each statement and sharing of 

additional pertinent papers was encouraged. The third round consisted of 19 

modified statements, including two new statements regarding if a biopsy was an 

absolute requirement prior to re-irradiation. Questions regarding the acceptable 

risks of toxicity were removed based on the feedback from the participants. As 

clinicians, they felt unable to comment on what an acceptable risk is, as it is 

likely that it would vary from patient to patient and therefore would not be 

suitable for a consensus statement. 
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The fourth and final round consisted of one question regarding the definition of 

re-irradiation. This was required as consensus was not reached on the definition 

of re-irradiation. Two separate definitions were presented to the participants 

with the option to choose one, both or neither. Explanations of how the previous 

comments had been incorporated were given, and further space to offer 

feedback was given. 

3.3 Results 

3.3.1 Participants and response rates 

Twenty-one radiation oncologists were invited by e-mail and 15 consented to 

participate in the study. The respondents were from the following countries: 

United Kingdom (3), United States (3), Australia (3), Canada (2), the Netherlands 

(2), Switzerland (1) and Singapore (1). The 15 participants have a total of 44 

publications regarding re-irradiation, and a median of 12 years of experience in 

thoracic oncology (range 7 – 34 years). The first round opened on September 23, 

2019 and the final survey was completed on March 2, 2020.  The first to third 

rounds had a 100% response rate, and the fourth round had a 93.3% response. 

Of the 57 statements in the second round survey, 26 reached consensus (45.6%). 

Fourteen statements were also removed regarding acceptable toxicity based on 

the comments from the group. The third round consisted of 19 modified 

statements, and consensus was reached on seven (36.8%) of them. The final 

round featured one question and consensus was not reached. This process is 

summarised in Figure 3.1. 

3.3.2 Definition of re-irradiation 

After three rounds of voting, consensus was not reached on a definition of re-

irradiation. The round 2 statement came closest to reaching consensus with 67% 

agreement was “any dose of radical radiation for lung cancer, after initial 

radical radiotherapy to the thorax or surrounding tissues for any tumour 

histology, provided there is an overlap of previous dose in either the planning 

target volume (PTV) or the organs at risk (OARs)”. The main objection to this 

definition was the use of “any overlap” would refer to the potentially large low 

dose regions, which may have very little contribution to toxicity. This was 
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considered by the study organisers at the time of writing the survey and 

therefore had included a second definition addressing this in the round 2 survey.  

 
Figure 3.1 Outcomes from each round of questionnaires 
 

The alternate round 2 definition was "Any dose of radical radiation for lung 

cancer, after initial radical radiotherapy to the thorax or surrounding tissues for 

any tumour histology, provided there is overlap of the initial treatment at the 

50% isodose line of the re-treatment in either the PTV or the OARs". This 

achieved 33% agreement with several comments suggesting that setting an 

arbitrary isodose cut-off lacked evidence, and that severe toxicity can be 

encounters in OARs with less than 50% overlap.  
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The participants also described a situation where there is no overlap but should 

be considered re-irradiation, due to the increased dose to the volume of the 

lung. If a patient had radical radiotherapy to a tumour at the lung apex, and 

then to another tumour at the lung base, there may be no dosimetric or 

geometric overlap, but the volume of lung treated may be significant, and may 

have implications for toxicity. The feedback from the group gave two possible 

alternate definitions: (i) “a second course of radiation wherein contribution from 

a previous course of radiation leads to a cumulative dose that is higher than the 

prescription for the second course, or exceeds standard dose constraints when 

considered without repair” or (ii) create two definitions where re-irradiation is 

an overlap of accumulated doses greater than that seen in a single course of 

radical radiotherapy, and where repeat radiotherapy is two radiotherapy course 

with dose exposure in the same organ without the need for overlap.  

As there were more comments regarding overlap, the former definition was 

amended and recirculated to the group in round 3. It achieved 60% agreement, 

and the feedback re-iterated the issues regarding suggesting re-irradiation 

should have overlap between the tumours, the growing complexity of the 

definition, and enthusiasm for using the first definition of ‘any overlap”. One 

comment suggested that even if it includes more patients, it will act as a 

caution to the clinician to consider re-irradiation risks. Therefore, in the fourth 

round, the definition was split into type I and type II re-irradiations, where type 

I re-irradiations were for local recurrences (i.e. high expected overlap in the 

PTV and/or OARs, and type II re-irradiations were for second primary lung 

cancers where the overlap would be low or none. In addition, to clarify local 

recurrence a definition was also added from the RTOG 0236 study which 

described local recurrence as either within 1cm of the PTV or the 25% isodose 

line. 

The participants did not reach consensus on these final definitions with 43% 

agreement. The main reasons given for disagreement was that “a tumour in a 

different part of the lung is not re-irradiation”, splitting the definitions by 

indication was unnecessary, and the lack of evidence to support splitting the 

definition into two groups.  
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3.3.3 Patient suitability for re-irradiation in terms of disease stage 

and fitness 

The statements which achieved consensus for patient suitability and patient 

fitness and the round in which that was reached are given in Table 3.1 and Table 

3.2. Consensus was achieved for re-irradiation of second primaries, local 

recurrence with <50% overlap with serial OARs in the chest and untreated nodal 

recurrence. Consensus was not met for re-irradiation in patients who have 

relapse in the previously irradiated primary and nodes, or in oligometastatic or 

widely metastatic disease. 

Suitable patients for re-irradiation should have a PS of 0-2, no interstitial lung 

disease and caution should be used where patients had grade 3 toxicity in their 

first course of radiotherapy.  

Consensus on minimum pulmonary function tests (PFT) values could not be 

reached. From the answers in the first round, a DLCO and a FEV1 > 30-40% was 

suggested. However, a statement regarding this did not reach consensus (66%). 

The participants commented that the likelihood of toxicity relates to the volume 

of disease at re-irradiation and the location, therefore setting arbitrary limits 

could exclude patients who may benefit. Related to this, one clinician used the 

change in PFTs from pre-radiotherapy to pre-re-irradiation as a guide to 

suitability of treatment. An amended statement reached consensus placing 

emphasis on clinician judgement. 

The minimum interval between treatments did not meet consensus. Most 

participants (73.3%) agreed that a minimum interval should at least 6 months, 

with 6.7% suggesting that the minimum interval be over 12 months. However, 

20% did not support any minimum interval. The respondents gave the rationale 

for a longer interval based on data suggesting longer overall survival where the 

interval is longer than 12 months, implying less aggressive disease. In contrast, 

the rationale given for having no minimum interval is the clinical scenario where 

a second primary is diagnosed with minimal overlap with the previous 

radiotherapy. The respondents felt it unreasonable to delay that treatment 

given the risk of toxicity was low.  
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Statements about alternate treatments to re-irradiation demonstrated a 

preference for surgery in resectable patients, and immunotherapy or targeted 

therapy for patients with a high likelihood of response.  

3.3.4 Re-irradiation investigations 

The statements that reached consensus regarding investigations prior to re-

irradiation are detailed in Table 3.3. Consensus was achieved with >93% 

agreement that patients need clinical staging with PET-CT, CT/MR head, and CT-

chest with contrast. Another suggestion in the comments was the use of MRI in 

apical tumours, but as consensus was reached in round 2, there was no 

possibility to add this to the statement.  

In the second round, a third of respondents suggested that pathological 

confirmation of the tumour was essential, with the other 66% suggesting that it 

was acceptable to treat without it. This was further explored in round three, 

with agreement around a pragmatic approach where a biopsy must be 

considered by the MDT, allowing re-irradiation for patients where the risk of 

biopsy would be unacceptably high. 

3.3.5 Acceptable risks of toxicity 

The aim of this section was to identify the toxicity rates that clinicians would 

deems acceptable at re-irradiation. Median acceptable toxicity rates were taken 

from the first round of answers and divided into low grade (grade 1-2) and high 

grade (grade 3-5) toxicity. Table 3.4 summarises the rate and grade of toxicity 

and the amount of clinician agreement. This section was ultimately excluded 

from further analysis as the comments in the feedback highlighted that the 

patient ultimately decides what risk is acceptable to them, and that the risk of 

toxicity can only be considered against the risk of symptoms from untreated 

disease. 

Despite not exploring this in further rounds, there was general agreement to 

accept high rates of reversible acute grade 1-2 toxicity in terms of pneumonitis, 

oesophagitis and skin erythema. Most clinicians accepted a rate of between 5-
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10% grade 3-4 toxicity, and consensus was agreed to keep grade 5 toxicity below 

5%. 

3.3.6 Radiotherapy planning technique and delivery 

Statements that reached consensus regarding radiotherapy planning and 

cumulative dose constraints are outlined in Table 3.5 and Table 3.6 respectively. 

There was no recognised method to summate the doses from two courses of 

treatment and some comments raised concerns about the quality assurance of 

deformable image registration. The delineation of the tumour may be helped 

using PET-CT given the possibility of lung fibrosis from the first course of 

radiation. In addition, the respondents agreed that compromising PTV dose to 

prioritise OAR dose is important. There were several comments accepting 

compromise of the expansion margins from GTV to CTV and from CTV to PTV, 

using margin reduction as a strategy to reduce high grade toxicity. Related to 

this, the respondents agreed that highly conformal planning techniques should 

be used, ideally stereotactic radiotherapy if tumour size and position allows. 

There was agreement to limit the use of SABR in ultracentral disease, but 

central disease was acceptable to be treated, although one participant felt that 

any central re-treatment was high risk and would not be recommended. There 

was strong consensus on the use of daily CBCT for any re-irradiation to ensure 

that the dose delivery is as close to the planned dose as possible.  

The initial cumulative dose constraints presented in round two were derived 

from the median answers from round one. The most common approach was to 

use EQD2 rather than BED to sum doses from two treatments from round one. 

The respondents noted the lack of evidence for the dose constraints, even in de 

novo radiotherapy. Two approaches were described; the first assumed a certain 

percentage of recovery of radiation tolerance after a given period, the second 

noted that the amount of recovery was impossible to determine for most OARs 

therefore it was safest to assume no recovery. The latter principle was 

presented to the participants in round three in this statement: “For cumulative 

dose constraints, the amount of normal tissue recovery has limited evidence and 

therefore the safest approach is to assume no tissue recovery”. This met with 

60% agreement. The main issues raised were firstly some tissue recovery is 

known to happen and rather than ignore it, more efforts should be made to 
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quantify it. Secondly, even if this is the safest approach, it may result in 

patients being excluded from high risk re-irradiation, where they may benefit 

from treatment.  

Despite the lack of agreement on a standard approach, cumulative dose 

constraints were agreed for the spinal cord, the aorta and pulmonary artery, the 

brachial plexus and the oesophagus. The proximal bronchial tree did not reach 

consensus, with 67% agreeing with a cumulative EQD2 dose between 80 and 

105Gy3. The reasons given for disagreement were lack of evidence, and whether 

the tumour was invading the PBrT, as the risk of haemorrhage would then be 

higher, and a higher risk may be warranted.  

Agreement was not reached for the lung constraints suggested in round two 

(V5<65%, V20<35% and MLD<20Gy) with 53% approval. Several respondents 

commented that these values were too restrictive, especially the V5 value. A 

key point was also raised that when suggesting these constraints, they must not 

be considered absolute limits and can be exceeded depending on the clinical 

situation. This statement was reworded for round three to highlight the lack of 

evidence, therefore lung dose constraints could not be stated. This statement 

reached 80% agreement.  

3.3.7 Follow-up after re-irradiation 

There was 87% agreement for surveillance CTs every three to six months after 

re-irradiation for the first two years in patients who are fit for further 

treatment, followed by 6-12 monthly scanning thereafter. The comments 

reflected that this had little evidence supporting it but would be the only way to 

determine if re-irradiation has been effective. 
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Table 3.1 Consensus statements regarding the clinical stage of suitable re-irradiation patients. SA/A: Strongly agree/agree, N: Neutral, D/SD: 
Disagree/Strongly Disagree, R2: Round 2. 

 Consensus agreed SA/A N D/SD Round agreed Median 
1.1  
 

Radical re-irradiation can be considered for suspected 
new lung primaries with minimal overlap with previous 
radiotherapy fields. 

93% 7% 0% R2 SA 

1.2 Radical re-irradiation can be considered for lung 
tumours which develop new nodal disease after an 
initial course of radiotherapy only to the primary 
tumour (therefore minimal overlap). 

100% 0% 0% R2 SA 

1.3 Radical re-irradiation can be considered where a lung 
tumour relapses locally (or develops a suspected 
second primary tumour with >50% overlap with the 
original primary tumour), but low overlap with serial 
structures in the thorax. 

93% 0% 7% R2 SA 

1.4 Alternative treatments (e.g. systemic therapy) are 
preferred to radical re-irradiation to the primary lung 
cancer where the lung tumours have relapsed both 
locally and with widespread metastatic disease. 

93% 7% 0% R2 A 
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Table 3.2 Consensus statements regarding the fitness of suitable re-irradiation patients. SA/A: Strongly agree/agree, N: Neutral, D/SD: Disagree/Strongly 
Disagree, R2: Round 2, R3: Round 3. 

 Consensus agreed SA/A N D/SD Round 
agreed 

Median 

2.1 In general, patients should have an ECOG performance status (PS) of 0 - 2 to 
be considered for radical dose re-irradiation, with exceptions being made 
for selected PS 3 patients (e.g. SABR re-irradiation, or PS 3 due to non-
respiratory issues). 

93% 0% 7% R2 SA 

2.2 Re-irradiation should be avoided in patients with interstitial lung disease. 86% 7% 7% R2 SA 
2.3 Re-irradiation should be performed cautiously with patients who developed 

grade 3 or higher toxicity with their initial radiation treatment. 
86% 7% 7% R2 A 

2.4  Surgery should be considered in all appropriate patients being assessed for 
re-irradiation. 

93% 0%  7% R2 A 

2.5 In locally advanced recurrent lung cancer, where there is an increased 
likelihood of response to immunotherapy (e.g. PD-L1 >50%), immunotherapy 
may be preferable to high-risk radical re-irradiation. 

80% 
 

0% 20% R2 A 

2.6 In locally advanced recurrent lung cancer, where there is an actionable 
mutation (e.g. EGFR mutation, ALK fusion), targeted treatment may be 
preferable to high-risk radical re-irradiation. 

79% 7% 14%  R2 A 

2.7 For conventionally fractionated re-irradiation, the clinician must consider 
re-treatment to have a positive risk/benefit ratio considering the current 
pulmonary function tests and the likely exposure of the lung to re-
irradiation, with no minimum PFTs values applicable. 

86.6% 6.7% 6.7% R3 A 

2.8 For re-irradiation with SABR, no minimum PFTs apply. 87% 0% 13%  R2 A 
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Table 3.3 Consensus statements regarding investigations for suitable re-irradiation patients. SA/A: Strongly agree/agree, N: Neutral, D/SD: 
Disagree/Strongly Disagree, R2: Round 2, R3: Round 3. 

 Consensus agreed SA/A N D/SD Round 
agreed 

Median 

3.1 
 

Investigations prior to commencing radical re-irradiation are: 
Whole body PET-CT, CT chest + contrast, and CT/MRI brain. 

>93% - - R2 Essential 

3.2 Consideration for biopsy must be made in a tumour board/multi-
disciplinary team meeting before considering radical re-
irradiation. 

86.6% 6.7% 6.7% R3 SA 

3.3 Re-irradiation can be considered where the tumour board/multi-
disciplinary team agrees that there is a high likelihood of cancer, 
but despite best efforts, histological confirmation of cancer is 
not possible. 

86.6% 6.7% 6.7% R3 SA 
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Table 3.4 Clinician suggested acceptable toxicity rates. SA/A: Strongly agree/agree, N: Neutral, D/SD: Disagree/Strongly Disagree. 

Toxicity Grade Toxicity rate (%) SA/A (%) N (%) D/SD (%) 
Pneumonitis G1-2 50 73 14 13 
Oesophagitis G1-2 70 93 0 7 
Skin erythema G1-2 50 74 13 13 
Brachial plexopathy G1-2 10 53 27 20 
Pericarditis G1-2 10 67 20 13 
Pneumonitis G3-4 10 53 20 27 
Oesophagitis G3-4 10 53 20 27 
Skin toxicity G3-4 5 60 20 20 
Brachial plexopathy G3-4 5 59 27 14 
Pericarditis G3-4 10 53 40 7 
Bronchial fibrosis G3-4 5 67 20 13 
Haemoptysis G3-4 5 60 13 27 
Cord myelitis G3-4 5 46 20 34 
Any cause G5 5 80 7 13 
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Table 3.5 Consensus statements regarding radiotherapy planning technique. SA/A: Strongly agree/agree, N: Neutral, D/SD: Disagree/Strongly Disagree, R2: 
Round 2, R3: Round 3. 

 Consensus agreed SA/A N D/SD  Median 
4.1 When combining initial and re-irradiation plans, either rigid or deformable dose 

registration are acceptable methods (although there are considerable uncertainties in 
either process and further investigation is warranted). 

80% 
 

6% 14% R2 SA 

4.2 18-FDG-PET-CT is recommended to aid tumour volume delineation. 
 

86% 7% 7% R2 SA 

4.3 When contouring for conventionally fractionated radical re-irradiation, an acceptable 
minimum expansion from CTV to PTV is 5mm (or follow institutional guidelines where 
available). 

86% 7% 7% R2 A 

4.4 PTV coverage can be compromised to achieve acceptable OAR doses. 80% 6% 14% R2 SA 
4.5 Radical re-irradiation should be performed using highly conformal radiotherapy 

techniques (e.g. VMAT, Tomotherapy, Cyberknife). 
100% 0% 0%  R3 SA 

4.6 SABR is the preferred re-irradiation technique where the tumour is not ultra-central, 
the tumour volume is small and there is minimal overlap with OARs. 

80% 13.3% 6.7% R2 SA 

4.7 Protons may have a role for re-irradiation and requires further evaluation in the 
context of a clinical trial. 

80% 20% 0% R3 A 

4.8 Acceptable doses for conventionally fractionated radical thoracic re-irradiation are 
60Gy in 30 fractions or 55 Gray in 20 fractions once daily for non-small cell lung 
cancer. 

93% 0% 7% R2 A 

4.9 Any dose and fractionation that can safely deliver a BED >100Gy to the tumour is 
acceptable for radical re-irradiation with SABR. 

86.7% 0% 13.3% R3 A 

4.10 Daily cone beam CT is recommended for treatment verification for conventionally 
fractionated re-irradiation. 

100% 0% 0% R2 SA 

4.11 Daily cone beam CT is recommended for treatment verification for SABR re-
irradiation. 

100% 0 0 R2 SA 
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Table 3.6 Consensus statements regarding cumulative dose constraints. SA/A: Strongly agree/agree, N: Neutral, D/SD: Disagree/Strongly Disagree, R2: 
Round 2, R3: Round 3. 

 
 
 
  

 Consensus agreed SA/A N D/SD  Median 
5.1 There is insufficient evidence to suggest volumetric cumulative dose 

constraints for the lung due to the changes in anatomy and function of the 
lung after an initial course of radiotherapy. 

80% 13.3% 6.7% R3 A 

5.2 For radical re-irradiation, the desirable cumulative maximum point dose 
constraint to the oesophagus is an EQD2 of 75Gy, although up to 100Gy is 
acceptable (using an α/β =3), with the volume of the oesophagus getting 55 
Gray should be less than 35% (V55Gy<35%).12 

86% 7% 7% R2 A 

5.3 For radical re-irradiation, the desirable cumulative maximum point dose 
constraint to the spinal cord is an EQD2 of 60Gy (using α/β =2), with a 
maximum EQD2 of 67.5Gy (provided that the initial irradiation dose to the 
cord did not exceed 50Gy).13  

80% 13% 7% R2 A 

5.4 For radical re-irradiation, the desirable cumulative maximum dose (Dmax) 
constraint to the brachial plexus is an EQD2 of 80Gy (α/β =2) and an 
acceptable cumulative Dmax is 95Gy (if the interval between treatments is 
greater than 2 years).14  

80% 
 

0 20% R2 A 

5.5 For radical re-irradiation, the desirable cumulative maximum dose (Dmax) 
constraint to the aorta is an EQD2 of 115Gy (α/β =3). The desirable 
cumulative Dmax to the pulmonary artery is an EQD2 of 110Gy.15,16  

80% 
  

0% 20% R2 A 

5.6 There is a lack of information to guide re-irradiation dose constraints for the 
skin and the heart, therefore the use of other guidelines (e.g. QUANTEC or 
SABR guidelines) and to keep the dose to these organs as low as reasonably 
achievable are recommended. 

100% 0 0 R2 A 
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3.4 Discussion 

This Delphi process has produced expert consensus statements suggesting 

suitable patients for re-irradiation, appropriate staging investigations, preferred 

radiotherapy technique and cumulative dose constraints. It identified areas 

where there is a lack of evidence (minimum PFTs, cumulative lung and PBrT 

doses, definition of re-irradiation). It has also demonstrated that re-irradiation 

can be applied to a range of different situations, with different risks and 

benefits, and therefore a single set of guidelines will not account for all the 

clinical possibilities. 

3.4.1 Methodology 

These guidelines were developed using a Delphi consensus method. This 

technique was first used in the 1950s by the RAND corporation who used a panel 

of experts to determine the number of nuclear bombs required to reduce the 

United States’ capacity to make munitions152. It has since been used in many 

other settings including healthcare where expert opinion is sought. This method 

was chosen as it was suitable to gather international opinion on a range of 

issues. The anonymised nature of the study and the feedback allowed each 

participant an equal voice, with less opportunity to be biased by other members 

of the group153.  

In the Delphi technique, participant selection is key as they will be the source of 

the consensus statements. This study invited radiation oncologists with 

publications (or nominated by clinicians with publications) in thoracic re-

irradiation. This is appropriate, as they have experience of the practice of re-

irradiation. However, it would be impractical to invite all the clinicians who had 

published on lung re-irradiation or clinicians with extensive experience of re-

irradiation but no publications therefore some opinions may have been excluded 

at study recruitment. Therefore, there is inherently a selection bias to the 

opinions of academic clinicians. The influence of this may reflect on the 

treatment modality preferred (e.g. use of tomotherapy, which is rarely 

available) and the likely fitness of patients referred in to a superspecialised 

oncology centre, as opposed to an unselected patient cohort. In addition, no 

physicists or imaging specialists were invited, whose input would have been 
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valuable when considering re-irradiation planning and technique. The views of 

patients were also not represented which resulted in the acceptable risks of re-

irradiation section having to be curtailed. This study had 15 participants which is 

in keeping with most other publications154. However, it may have benefitted 

from increased numbers from different backgrounds155. As such, there is a risk of 

groupthink, with only clinicians providing the source material for statements and 

then subsequently agreeing to them. A range of different perspectives would be 

useful, especially pertaining to the physics and treatment delivery aspect of the 

consensus statements. 

The nature of the process involved multiple rounds of surveys and reviewing the 

previous answers which is time consuming. The drop-out rate of this study was 

low, with only one unanswered questionnaire out of a total of 60 surveys sent 

out over a six-month period. However, 57.9% (33 out of 57 round two 

statements) met consensus, leaving several key areas with no agreement 

including the definition of re-irradiation.  

Further iterations of the statements could have continued, but would have 

risked participant drop out, especially as the severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) became a global pandemic at the start of the fourth 

round. In addition, there is little to be gained from further questionnaires if 

there are no new suggestions around an issue, although this study did not use 

any pre-specified stopping rules. Other studies have used an hierarchical 

stopping criteria, although many also use a subjective approach156. In many of 

the areas where consensus was not met, a lack of evidence was a limiting factor. 

For the areas where consensus was not met, a face-to-face meeting could have 

taken place to discuss unresolved issues. However, this would have made any 

outcomes potentially biased as anonymisation would have been lost. 

The process of editing statements in response to comments is a source of bias153. 

The study organisers, who are also clinicians familiar with lung re-irradiation, 

are likely to have opinions on the topic. Even though they did not take part in 

the survey, the processing of the statements can lead to their viewpoints  being 

over-represented and amplified in subsequent rounds. It would be difficult to 

minimise this effect as a researcher with no knowledge of radiotherapy may not 

be able to interpret the comments. Another area that could be improved is the 
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lack of experience of the researcher in performing a Delphi process. In the 

literature, there are several different ways to plan and perform this technique, 

and a more experienced investigator may have been able to gain consensus over 

some issues. 

3.4.2 Lack of definition 

Re-irradiation can be used in a range of different scenarios, and with limited 

data on outcomes. This made the development of a single definition difficult. 

There are some interesting points which came from the discussion of definition. 

There was 71% agreement to divide re-irradiation by broad indication (for local 

recurrence or second primaries). However, the purpose of dichotomising a group 

of patients is if there is a difference in outcomes. In addition, this division also 

excludes re-irradiation in the metastatic setting. There is sparse evidence of a 

difference between second primaries and local recurrences. Empirically, local 

recurrence would be thought to have a poorer prognosis due to the increased 

likelihood of radioresistance, but little data exists to support this.  

Discussion about the definition in round two centred on the degree of overlap (if 

any) that would be significant. Several published studies have defined re-

irradiation as overlap of isodose levels of between 25-50%, although this is an 

arbitrary cut-off and often used also as the definition of local recurrence128,136. 

An alternate definition designated re-irradiation “if >0.5cm3 of the thoracic 

region received a radiotherapy dose higher than the maximum dose delivered in 

either of the two radiotherapy plans”115. This definition implies that any degree 

of overlap, even low dose scatter, in the PTV would be considered re-irradiation.  

The above definitions would not consider the total volume of lung irradiated 

from two spatially distant lung primaries (i.e. no overlap) as significant. The 

term repeat radiotherapy has been used in this context115. If the total volume of 

lung irradiated is less than the dose constraint in a de novo treatment, then it 

could be argued that it should not be considered re-irradiation. However, there 

is a high rate of pneumonitis from re-irradiation in published series. One possible 

reason may be the mechanism of re-irradiation lung injury is different compared 

to radiation-naïve lungs and therefore caution should be used.  
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Further data is required to determine if the differences in outcomes that would 

warrant defining re-irradiation by indication, and at what threshold the total 

volume of irradiated lung causes retreatment toxicity. 

3.4.3 Suitability for re-irradiation 

Patient suitability for any given treatment can be based on inclusion criteria 

from landmark clinical trials. None of the respondents suggested any trial-based 

data to aid patient selection. The main prospective study of re-irradiation is the 

2003 study by Wu et al., which accepted patients with loco-regional relapse and 

a Karnofsy PS of ³70, aged 18-80, minimum interval between radiotherapy 6 

months, and a FEV1 of >1 litre120. This study was published in 2003 and therefore 

may have been considered outdated by the participants, especially as this was 

before the widespread use of SABR.  

Minimum PFT levels did not reach agreement, although a majority supported a 

minimum FEV1 and DLCO of 30-40%. This lack of consensus is due to difficulty in 

predicting radiotherapy induced lung injury (RILI). RILI is multifactorial and 

predictive models are inaccurate157. Therefore, the clinicians experience and 

judgement may be of more value than strict limits. After a course of 

radiotherapy, the PFTs generally decline, although in some studies they can 

improve158. A meta-analysis suggested the main dosimetric factors that are 

related to reduction in PFTs are dose to the lungs (V5, V20 and MLD) and mean 

heart dose. Patient and tumour characteristics were less commonly 

significant158. There is little data available to suggest how re-irradiating lung 

affects PFTs.  

One consideration is that radiotherapy in previously irradiated lung may cause 

less damage as it is deposited in already damaged non-functioning lung. 

Alternatively, the lung may be in a pro-inflammatory state post-radiotherapy, 

and a further radical dose may cause significant symptoms. The high rate of 

pneumonitis post-re-irradiation supports the latter suggestion, although the 

quality of evidence is poor. 

The minimum interval between re-irradiation treatments did not meet a 

consensus. 71% felt that a minimum of 6 months was acceptable, with 
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explanations for no minimum period (in the event of no overlap), and for longer 

than 12 months (more likely to have improved survival). Normal tissue recovery 

in animal studies varies by organ. Spinal cord has demonstrated a recovery of 

tolerance which starts at 6 months, whereas lung and heart have lower re-

irradiation tolerance after 6 months139,141,143. The lack of a clear definition of re-

irradiation, or clear clinical scenario, is one reason why consensus for this 

statement was not met, as the range of different situations that a broad 

definition covers has implications for real world practice.  

The participants considered patients who developed grade 3 toxicity with initial 

radiotherapy at higher risk of severe consequential late side effects. This 

recommendation is supported by pre-clinical data of re-irradiation of the rat 

spinal cord that shows that the higher the level of initial injury, the less further 

radiation dose was tolerated159. The practical application of this may be omitting 

dose entirely from organs which developed grade 3 toxicity with initial 

treatment where possible. 

3.4.4 Radiotherapy planning 

Cumulative dose constraints over two courses of treatment have been 

approached in two methods in the literature. One method is to adopt an 

‘discount’ based scheme where a given percentage of dose is subtracted after a 

period of recovery time. The other is to assume no recovery and have a fixed 

cumulative value.  

Over the time the Delphi surveys were in progress, three other groups published 

cumulative dose guidelines. Paradis et al. used a ‘discount based scheme’, while 

Troost et al., Hunter et al.,  and the American Radium Society used a fixed 

cumulative value112,146,160,161. The discount based scheme is accurate for well 

researched OARs like the spinal cord and brachial plexus, where the amount of 

recovery is well known from pre-clinical and clinical models. However, for less 

researched OARs, there is little evidence to suggest the amount of recovery if 

any, which is potential source of inaccuracy. A discount based scheme is also 

more complicated to apply. Fixed cumulative values are simpler to apply 

clinically, and easier to use for dose/toxicity modelling, as it is a single variable 

(rather than interval between treatments and dose, as would be with discount 
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based constraints). A fixed cumulative value does not represent the radiobiology 

of tissue recovery. A mixed method, using discount modelling for OARs with 

well-known recovery characteristics (e.g. spinal cord), and fixed cumulative 

doses for others may also be reasonable. A table comparing the cumulative dose 

constraints from the Delphi process and the other published constraints are 

presented in Table 3.7.  

Where possible, the recommended radiotherapy technique is SABR, with 80% 

agreement. SABR is a highly conformal treatment, delivered with daily image 

guidance. This approach spares normal tissue toxicity, although it is limited by 

the size of the tumours that can be treated (usually tumours less than 5cm in 

diameter with no nodal involvement). In addition, the radiobiological effects of 

SABR are different, and may circumvent the mechanisms of radioresistance 

developed after initial radiotherapy162. Retrospective studies have demonstrated 

clinical efficacy of SABR re-irradiation with a two year local control rate of 37 to 

90%117. 

The respondents agreed that proton re-irradiation required further investigation. 

Protons, with their rapid dose fall-off distal to the PTV may reduce the dose to 

tissues distal to the PTV. A planning study comparing photons to protons in re-

irradiation demonstrated lower OAR doses with protons146. However, it is unclear 

from this study the location of the tumours which were replanned and the 

robustness of the proton planning. The respondents reflected on the negative 

study comparing protons and photons in stage III NSCLC and the lack of 

accessibility of protons as reasons why protons were currently not 

recommended105.  
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Table 3.7 A comparison of putative cumulative dose constraints EQD2: Equi-effective dose in 2-Gray fractions. ALARA: as low as reasonably achievable. 
PBrT: Proximal bronchial tree. *Consensus not reached. §Dose constraints converted from α/β ratio of 2.5 to the stated α/β ratios in the table to allow ease 
of comparison, dose constraints derived using a 6-12 month interval, with OARs being treated to tolerance in the first treatment. ^Dose constraints α/β 
ratios not quoted in the American Radium Society abstract. 

 α/β Delphi 
Paradis et al., 
2019§ 

Troost et al., 
2020 

American radium 
Society, 2020^ Hunter et al., 2021 

Spinal cord 2 Dmax 60Gy D0.1cc<61.6Gy Dmax<65Gy Dmax <57Gy Dmax<67.5Gy 
Brachial 
plexus 2 

Dmax 80-
95Gy D0.1cc<86.9Gy Dmax<85Gy Dmax <85Gy 

Dmax<80Gy (if <24m), Dmax<95Gy (if 
>24m) 

Skin/Chest 
wall 2.5 ALARA D0.1cc<116Gy n/a n/a n/a 
Heart 2.5 ALARA D0.1cc<86.1Gy Dmean<70Gy Mean: ALARA, V40 <50% no evidence provided in article 
Lung 3 Individualised Individualised . V20<40% V20<30-35% 
Lung 3 Individualised Individualised Dmean<22Gy . n/a 

PBrT 3 
Dmax <80-
105Gy* D0.1cc<85.8Gy Dmax<110Gy Dmax <110Gy Dmax<105Gy 

Oesophagus 3 
Dmax 75-
100Gy D0.1cc<87.5Gy Dmax<100Gy 

Dmax <100-110, 
V60<40% Dmax<110Gy 

Great vessels 3 
Dmax 110 – 
115Gy D0.1cc<116.5Gy Dmax<110Gy Dmax <120Gy 

Dmax<110Gy (Pulmonary artery) 
D1cc<120Gy (Aorta) 
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3.4.5 Conclusion and summary  

This Delphi process has generated expert consensus on patient selection for re-

irradiation, pre-radiotherapy investigations, radiation technique and cumulative 

dose constraints. It is the first set of recommendations for lung re-irradiation 

from an international group of thoracic oncology specialists. The evidence for 

the statements is mostly opinion and experience based, with little prospective 

trial data available. However, this study does give clinicians with little 

experience of re-irradiation some general guidance on how to perform this 

treatment as safely as possible. The definition of re-irradiation, cumulative dose 

constraints and optimal dose registration strategies did not meet consensus and 

are worthy of further investigation. 
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4 Beatson re-irradiation cohort 

4.1 Introduction 

Many of the published studies regarding lung re-irradiation are retrospective 

reviews. They often lack detailed cumulative dose and toxicity data for the re-

irradiation treatments delivered. This may be because the initial and subsequent 

radiation courses were performed in different hospitals with no access to both 

plans and there is no established protocol to co-register the doses. Dose 

accumulation, which is a complicated process, is necessary to ascertain the 

cumulative dose an OAR would have received accurately. The studies also group 

several different tumour histologies together (e.g., SCLC, NSCLC and 

metastases) and used different doses (some patients were treated with lower 

palliative doses) therefore interpretation of the expected overall survival for 

NSCLC is difficult. The studies also describe re-irradiation depending on variable 

levels of overlap with the PTV, which make it unclear how much of the original 

tumour has been treated. 

Image registration and dose summation of the initial radiotherapy treatment and 

the re-irradiation plan is prone to error, has significant uncertainties and lacks a 

‘ground truth’. The image registration can be either rigid or deformable. Rigid 

registration is matching the initial and re-irradiation image without changing the 

shape of the initial tissues to match the re-irradiation images. Deformable image 

registration (DIR) produces a transformation matrix than can morph the initial 

image into a similar shape to the re-irradiation image. DIR therefore may 

provide a better estimate than rigid registration where the tissues have changed 

significantly and in a predictable way. 

The transformation matrix formed in DIR can be applied to the dose map of the 

initial course of radiation and at re-irradiation. There are two considerations 

when applying DIR applied to dose: volume-conservation or dose-conservation. 

Volume conservation uses the transformation matrix to deform the dose 

accordingly. However, this does not account for the changes in dose deposition 

caused by the change in density of tissues. Dose conservation methods add an 

extra layer of analysis where the dose is assumed to be a constant is a given 

volume and can account for the changes in density. Volume-conservation 
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methods are accurate where the anatomy has not changed significantly, but 

dose conservation techniques may be more appropriate in areas where there has 

been significant changes163. The choice of image registration technique and dose 

summation is a source of error between studies and inherent to any future study 

of re-irradiation. 

The Delphi consensus study demonstrated that thoracic re-irradiation can be 

delivered in many different clinical scenarios. There was strong agreement to 

treat second primary lung cancers (SPLC) and locally recurrent disease, but 

there was reluctance to categorise these as different types of re-irradiation. The 

local recurrence rate after initial radiotherapy is approximately 30% and the rate 

of SPLC is 14% at 10 years111,164. There are limited data to suggest there is a 

difference in outcomes between the two groups in terms of toxicity and 

efficacy. However, in principle SPLC should have better outcomes in terms of 

toxicity and efficacy as there is less likely to be significant overlap, and the 

tumour will not have developed any radioresistant changes.  

The consensus study also highlighted areas of uncertainty in terms of minimum 

interval between radiation courses. A minority of clinicians (20%) felt that a 

minimum interval of 12 months was warranted before re-irradiation with 71% 

preferring an interval of 6 months. The clinicians also had concerns re-irradiating 

patients who had grade ³3 toxicity with the initial radiotherapy, although there 

is little clinical data to support this. Finally, the clinicians suggested dose 

constraints based on experience and a small number of studies, but it is unclear 

if these novel constraints are feasible in a real-world setting.  

A retrospective analysis of patients who received two courses of curative intent 

radiotherapy was performed in the Beatson, a tertiary level oncology centre. 

The aims are to verify the toxicity and efficacy of radical re-irradiation in NSCLC 

in relation to the published literature, assess the differences in outcomes 

between SPLC and local recurrences, and investigate the areas of controversy 

from the consensus study. As part of this, a method to calculate the cumulative 

doses received by OARs over two courses of radiation will be developed. 
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4.2 Method 

4.2.1 Ethics and Caldicott guardian review 

Approval was granted by the NHS Greater Glasgow and Clyde Caldicott Guardian 

for use of patient radiotherapy and clinical data for the purposes of this project. 

4.2.2 Patient identification and clinical information 

The Beatson radiotherapy database was searched to identify any patients who 

had two radical courses of radiation for lung cancer between 01/01/2014 and 

02/11/2020. Patients’ clinical information and dates of death was obtained from 

electronic medical records. Toxicity was obtained from clinical letters, or date 

of hospitalisation and graded using CTCAE v5. Early toxicity is defined as either 

during treatment or within 90 days after the completion of a course of radiation, 

late toxicity is any toxicity after 90 days. Where there was uncertainty regarding 

causality, e.g., chest infections, they were included as radiotherapy related 

toxicity. A stricter exploratory measurement of toxicity entitled “Likely re-

irradiation toxicity” included early chest infections and clinician assessed likely 

radiotherapy toxicity. The Charlson Comorbidity Index (CCI) was used to score 

each patient165. There was no formal surveillance CT scanning protocol after re-

irradiation, therefore local tumour control data was unable to be ascertained. 

The date from the first fraction of re-irradiation to death was used to calculate 

the overall survival. Data were censored on 15th September 2021. 

4.2.3 Radiotherapy scan processing 

The radiotherapy CT scans and associated delivered plans were duplicated and 

renamed zzCT1 and zzCT2 respectively for the initial and re-irradiation 

treatments. The gross tumour volume, the clinical target volume and the 

planning target volume were unchanged from the original structure sets. The 

following organs at risk were contoured on both zzCT1 and zzCT2: aorta, 

pulmonary artery, brachial plexus, chest wall, heart and substructures (left 

anterior descending artery, base of heart), oesophagus, trachea, proximal 

bronchial tree (PBrT), spinal cord, and whole lung. The RTOG and heart atlases 

were used to ensure standardisation of the contouring166,167.  
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The dose of some of the plans were calculated using older dose algorithms (e.g., 

AAA). Therefore, to get as accurate as possible dose information, the same plan 

parameters were used, and the doses of all plans were recalculated using 

AcurosXB. Rigid registration was performed on zzCT1 and zzCT2, and the initial 

PTV structure from zzCT1 was copied on to zzCT2. If there was any overlap of 

the zzCT1 PTV and zzCT2 PTV, the patient was deemed to have had an ‘in-field’ 

local recurrence. If there was no overlap, then the recurrence was classed as a 

second primary. One limitation of this process is that the original PTV and the 

OARs would have changed due to the effect of the initial course of radiation, 

therefore this can only be considered an estimate. 

4.2.4 Generation of EQD2 using Velocity 

The re-calculated and contoured CT scans, dose maps, and structure sets were 

imported into VelocityAI (Version 3.2, Varian Medical Systems, Palo Alto, 

California, US). This program performs image registrations and biological dose 

calculation. The doses from zzCT1 and zzCT2 were converted to EQD2 in a voxel-

by-voxel process. Four separate dose maps were created for each scan using the 

following α/β ratios (OARs in parentheses) 2 (spinal cord and brachial plexus), 

2.5 (heart and chest wall), 3 (lung, oesophagus, proximal bronchial tree and 

great vessels) and 10Gy (tumour). 

4.2.5 Deformable dose registration  

The EQD2 dose maps of zzCT1 and zzCT2 for each α/β value were combined 

using a predesigned process in VelocityAI. The first step in the process was to 

image register the CT scans from zzCT1 and zzCT2. Taking the latest scan as the 

template, zzCT1 underwent rigid and then multi-pass deformable registration to 

deform the images to match zzCT2. The voxel transformations from this process 

were then applied to the zzCT1 EQD2 dose map, therefore matching the previous 

dose to the new anatomy for the second treatment. The EQD2 dose maps from 

the transformed zzCT1 and zzCT2 are then summated on a voxel-by-voxel basis. 

The cumulative EQD2 for each structure was taken from the appropriate dose 

map (e.g., spinal cord cumulative EQD2 was taken from the α/β 2Gy dose map). 

The dose data was collected into a database and linked to the toxicity 

experienced. 
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To determine the optimal consistent method of selecting a region of interest 

(ROI), deformable image registration was performed setting the ROI as the whole 

lung fields and a 2cm area in all directions around the PTV. The warp maps were 

visually assessed and doses to different OARs were calculated using the different 

ROI settings to evaluate which ROI produced the most plausible deformation and 

what the range of uncertainty was from the predicted doses. 

4.2.6 Statistical analysis 

Patient demographics and dose data were calculated using descriptive statistics 

and compared using either a Chi-squared test for categorical variables, a 

Fisher’s exact test where the expected outcomes were less than 5, or t-test for 

continuous variables. Toxicity outcomes were calculated as rates. Overall 

survival was calculated using the Kaplan-Meier method. The median follow-up 

time was calculated by the reverse Kaplan-Meier method.  For all analyses, a p-

value of <0.05 was used for significance. 

 
4.3 Results 

4.3.1 Patient characteristics 

The search identified 39 patients who had completed two radical courses of 

radiotherapy for NSCLC, 26 for SPLC and 13 for LR. All patients had a PS of 0-2, 

with a statistically significant larger proportion of PS 2 patients in the SPLC 

group. There were several statistically significant differences between the two 

groups. Patients with SPLC had a higher proportion of stage I disease at re-

irradiation (p=0.038). The SPLC group had a smaller PTV volume (p=0.009), and a 

greater proportion had re-irradiation with SABR (p=0.013). This is reflected in 

the higher mean re-irradiation prescribed EQD2 dose given to the SPLC group 

(72.3Gy10 compared to 58.8Gy10 in the LR group, p=0.006). Table 4.1 summarises 

the demographics of the group. 
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Table 4.1 Demographics of the second primary lung cancer and locally recurrent groups 
CCI: Charlson Comorbidity Index, EQD2: equivalent dose in 2 Gray fractions, Gy: Gray, LR: 
local recurrence, PS: performance status, PTV: planning target volume, re-RT: re-irradiation, 
SABR: stereotactic ablative body radiotherapy, SPLC: second primary lung cancer 

 Whole group SPLC LR p-value 
n 39 26 13 - 
Mean age at re-RT 
(range) 

71.3 (47.8 – 
86.0) 

70.5 (52.9 – 
84.1) 

72.7 (47.8 
- 86.0) 

0.5 

Sex  male 19 10 9 0.14 
female 20 16 4 

PS at 
re-RT 

0 3 1 2 0.045* 

1 24 14 10 
2 12 11 1 

CCI 
score 

<6 18 14 4 0.307 
³6 21 12 9 

Stage at 
re-RT 

1 23 19 4 0.038* 

2 10 4 6 
3 6 3 3 

Mean Interval 
between two 
treatments (months, 
range) 

17.24 (2.2 – 
62.9) 

14.5 (2.2 – 
62.2) 

22.8 (8.2 – 
51.3) 

0.085 

Location 
of 
tumour 
at re-RT 

Peripheral 22 17 5 0.209 

Central 17 9 8 

Mean PTV overlap 
(%, range) 

13.8 (0 – 
97.5) 

0 41.6 (0.8 – 
97.5) 

<0.001* 

Mean PTV size (cm3, 
range) 

116.8 (8.4 – 
417.5) 

84.2 (8.4 – 
365.9) 

189.9 (52.8 
– 417.5) 

0.009* 

Type of 
Re-RT 

Conv 25 13 12 0.013* 

SABR 14 13 1 

Mean Re-RT 
prescription dose 
(EQD2 Gy, α/β = 10, 
range) 

58.4 (51.8 – 
96.3) 

72.3 (51.8 – 
96.3) 

58.8 (51.8 
– 83.3) 

0.006* 

 

4.3.2 Region of interest selection 

Eight patients with locally recurrent disease were used to assess how to select 

the ROI. The whole lung ROI (ROI-WL) demonstrated more biologically plausible 

warp maps compared to the ROI restrained to 2cm around the PTV (ROI-PTV). 
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The direction vectors for the ROI-PTV and the ROI-WL are demonstrated in 

Figure 4.1 and Figure 4.2 respectively. 

 

Figure 4.1 Direction vectors with a limited region of interest Region of interest was set to 
2cm superior and inferior to the planning target volume. Purple lines demonstrate the 
direction the initial planning CT scan was warped to align with the re-irradiation planning 
CT. 

 

Figure 4.2 Direction vectors with a whole organ region of interest Region of interest was set 
to include the whole lung. Purple lines demonstrate the direction the initial planning CT 
scan was warped to align with the re-irradiation planning CT 
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The direction vectors with the ROI-WL are visually biologically plausible, with 

the zzCT1 image being warped in a consistent direction to match the area of 

fibrosis in the right lung. The ROI-PTV however does not have a consistent warp 

pattern, with some direction vectors moving away from the area of fibrosis. This 

implies an expansion of tissue which does not seem plausible.  

The doses to the thoracic OARs (PBrT, oesophagus, mean lung dose, aorta, and 

spinal cord) were calculated using both ROI-WL and ROI-PTV.  

Table 4.2 demonstrates the range of difference between the cumulative doses 

using both ROIs. There was no significant difference on paired t-tests between 

the two datasets. The difference in dose ranged between -9.73 to 2.07 EQD2 Gy, 

with the widest variance in the dose to the aorta. For all subsequent cumulative 

dose calculations, the ROI was set to the whole lung. 

Table 4.2 Doses of OARs predicted by ROI-PTV subtracted from ROI-WL EQD2: equivalent 
dose in 2 Gray fractions, MLD: mean lung dose, OARs: organ at risk, Oes: oesophagus, 
PBrT: proximal bronchial tree, ROI-PTV: region of interest-planning target volume, ROI-WL: 
region of interest whole lung, negative values represent where ROI-PTV predicted a high 
cumulative dose than ROI-WL. 
 

Patient 
number 

PBrT  
(EQD2 Gy) 

Oes 
(EQD2 Gy) 

MLD  
(EQD2 Gy) 

Aorta 
(EQD2 Gy) 

Cord 
(EQD2 Gy) 

6 1.75 2.07 -1.28 -8.24 1 
8 0.27 -7.98 -0.29 -0.14 0.23 
11 0.57 3.25 0.63 -0.26 -0.11 
12 -1.25 0.96 -2.43 -9.73 0.52 
23 -0.28 -0.2 -0.51 0.44 -0.16 
25 0.36 -0.95 -1.59 -0.82 0.09 
29 -0.1 -3.16 0.17 0.06 -0.88 
34 1.79 0.26 -1.02 -0.97 -0.14 
Mean 
difference 0.39 -0.72 -0.79 -2.46 0.07 
T-test p-
value 0.32 0.58 0.06 0.13 0.73 

 

4.3.3 Re-irradiation toxicity 

There were 7 (17.9%) grade ³3 toxicity events at initial radiotherapy (5 chest 

infections and 2 oesophagitis leading to dysphagia) and 17 (43.6%) grade ³3 

toxicity events at re-irradiation. There were 8 (20.5%) events graded as “likely 
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re-irradiation toxicity”. The risk of toxicity at re-irradiation was higher than at 

initial radiotherapy (two-proportion comparison test re-irradiation toxicity rate 

(17/39) and initial-RT toxicity (7/39), p=0.014). The predominant toxicity seen 

after re-irradiation was grade 3 chest infections (70.5%, Table 4.3). 

Table 4.3 Grade and number of observed re-irradiation toxic events PBrT: Proximal 
bronchial tree 

 Lung toxicity 
(chest 
infections/ 
pneumonitis 

PBrT toxicity 
(stridor/ 
haemoptysis) 

Arm 
lymphoedema 

Chest pain 

Grade 3 12 1 1 2 
Grade 4 0 0 0 0 
Grade 5 0 1 0 0 

 

The most serious complication was a grade 5 episode of haemoptysis which 

occurred 71 days after the end of re-irradiation. There were 3 early grade ³3 

toxicities and 14 late. The median time to toxicity (of the 17 patients who 

experienced grade ³3 toxicity) was 5.5 months (range 0.5 to 28.5 months). 

Figure 4.3 summarises the results of an exploratory sub-group analysis using a 

Cox proportional hazards model. The likelihood of toxicity was increased in 

patients with stage III disease at re-irradiation (hazard ratio 66.56, 95% CI 3.73 – 

1187.4, p=0.004). The PS 2 group and patients with CCI score of ³6 also had an 

increased risk of developing grade ³3 toxicity (hazard ratio 6.44, 95% CI 1.01 – 

39.6, p=0.045, and hazard ratio 5.43, 95% CI 1.12 – 26.3m p=0.036 respectively).  
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Figure 4.3 Subgroup analysis of the hazard ratio for toxicity Interval6m: interval between 
initial radiotherapy and re-irradiation split by less than and greater than 6 months, 
Interval12m: : interval between initial radiotherapy and re-irradiation split by less than and 
greater than 12 months, PriorTox: experience of prior grade 3 or above toxicity at initial 
radiotherapy, PS: Performance status, PTV: planning target volume, SABR: stereotactic 
ablative radiotherapy 

There was no statistical difference in the proportion of grade ³3 re-irradiation 

toxicity seen between the SPLC and the LR groups (12/26 and 5/8 respectively, 

p=0.74). There was no significant difference in the rate of toxicity at re-

irradiation between patients who had grade 3 toxicity from the initial course of 

radiotherapy and who did not (Fisher’s exact test p=0.483, Table 4.4) 

Table 4.4 Re-irradiation toxicity divided by grade 3 toxicity encountered at initial 
radiotherapy G3 tox: Grade 3 toxicity, Re-RT: re-irradiation 

 Initial G3 tox  
Yes No 

Re-RT G3 
tox 

Yes 2 15 
No 5 17 
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4.3.4 Cumulative doses 

The cumulative EQD2 doses delivered to the thoracic OARs are summarised in 

Table 4.5. The cumulative doses to midline structures (cord, base of heart, 

PBrT, oesophagus and great vessels) were significantly higher in the LR versus 

the SPLC group. The MLD, lung V5Gy and lung V20Gy were not significantly 

different.  

Table 4.5 Cumulative mean doses to thoracic organs at risk All doses measured in 
equivalent dose in 2 Gray fractions. BoH: base of heart, D20cc: dose to 20 cubic 
centimetres, Dmax: maximum dose received to an organ at risk, Dmean: mean dose to an 
organ at risk, LR: local recurrence, MLD: mean lung dose, Oes: oesophagus, PA: pulmonary 
artery, PBrT: proximal bronchial tree, PTV: planning target volume, SPLC: second primary 
lung cancer  

 Whole group SPLC LR P-value 
Dmax Cord 28.82 (8.10   - 

62.62) 
25.97 (8.1 – 
41.92) 

34.5 (19.23 – 
62.62) 

0.039* 

Dmax Brachial 
plexus 

28.03 (0.09 - 
89.780) 

22.49 (0.09 – 
82.18) 

39.1 (0.99 – 
89.78) 

0.145 

D20cc Chest 
wall 

66.09 (25.71   
- 119.21) 

65.6 (25.71 – 
119.21) 

67.08 (34.52 – 
110.35) 

0.851 

Dmax Chest 
wall 

132.51 (53.48 
- 279.80)   

142.65 (53.74 
– 279.80) 

112.23 (53.48 
– 240.43) 

0.159 

Dmean Heart 5.87 (0.07 – 
27.16) 

6.28 (0.07 – 
27.16) 

5.06 (1.14 – 
18.21) 

0.517 

Dmax Heart 55.48(0.23 – 
144.73) 

47.49 (0.23 – 
144.73) 

71.45 (19.18 – 
126.94) 

0.069 

Heart V5 30.14 (0 – 
99.85) 

34.76 (0 – 
99.85) 

20.89 (3.86 – 
67.49) 

0.098 

Heart V30 3.41 (0 – 
35.02) 

3.53 (0 – 
35.02) 

3.18 (0 – 17.7) 0.869 

Dmax BoH 55.59(0.81 – 
137.71) 

44.29 (0.81 – 
80.98) 

78.18 (19.18 – 
137.71) 

0.006* 

MLD 11.75 (5.1 – 
20.89) 

11.54 (5.1 – 
20.89) 

12.17 (7.94 – 
19.67) 

0.661 

Lung V5 48.9 (15.46 – 
86.07) 

48.85 (15.46 – 
86.07) 

48.99 (32.35 – 
70.29) 

0.976 

Lung V20 18.23 (5.26 – 
44.89) 

17.94 (5.26 – 
44.89) 

18.79 (9.14 – 
40.77) 

0.815 

Dmax PBrT 65.83 (2.1 – 
135.96) 

48.46 (2.1 – 
82.81) 

100.59 (50.83 
– 135.96) 

<0.001* 

Dmax Oes 57.10 (10.16 – 
118.66) 

47.37 (10.16 – 
84.43) 

76.55 (15.75 – 
118.66) 

0.003* 

Dmean Oes 17.33 (2.08 – 
46.28) 

13.77 (2.08 – 
36.35) 

24.45 (7.81 – 
46.28) 

0.014* 

Oes V55 9.89 (0 – 
56.62) 

5.48 (0 – 
37.33) 

18.72 (0 – 
56.62) 

0.028* 
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Dmax Aorta 64.57 (4.08 – 

135.43) 
50.41 (4.08 – 
88.87) 

92.88 (18.08 – 
135.43) 

<0.001* 

Dmax PA 66.46 (0.38 – 
139.74) 

53.26 (0.38 – 
139.74) 

92.86 (20.53 – 
139.16) 

0.001* 

Dmax PTV - - 124.9 (108 – 
172.2) 

- 

 

4.3.5 Survival 

The median follow-up time using the reverse Kaplan Meier method is 49.53 (IQR 

36 – 57.2). The median OS for the whole group 30.5 months (95% CI 19.5 – 46.7, 

Figure 4.4). There was no statistically significant difference in OS between LR 

and SPLC. The median OS for LR was 13.8 months (95% CI 7.03 to NR) and SPLC 

35.8 months (95% CI 26.23 to NR, p=0.15, Figure 4.5). In the local recurrence 

group, there were 10 deaths (76.9%, five due to progressive lung cancer, three 

due to pneumonia, one re-irradiation related death and one unknown). In the 

SPLC group, there were 12 deaths (46.2%, four due to progressive lung cancer, 

four due to pneumonia, two from other cancers – ovarian and meningioma, one 

from liver failure and one from myocardial infarction). 

 

 

Figure 4.4 Kaplan-Meier plot of overall survival for the whole group 
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Figure 4.5 Kaplan-Meier plot of overall survival split by second primary and locally recurrent 
lung cancers SPLC: second primary lung cancer 

On Cox proportional hazards regression analysis, the use of SABR for re-

irradiation and having a radiological diagnosis of relapse were significantly 

associated with a higher hazard of death (Figure 4.6). Conversely, having a SPLC 

had a lower risk of death compared to LR (hazard for death 0.046 95% CI 0.007 – 

0.30, p=0.001). A greater than 6-month interval between re-irradiation showed a 

significantly lower risk of death (hazard ratio 0.106 95% CI 0.02 – 0.72, p=0.03). 

There was also a significant trend for worsening survival as the stage of disease 

at re-irradiation increased. Stage II disease has a hazard ratio for death of 3.43 

(95% CI 0.67 – 19.4, p=0.16) and stage III disease has a hazard ratio of 15.7 (95% 

CI 1.15 – 213.3, p=0.039). Developing likely re-irradiation toxicity, but not any 

toxicity, had a significantly higher risk of death (hazard ratio 14.3, 95% CI 2.13 – 

96.0, p=0.006). The 2-year OS rate was 38.5% in the local recurrence group, and 

69.2% in the SPLC group. 
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Figure 4.6 Sub-group analysis of hazard ratios for death Diagnosis: method of lung cancer 
diagnosis, Interval6m: interval between initial radiotherapy and re-irradiation split by less 
than and greater than 6 months, Interval12m: interval between initial radiotherapy and re-
irradiation split by less than and greater than 12 months, LikelyTox: grade 3 or above 
toxicity investigator assessed to be due to re-irradiation, PS: Performance status, PTV: 
planning target volume, Re-RTtox: grade 3 or above toxicity without attribution to cause, 
SABR: stereotactic ablative radiotherapy 

4.4 Discussion 

This retrospective analysis of radical thoracic re-irradiation for NSCLC 

demonstrates that the median OS for the whole group is 30.5 months, with a 

grade ³3 re-irradiation toxicity rate of 43.6%. There is a trend that SPLC have 

longer OS than LR, but this did not meet statistical significance. The risk of re-

irradiation toxicity was similar for SPLC and LR. Patients with stage III disease or 

PS 2 at re-irradiation are at increased risk of developing grade ³3 toxicity. 
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4.4.1 Outcomes in the context of other studies 

There are eight studies which have a comparable group of patients (mainly or 

exclusively NSCLC, with locally recurrent disease, re-irradiated radically with 

conventional fractionation)114,119-126. The median OS from these studies range 

between 7.1 to 31.4 months with a 2 year OS rate between 11-64%. The results 

of the Beatson cohort are similar at 13.8 months for the LR group. Sumita et al. 

reported the longest survival in the group of similar patient with a median OS of 

31.4 months, which may be due to the good PS of the patients in that cohort 

(95% were PS 0-1), and a larger proportion of SCLC (33%) than this group. 

Of those eight studies, the grade 3 toxicity rates range between 4.7 and 31.5%. 

The rate of grade ³3 toxicity of our whole cohort is 43.6%. The reasons for this 

difference may be due to how the toxicities have been reported. Firstly, 

clinicians delivering re-irradiation may have been more concerned about 

toxicities as it is a non-standard treatment and may have followed these patients 

up more intensively. Secondly, due to the retrospective nature of this study, 

pneumonitis and chest infections were grouped together, but there is 

uncertainty in attributing radiotherapy as the cause of the chest infections. This 

group of patients are more likely to have chest infections due to their 

comorbidities (22 out of 39 patients had a pre-existing diagnosis of COPD). 

However, not including chest infections in the toxicity data may exclude 

patients who developed pneumonitis and were mis-diagnosed. Three chest 

infections occurred within 3 months of re-irradiation. However, two of the chest 

infections probably were pneumonitis as they resulted in patients requiring 

domiciliary oxygen. If only these are included (i.e., excluding the nine chest 

infections that occurred later than three months after re-irradiation), the rate 

of toxicity is 20.5% (8/39) and in keeping with the existing literature. It should 

be noted that the published data generally did not divide the toxicity into early 

and late groups. This makes comparisons between the Beatson cohort and other 

studies inaccurate. 

One patient developed fatal haemoptysis 71 days after the last fraction of re-

irradiation. The recurrent tumour was central and had 97.5% overlap with the 

original PTV. The cumulative EQD2 doses received by the PBrT, aorta and 

pulmonary artery were 119.7, 86.6 and 120.62 Gy3. The patient did not undergo 
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an autopsy therefore it is not possible to determine the cause of the 

haemoptysis. The cumulative doses for the pulmonary artery and the PBrT 

exceed the suggested dose constraints from the clinician consensus, and the 

failure of either of these tissues could account for the haemoptysis. The re-

irradiation was delivered before the dose constraints had been published. 

However, as the recurrent tumour was centrally located, it is also possible that 

the cancer progressed and led to the fatal bleeding. Two studies of central re-

irradiation report a 20% risk of fatal haemoptysis, which demonstrate the high 

risk nature of these lesions, either from treatment or the natural course of the 

disease114,123. 

Comparison of the SPLC survival and toxicity is difficult as there is little data 

about this group. Ricco et al. describe the use of SABR re-irradiation in a group 

of 44 patients, 86% with out-of-field recurrences168. The reported median OS is 

36 months, similar to the median OS in the SPLC group in this study (35.8 

months). The reported grade ³3 toxicity rate was 13.7% at 6 years, which is 

lower than the toxicity of the SPLC group in this study (46.2%, 12/26). The 

toxicity in the SPLC group was 8 chest infections (one within 3 months of 

treatment), two episodes of chest pain, one stridor and one arm swelling. If the 

late chest infections are excluded, the overall grade 3 toxicity rate falls to 19.2% 

(5/26). There was no statistically significant difference between the SPLC and LR 

groups in this study, however there is a large difference in OS between them. 

This may reflect that the size of the cohort is too small to have sufficient power 

to reach significance. 

4.4.2 Investigation of uncertainty from the clinician consensus  

The use of a multivariable Cox proportional hazards regression analysis is limited 

in a cohort of this size. This approach was used to attempt to investigate 

multiple factors of interest, but any interpretation from this is limited by the 

large number of variables (13) and the limited number of cases (39). In addition, 

there may have been collinearity between the variables (e.g. comorbidity and 

performance status). 
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4.4.2.1 Interval 

The minimum interval between courses of radiotherapy did not meet consensus, 

with some participants suggesting at least 12 months, and most suggesting at 

least 6 months. There is no increased risk of toxicity using a ³6 month or ³12-

month cut-off in this cohort. This may be due to higher number of SPLC where 

there is little overlap with the prior radiotherapy fields, therefore the amount of 

normal tissue receiving a large second dose is low. There is a significant trend 

for improved survival in patients who had re-irradiation with a minimum interval 

of 6 months (hazard ratio 0.11, 95% CI 0.016-0.72, p=0.021), whereas using a 

cut-off of 12 months had little influence (hazard ratio 1.91, 95% CI 0.47-7.71, 

p=0.365). The finding of improved survival with longer intervals has been 

replicated in several studies121,169. In locally recurrent disease, a long interval 

may suggest a more indolent tumour and this could lead to longer OS regardless 

of treatment. It is unclear if a longer interval is associated with a greater 

response to re-irradiation as there is little data on response rates split by 

interval. In summary, from this cohort, there is some evidence to support using 6 

months as a minimum cut-off interval for re-irradiation. 

4.4.2.2 Prior grade 3 toxicity 

In the clinician survey, concern was raised about re-irradiation in patients with 

previous grade 3 toxicity from initial radiotherapy. Radiobiologically, if a patient 

experienced grade 3 toxicity, this could indicate depletion of stem cells or other 

long lasting damage in the OAR and therefore impaired capacity to respond to 

further radiation. In this group, two patients experienced grade ³3 toxicity in 

both courses of radiotherapy. One developed grade 4 pneumonia after the first 

course, and then subsequently had an infective exacerbation of COPD after re-

irradiation. The other patient developed an infective exacerbation of COPD at 

the first course and developed a rib fracture and another chest infection after 

the second. Given the uncertainty as to whether these represent true radiation 

toxicity, this cohort of patients is unable to confirm if patients who had toxicity 

in the first course of radiation are at higher risk at re-irradiation. 
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4.4.2.3 Use of SABR 

An unexpected finding in this cohort was that the use of SABR was significantly 

associated with worse survival on sub-group analysis (hazard ratio 8.97, 95% CI 

1.38 to 58.2, p=0.022). This is unusual as SABR re-irradiation had better 

outcomes than conventional fractionation in other studies134-136. This may be due 

to several reasons: SABR is used for patients with smaller tumours; it delivers a 

higher EQD2 to the tumour for the same normal tissue EQD2 and; SABR 

treatment is complete in a shorter amount of time compared to conventional 

fractionation. In addition, the radiological diagnosis sub-group also had worse 

outcomes (hazard ratio 11.81, 95% CI 2.21-63.1, p=0.004). The clinician survey 

strongly supported SABR as the preferred radiation technique, and the use of 

highly conformal radiotherapy is a reasonable strategy to limit dose to normal 

tissue. One possible reason for these findings is that SABR was used more often 

with PS 2 patients. The SABR group had 42.8% PS 2 patients compared to 24% in 

the non SABR group. Similarly, the worse outcomes for the radiological diagnosis 

group may be due to these patients being unfit for biopsy due to comorbidities. 

As SABR has no minimum lung function requirements, it may indicate that some 

patients with poor PFTs would have been treated with SABR. Moreover, patients 

developing SPLC may indicate continued smoking (which this study did not 

assess), which could add to the poor prognosis in this group. Finally, it may be 

that previously treated tumours have a different α/β ratio and rate of 

repopulation which may limit the effect of SABR.  

4.4.2.4 Different definition for SPLC and LR 

Dividing re-irradiation into two groups (SPLC and LR) did not reach consensus. 

One issue raised was the lack of evidence to suggest that outcomes were 

different between the two categories. On Kaplan-Meier survival analysis using 

the single variable of SPLC and LR, there was no significant difference between 

the two groups despite SPLC having a longer median OS (35.8 months vs 13.7 

months, p=0.15). However, on subgroup analysis where numerous other variables 

are included in the model, SPLC has a significantly lower risk of death compared 

to LR (hazard ratio 0.09, 95% CI 0.02 – 0.44, p=0.003). Interestingly, this supports 

some degree of treatment resistance in the locally recurrent arm resulting in the 

poorer overall survival. In addition, overall survival does not account for cancer-
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specific mortality or death from other causes, although it is likely in this cohort 

that the death was due to recurrent cancer. Contrary to this, Griffioen et al. 

reported on 21 patients (46% second primaries and 54% local recurrences) and 

found no difference in survival on Kaplan-Meier analysis114. The size of both 

cohorts is small and therefore statistically underpowered to find a difference. 

In terms of toxicity, SPLC had similar rates of toxicity as LR, which was not 

expected. There were 5 (62.5%) grade ³3 toxicities in the LR group and 12 

(46.2%) in the SPLC group. If the “likely re-irradiation toxicity” measure is used, 

5/8 of the grade ³3 toxic events happened in the SPLC, therefore this is likely to 

be a true effect. Possible explanations for this finding are the SPLC group have 

worse PS compared to the LR group and therefore have more co-morbidities, or 

that the total volume of lung exposed to radiation (over two treatments) 

increases the rate of toxicity (as opposed to LR where the irradiated lung tissue 

is more likely to be re-irradiated, implying that retreatment of previously 

damaged lung is less likely to cause additional new toxicity). 

The clinician consensus was that re-irradiation was suitable for PS 0-2 patients. 

This is supported by this current data in terms of survival, with no significant 

difference in risk of death between PS 0-1 patients and PS 2 patients. However, 

PS2 patients or those who had a CCI score ³6 were at a significantly increased 

risk of toxicity. Therefore, ensuring that patients have sufficient reserve to 

survive hospitalisation is an important consideration when offering re-

irradiation. 

4.4.3 Cumulative doses and constraints 

There are several potential inaccuracies in generating the cumulative dose. 

There is no validated method to confirm the amount of dose any tissue has 

received. One source of inaccuracy is due to the dose accumulation process. 

The cumulative doses delivered were calculated using a deformable dose 

registration. This process uses an elastic b-spline algorithm to apply a series of 

transformations to image data to morph one set of images (in this case the first 

CT planning scan) to the second set of images (the re-irradiation planning scan). 

This set of transformations is also called a deformation vector field (DVF). The 
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DVF is then applied to the dose maps. One flaw with this method is that the 

cumulative dose is dependent on the accuracy of the spatial transformations 

created by the image registration. The ROI is important to highlight the area 

where the transformation occurs. This is chosen by the operator and can 

included structures where an accurate image (and therefore dose) match is 

required. For example, if the ROI includes the PTV, then, because the PTV would 

be a different shape after initial radiotherapy, the transformations would 

“squeeze” dose into a space where the cells have disappeared. Similarly, if the 

ROI is focused on an OAR where there has been significant deformation after 

initial radiotherapy (e.g., lung fibrosis), the DVF may give an inaccurate dose. 

This may lead to variation in the true cumulative dose delivered. The magnitude 

of error has been investigated using proton plans for NSCLC, and six different 

deformable image registration algorithms. A study of seven patients who had 

repeated planning scans warped back on to their original planning scans, found 

that the average decrease in delivered dose to the PTV was 16%170.  

In the ROI evaluation, the most biologically plausible DVFs were seen when the 

ROI used the whole lung. The range of predicted cumulative doses varied by 

almost 10 Gy (EQD2) which is a significant margin of error. As there are no 

validated methods to assess a dose registration except visually reviewing the 

deformation maps, this method of dose accumulation is prone to error and 

should be applied cautiously. 

Another source of error is the use of planning CT scans for dose registration. As 

patients go through treatment, they would be slightly different positions on the 

treatment couch, due to patient set-up and internal organ motion. This would 

lead to dose changes to the cumulative doses to the OARs. To better identify the 

true dose received by the patient, daily CBCT could be used and the applied 

doses for each plan merged, although to merge the doses from approximately 40 

radiation treatments would be unwieldy, and also prone to registration error. If 

the radiation treatments required numerous shifts to improve patient 

positioning, this would imply that set-up was difficult, and that cumulative dose 

may be prone to a greater degree of error. Quantification of the error is difficult 

to do on this retrospective cohort because the daily CBCT required have not 

been performed as they were not standard of care at the time of treatment. 
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Despite the uncertainties of cumulative dose registration, and that the patients 

in the Beatson cohort were treated before the publication of any re-irradiation 

constraints, the doses delivered in this cohort are in keeping with the suggested 

constraints from the clinician survey (see Table 4.6) with some exceptions.  

There is a consistent difference between the SPLC and LR group, with 

significantly higher doses delivered to the midline structures (cord, great 

vessels, heart, PBrT and oesophagus) in the LR group. This is due in part to the 

increased amount of conventionally fractionated radiotherapy and higher stage 

of patients in the LR group.  

Table 4.6 Comparison of suggested dose constraints and delivered dose ALARA: as low as 
reasonably achievable Dmax: maximum dose received to an organ at risk, G3: grade 3, Gy: 
Gray, MLD: mean lung dose, V20Gy: volume of lung receiving at least 20Gy 

 
α/
β  Delphi 

Mean 
delivered dose 
(Gy α/β)  

Range Observed 
³G3 toxicity 

Spinal cord 2 Dmax 60Gy Dmax 28.82  8.10 - 62.62 0 
Brachial 
plexus 2 

Dmax 80-
95Gy 

Dmax 28.03    0.09 - 89.78 0 

Skin/Chest 
wall 2.5 ALARA 

Dmax 132.51   53.48 - 279.80 2 

Heart 2.5 ALARA Dmax 55.48 0.23 – 144.73 0 

Lung 3 Individualised MLD 11.75  5.1 – 20.89 12 

Lung 3 Individualised V20Gy 18.23%  5.26 – 44.89 

PBrT 3 
Dmax <80-
105Gy* 

Dmax 65.83  2.1 – 135.96 2 

Oesophagus 3 
Dmax 75-
100Gy 

Dmax 57.10  10.16 – 118.66 0 

Great 
vessels 3 

Dmax 110 – 
115Gy 

Dmax Aorta 
64.57  

4.08 – 135.43 1 

 

4.4.4 Strengths and limitations 

The strengths of this data are that it provides detailed comorbidity information 

and cumulative dose data on a real-world cohort of re-irradiation patients. The 

sub-group analyses of toxicity give insights into possible drivers of reduced 

survival and toxicity. The data generated by this cohort of patients can be used 

in Chapter 5 (dose/toxicity modelling) as a validation cohort for any models, and 

in Chapter 7 (re-irradiation replanning).  
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There are several limitations to this retrospective review. Common to other 

series, the number of patients available for analysis is low, reducing the 

statistical strength of some findings. The use of a multivariable proportional 

hazards model potentially over-analyses the available data, and a univariable 

approach for fewer factors may have provided more statistically robust results. 

The rate of histological confirmation of disease was low compared to other 

series. Diagnosing recurrent disease is difficult, especially in a group of patients 

with comorbidities that may preclude biopsy, therefore there may be some 

patients who did not have recurrent disease or had a different histological type 

of tumour than at initial radiotherapy.  

Toxicity grading was retrospective, and the grade 3 severity depended on 

hospital admission data. There may be numerous grade 2 toxicity events that are 

undetected in this study. In addition, the attribution of toxicity to radiotherapy 

in this cohort was subjective (clinician-based), due to the lack of any 

prospective process. Some toxicity may be incorrectly labelled as due to 

radiotherapy when it may be attributable to tumour progression.  

There was no formal follow-up scan protocol and scans were performed ad hoc 

by clinicians to determine local recurrence. This is understandable if the 

treating clinician felt that there were no other treatment options available and 

to pursue a symptom-based management strategy. However, cancer specific 

survival was not performed due to this, because of the risk that undiagnosed 

recurrent disease may be incorrectly labelled. 

 
4.5 Summary 

This retrospective review demonstrates that the toxicity and survival rates from 

other published data are replicated in the Beatson West of Scotland Cancer 

Centre re-irradiation cohort. There is some evidence on subgroup analysis to 

suggest there is a longer median OS in the SPLC arm which may provide some 

justification to define them as separate entities. Conversely, there were similar 

toxicity rates detected in both SPLC and LR cohorts. This review has also shown 

areas of uncertainty in cumulative dose registration, and the need for further 
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research as to optimal planning techniques to meet the suggested cumulative 

dose constraints.  
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5 Re-irradiation normal tissue analysis 

5.1 Introduction 

Dose constraints in radiotherapy planning exist to prevent unacceptable rates of 

toxicity. Normal tissue responds to radiation in several ways. There is a dose 

dependent response (e.g., a minimum dose required to cause DNA damage or 

induction of a cytokine response), but also a dose independent response which is 

poorly understood171,172. Low doses rarely cause sufficient DNA damage to result 

in toxicity (or in the case of pneumonitis, induce the production of cytokines and 

subsequent inflammation), whereas high doses are very likely to result in large 

amounts of DNA damage and subsequent toxicity. This relationship is sigmoidal, 

and often the goal in dose/toxicity modelling is to identify the dose where the 

risk of toxicity is unacceptably high. It should be noted that choosing the risk 

level is a subjective process, as demonstrated in the Delphi consensus (Chapter 

3). 

Landmark dose constraints have evolved in radiation planning from the work of 

Emami et al. and subsequently the QUANTEC series of papers83,84. The 1991 

Emami paper described dose and volume constraints for a range of OARs. They 

reported the 5% toxicity rate and 50% toxicity rates at 5 years with doses given 

to the whole organ, two-thirds organ and one-third organ. However, as new 

radiotherapy techniques such as 3D planning and IMRT became available, the 

volume model of using a third of an organ receiving a uniform dose became 

obsolete. In addition, more data was available to update the dose volume 

constraints. The QUANTEC series of papers in 2010 updated these preliminary 

dose constraints for use where the dose to a normal tissue often was non-

uniform and remain in common use today. 

Both QUANTEC and Emami study used experimental evidence, retrospective data 

and clinical consensus to determine the dose constraints for initial courses of 

radiotherapy. Alternative methods include a dose finding study such as RTOG 

0813 or using data from clinical trials173. However, re-irradiation toxicity has 

additional variables in determining dose constraints. Normal tissue can recover 

radiation tolerance. Studies of re-irradiation of the primate spinal cord 

demonstrates the longer the duration between treatments, the higher the 



113 
 
tolerance139,140. The size of the first dose is also important, with larger doses 

resulting in lower re-irradiation tolerance. However, evidence is lacking to 

predict the degree of normal tissue recovery for most OARs in the thorax. These 

uncertainties make modelling re-irradiation dose/toxicity difficult. 

5.1.1 Current re-irradiation dose constraints 

Re-irradiation has been practiced since the 1970s where the dose limits have 

been set according to the clinicians’ experience. However, the high rate of 

toxicity implies that better patient selection and dose constraints are needed. 

There are several recently published re-irradiation dose constraints for OARs in 

the chest. The first publication in 2019 from the University of Michigan outlines 

their institutional re-irradiation process, where they convert the initial dose 

delivered to EQD2, apply a discount for recovery, and then convert the dose 

back into physical dose to uses as a dose constraint for re-irradiation planning112. 

In 2020, Troost reported the re-irradiation dose constraints used from an in silico 

study comparing photon and proton re-irradiation146. Similar to the University of 

Michigan approach, these constraints were given in EQD2, but specified a 

minimum interval between treatments of 9 months. They also limited not only 

the maximum cumulative dose, but also the maximum dose that could be 

delivered at the re-irradiation. In the same year, the American Radium Society 

published the results of a consensus process with recommended composite doses 

in EQD2 but without any correction for recovery160. In 2021, an expert consensus 

paper (Chapter 3) and a re-irradiation literature review also provided dose 

constraints with accompanying trials – both used EQD2 and no correction for 

recovery161,174.  

All these approaches used EQD2 to summate the dose, and used expert opinion 

based on a small number of key trials. Table 5.1 outlines the re-irradiation 

studies that have informed expert opinion on cumulative re-irradiation dose 

constraints. 

 



114 
 
Table 5.1 Overview of studies used to form re-irradiation dose constraints EQD2: equivalent 
dose in 2 Gray fractions, SABR: stereotactic ablative radiotherapy, V20: volume of lung 
receiving at least 20 Gray 

Paper n Dose recommendation 
Lung 
Ren147 67 Cumulative V20>28% had tox rate of 

38.2% 
Liu149 72 Cumulative V20<30% 
Meijneke175 20 Cumulative V20 <15.2% 
Cord 
Nieder176 48 0% risk if EQD2 <60Gy, 3% risk if EQD2 

<68Gy, and interval >6 months, dose 
to cord EQD2 <49Gy in each treatment 

Saghal177 19 EQD2 <70Gy to thecal sac, re-
treatment max dose EQD2 25Gy with 
SABR, minimum interval 5 months, 
retreatment dose < 50% of total dose 

Oesophagus 
Meijneke175 8 EQD2 median 85.3Gy (range, 71 – 

123Gy) had no ³G3 toxicities 
Proximal bronchial tree 
Feddock178 17 EQD2 105Gy safe with initial SABR 
Great vessels 
Evans179 35 Raw composite dose <120Gy 
Brachial plexus 
Chen180 43 EQD2 <95Gy and interval >2 years is 

low risk 
 

The numbers in these trials are low and are from a small number of centres. This 

could lead to biased dose estimates, especially where the predicted outcomes 

are rare, such as high-grade toxicity. In addition, the risk of toxicity from 

exceeding the dose constraints are not quoted. This would be useful when 

counselling patients in circumstances where dose constraints may need to be 

exceeded. 

5.1.2 Aims of modelling 

The aims of dose/toxicity modelling are to build models to predict the 

cumulative dose to an OAR for a pre-defined toxicity rate. The models will be 

used to predict the toxicity rate from the published dose constraints and suggest 

revised dose constraints.  
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5.2 Methods 

5.2.1 Overview 

A database was developed taking cumulative dose delivered to an OAR and 

associated toxicity from published studies. Associated data (e.g., use of 

concurrent chemotherapy, interval between treatments) was collected where 

available. Dose/toxicity models were created using logistic regression. The 

models primarily assessed the role of cumulative EQD2 and toxicity. Exploratory 

analysis of the interval, the ratio of dose delivered at re-irradiation to the total 

dose and the effect of chemotherapy was also performed. 

5.2.2 Datasets used in modelling and model validation 

Three types of data were used in creating and validating these re-irradiation 

dose toxicity models, outlined in Figure 5.1. The first two types are taken from a 

literature search of studies which re-irradiation toxicity and dose were given, 

the process of which is explained below. The data from the literature search 

could be divided into individual data (where exact patient level information was 

given) or grouped data (where median doses and toxicity rates for cohorts were 

reported). Both groups have cumulative doses to an OAR and the associated 

toxicity, but information on interval between radiation courses and use of 

concurrent chemotherapy may be missing. The third category of data is for 

model validation purposes. It is the cumulative dose and toxicity data from the 

39 patients treated at the Beatson, the collection of which is outlined in Chapter 

4. There are no missing data in this dataset. 
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Figure 5.1 Diagram outlining sources of data used in modelling 
 

5.2.3 Data collection and format  

A literature search was conducted using MEDLINE and the Glasgow University 

search engine, identifying any English language studies from 1st January 1970 to 

1st October 2018 which included adult humans who had two courses of 

radiotherapy for malignancy, where both the dose given to a given organ/tumour 

and the toxicity encountered were published. Animal models were excluded. The 

OARs which were searched for are as follows: aorta, oesophagus, spinal cord, 

proximal bronchial tree, lungs, heart, chest wall and brachial plexus. 

The search strategy was performed in two phases. The first phase is to look for 

all published data involving thoracic re-irradiation specific to non-small cell lung 

cancer. The MEDLINE search strategy is ((lung AND cancer) OR non-small cell 

lung cancer) AND (retreatment OR re-treatment OR re-irradiation OR 

reirradiation) AND (dose constraints OR toxicit*). The second phase is to search 

each OAR specifically looking for re-irradiation data and toxicity e.g. (Lung OR 

pulmonary) AND (retreatment OR re-treatment OR re-irradiation OR 

reirradiation). 

Collected data 
from literature 

search 

Collected data 
from 39 Beatson 

patients 

Grouped data 
(i.e., grouped 
toxicity rate, 

median 
cumulative 

EQD2).  

Individual data 
(i.e., patient-by-

patient data, 
quoting 

cumulative dose 
and toxicity) 

Individual data 
(with no missing 

information) 
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Duplicates were removed and dose/toxicity information was collected from the 

identified papers using a standardised data collection form. This search was 

repeated in December 2020 to identify more recent publications.  

5.2.4 Method of deriving cumulative doses 

EQD2 was chosen as the most suitable method to add doses from two treatments 

as it was more easily applied to a clinical setting than BED. Information 

regarding cumulative equivalent dose in 2 Gray fractions (EQD2), use of 

concurrent chemotherapy with re-irradiation, the interval between initial 

radiotherapy and re-irradiation, and the toxicity encountered were recorded 

from the selected papers. Toxicity was recorded by grade in the original studies 

and subsequently grouped into G1-2 and G3-5 toxicity. For lung re-irradiation, 

cumulative mean lung dose (MLD), volume receiving 5Gy or greater and volume 

receiving 20Gy or greater (cumulative V5 and cumulative V20 respectively) were 

also recorded.  

Some studies did not report the cumulative normal tissue dose explicitly. 

However, in some papers it was reasonable to assume that the prescription dose 

would be the same the dose the normal tissue would have received e.g. (re-

irradiation for locally recurrent oesophageal cancer where both courses treated 

the oesophagus with overlapping volumes). If the prescription dose for the two 

treatments were given in these instances, the EQD2 was calculated for the initial 

and re-irradiation courses using the following equation using the prescription 

dose: 

𝐸𝑄𝐷2 = 	𝐷.
<𝑑 + 𝛼 𝛽9 	=

<2 + 𝛼 𝛽9 =
 

Where D = total dose, d = dose per fraction, and α/β = the alpha/beta ratio for a 

given OAR. The EQD2 for each treatment was then added to generate the 

cumulative EQD2 e.g., for spinal cord dose, the calculated EQD2 from the first 

and second treatment were added together, assuming that part of the cord 

received the sum EQD2. Where data was presented as summary statistics e.g., 

median cumulative EQD2 to the cord 45 Gy3 (range 30 to 60Gy3), the median 
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value was taken as the dose delivered for all the patients from that study. No 

data imputation was performed for missing data. Therefore, where data was 

missing for both univariable and multivariable analysis, the data was excluded. 

5.2.5 Choice of endpoints 

The toxicity endpoints for each OAR are given in Table 5.2. Early and late 

toxicity were grouped together to ensure sufficient events occurred to allow 

modelling.  

Table 5.2 Outline of outcome and predictor variables in modelling Dmax: maximum dose 
received to an organ at risk, MLD: mean lung dose, OAR: Organ at risk, Vx: volume of lung 
receiving at least xGy 

OAR Outcome variable Predictor variables 
Lung ³Grade 3 

pneumonitis/fibrosis 
Cumulative V5 

  Cumulative V20 
  Cumulative MLD 
  Interval 
  Concurrent chemotherapy 
Cord ³Grade 3 myelitis Cumulative Dmax 
  Interval 
  Concurrent chemotherapy 
Oesophagus ³Grade 3 

oesophagitis/fibrosis/ 
perforation 

Cumulative Dmax 

  Interval 
  Concurrent chemotherapy 
Proximal bronchial 
tree 

³Grade 3 
haemoptysis/stenosis 

Cumulative Dmax 

  Interval 
  Concurrent chemotherapy 
Aorta ³Grade 3 bleeding Cumulative Dmax 
  Interval 
  Concurrent chemotherapy 
Brachial plexus Any toxicity Cumulative Dmax 
  Interval 
  Concurrent chemotherapy 
Heart  Any cardiac toxicity Cumulative Dmax 
  Interval 
  Concurrent chemotherapy 
Chest wall ³Grade 3 chest wall pain Cumulative Dmax 
  Interval 
  Concurrent chemotherapy 
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5.2.6 Selection of α/β ratio 

5.2.6.1 Spinal cord and brachial plexus 

An α/β ratio of 2Gy was used for the spinal cord and brachial plexus. There are a 

range of different values that can be applied to the spinal cord, ranging between 

0.87 to 4Gy181. The lower value was derived from a model used for the cervical 

cord, and a model for the thoracic cord was not possible, although the data 

suggested that it was less radiosensitive182. The most recent large study of dose-

constraints used an α/β of 2Gy and therefore this value was chosen to use in this 

process183. The α/β ratio of the brachial plexus was best explored in a study 

assessing the fractionation effects of treatment for breast cancer, which 

concluded that the likely α/β ratio is 2Gy however other groups have used an 

α/β of 3Gy136,180,184. This study used the former value as it has more empirical 

evidence to support it. 

5.2.6.2 Chest wall and heart 

The α/β for the heart used in the QUANTEC papers was 2.5Gy for pericardial 

toxicity and 3Gy for ischaemic heart disease185. Other papers have used a lower 

α/β of 2Gy186. A study of a pragmatic approach to planning re-irradiation used an 

α/β ratio of 2.5 for both chest wall and heart, therefore for ease of comparison 

with this work, this study will use the same ratio112. 

5.2.6.3 Proximal bronchial tree, great vessels, oesophagus and lungs 

An α/β of 3 has been used in the published dose constraint papers for toxicity 

from the proximal bronchial tree, great vessels, oesophagus and lungs. This 

modelling work will use the same value for ease of comparison.  

The only exception is where early OAR toxicity is reported e.g. if early 

oesophagitis was reported, the α/β ratio used to calculated the EQD2 was 10, 

and for late stricture, the α/β ratio applied was 3. 

5.2.7 Modelling process 

The studies found by the literature search were critically assessed by the 

researcher and papers that gave a cumulative dose to an OAR (in EQD2 or BED) 
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after two radical courses of radiation were included. Studies were also included 

if they provided the dose and fractionation details such that the cumulative 

EQD2 to an OAR could be calculated using the LQ equation. The studies used in 

the modelling presented their data differently – some provided individual 

patient-by-patient data (e.g. dose given to each patient), and some used 

grouped data (e.g. the median dose to the study cohort). In order to 

accommodate both groups, the standard method of analysis of logistic regression 

models was adapted, and this this outlined below. All studies included provided 

toxicity data. The rate of concurrent chemotherapy at re-irradiation and the 

fractional split (the ratio of the amount of dose given in the 1st treatment to the 

total received dose), the interval between initial treatment and re-irradiation 

and the duration of follow-up were collected if available. The data was reviewed 

after collection to confirm correct transcription/calculation of dose.  

The modelling process is outlined in Figure 5.2. The datasets used for each OAR 

model were a combination of the collected individual data and grouped data 

from published papers. For each OAR and sub-datasets, any missing data was 

identified and assessed if the missing data was different in terms of cumulative 

dose or toxicity compared to the dataset with no missing data (tested using a 

student’s T-test and Fisher’s exact test respectively). No imputation was 

performed for missing data (with the exception of the proximal bronchial tree 

model). The potential predictor variables (dose, chemotherapy, interval and 

fractional split) were split by their median values and evaluated using 𝜒! or 

Fisher’s exact test as suggested in a recent primer on radiotherapy modelling187. 

A relative risk table described the numbers of toxic events split by dose ranges 

with p-values created using the Altman-Bland method188. 

Logistic regression modelling was performed on each dataset using the maximum 

likelihood estimation method. Univariable models were generated for each 

predictor. Univariable models which had a p-value<0.2 were included in 

multivariable models.  

Leave-one out cross validation (LOOCV) by cohort was used for model selection 

to determine the model that best fitted the data. This approach was chosen 

because the toxicity reporting from the collected studies in all cases was a crude 

rate, and therefore dependent on the length of follow-up of each study. An 
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actuarial approach was not possible because the time-to-toxicity was not 

regularly provided in the studies. The use of the crude rate is likely to lead to a 

greater centre-to-centre variation than expected, as the follow-up length will be 

uncontrolled (which an actuarial approach would account for). The expected 

high degree of overdispersion meant that using the Akaike’s Information 

Criterion (AIC) would be inappropriate, whereas LOOCV would better account for 

the differences between each study. For the same reason, block bootstrapping 

was used to calculate the confidence intervals for model predictions rather than 

a binomial approach. This method of analysis would account for the difference in 

individual and grouped data. 

For each modelled OAR, the LOOCV process was to remove the data of one study 

and fit a model to the remaining dataset. This model was then applied to the 

removed study. The accuracy of each putative model fit from the cohorts with a 

dataset removed was determined by calculating a log-likelihood score. This 

calculated (in a model distribution analogous to the model fitting technique) the 

difference between the predicted toxicity rate and the observed toxicity rate.  

The log-likelihood calculation for a study which provided grouped data was: 

𝑂𝐶- . ln(𝑀𝐶-) +	(𝑁- −	𝑂𝐶-). ln(1 − 	𝑀𝐶-) 

where: 

𝑂𝐶- is the observed toxicity rate for study cohort i 

𝑁- is the number of patients in study cohort i 

𝑀𝐶- is the modelled toxicity rate for study cohort i 
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Figure 5.2 Flow chart detailing the process to select a dose constraint 

Assess missing data and test if difference from complete data 

Crude testing of difference in toxicity rates (median split, 
relative risk table) 

Univariable logistic regression modelling, proceeding to 
multivariable models with any predictors with p<0.2 

Test potential multivariable model combinations 

Of the significant models, use leave one out cross validation to 
generate a log likelihood score to identify best fitting model 

Collected data from literature search 

Use best fitting model to make dose predictions, plot model, 
generate binomial confidence intervals and predicted/observed 

plot and assess correlation12 

Block bootstrap the dataset 2000 times and refit the model to 
synthetic datasets for bootstrapped 95% CI 

Use block bootstrapped models to predict dose for a maximum 
given toxicity 

Validate the maximum likelihood dose and block bootstrapped 
doses using the Beatson dataset and collected dataset 

Based on the validation results, determine dose constraint for a 
given toxicity rate 
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The log-likelihood calculation for individual data if the patient had a toxicity 

was: 

ln(𝑀𝐶-) 

The log-likelihood calculation for individual data if the patient did not have a 

toxicity was:  

ln(1 − 	𝑀𝐶-) 

The log-likelihood scores for each different cohort were summed. The model 

with the lowest log-likelihood score implied a better fit to data and was chosen 

to make predictions. 

The models were plotted and used to predict the maximum-likelihood 5% toxicity 

rate in all OARs (excepting lung fibrosis where a 20% rate was used). A binomial 

95% confidence interval (CI) was not added to the graphs as this would be 

misleading and would not account for the differences between studies in follow-

up. Additional toxicity rate and associated doses were predicted from the 

models if doing so would be clinically useful (e.g., 1% rate of cord toxicity). Each 

OAR dataset was block-bootstrapped 2000 times. Block-bootstrapping (where 

bootstrapped datasets were generated by selecting study cohorts with 

replacement) was chosen as this accounted for overdispersion. The bootstrapped 

samples were used to calculate the doses at the pre-determined toxicity rates 

for each OAR. The selected the lowest 2.5% and top 2.5% predictions were 

excluded to give the block-bootstrapped 95% CI on the dose leading to a 5% 

toxicity rate. 

Assessment of model fit was performed by splitting the collected dataset into 

deciles (or if the dataset was small, by individual studies). This was graphically 

represented by plotting the model predictions (using variables from the 

collected dataset) of the rate of toxicity by decile (or individual study), against 

the observed rate of toxicity for the corresponding decile. This was assessed 

using a Pearson correlation coefficient. Cumulative dose constraints were 

developed by applying the model predicted dose that would give a 5% toxicity 

rate and calculating the 95% CI range of toxicity rates this dose would give. A 
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dose was then calculated which gave the upper limit of the 95% CI of the 

bootstrapped samples as a maximum of 5%.  

To further evaluate the putative constraint, the external Beatson dataset and 

the individual data from published studies were divided using the putative dose 

constraint values, and the toxicity rate was calculated for above and below the 

dose constraint. The constraint was then adjusted to align with the validation 

data. 

All analyses were performed using R version 3.6.1 (R Core Team (2013). R: A 

language and environment for statistical computing. R Foundation for Statistical 

Computing, Vienna, Austria). A p-value of <0.05 was used for significance for all 

tests. 

5.3 Results 

5.3.1 Structure of reports 

Five OARs were modelled based on the collected database. Each OAR 

dose/toxicity analysis is presented in a similar way. A summary of relevant 

studies, lowest dose where toxicity was observed and a crude analysis using 

median splits of each variable are presented. Univariable and multivariable 

analysis and the optimal dose/toxicity model follow, with development of dose 

constraints using the bootstrapping results. Finally, the model is evaluated using 

a predicted vs observed toxicity plot and dose constraints validated using the 

dataset the model was developed from and external (Beatson) data.  

5.3.2 Data collection 

The literature search revealed 55 papers that were suitable for inclusion in the 

study (see Figure 5.3). The data collected from each paper is summarised in the 

tables at the beginning of each subsection. 
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Figure 5.3 PRISMA diagram Some papers provided dose/toxicity data on more than one 
OAR 

 

  

Records identified 
through database 
searches: 5041  

Records from 
other sources: 16 

Records after 
duplicates 
removed: 

4151 

Records screened: 
4151 

Records excluded: 3885 (not 
cancer related, not 

radiotherapy related, 
editorials) 

Full text articles 
screened for 

eligibility: 266 

Full text articles excluded:  
211 (review articles, animal 

studies, brachytherapy, 
inadequate dose/toxicity 

data) 

Studies included in 
quantitative 

synthesis: 55* 

Lung: 15 Aorta: 7 
Cord: 23 Brachial plexus: 3 
Oes: 21 Chest wall: 3 
PBrT: 12 Heart: 5 
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5.3.3 Models for cord 

Dose/toxicity models were created for the spinal cord using a dataset created 

from the 23 papers listed in Table 5.3 and Table 5.4. The data was collected 

between 1955 – 2017. The lowest dose where grade 3 or above toxicity (³G3) was 

observed is an EQD2 of 63.3Gy. 

5.3.3.1 Dose toxicity models using the complete dataset 

There were 604 patients in the exact dataset and 18 ³G3 toxic events, 

summarised in Table 5.5. There was a significant difference in the rate of 

toxicity above the median cumulative dose (EQD2 of 60.8Gy, p=0.007), but no 

difference in the rate of toxicity when the dataset was divided between the 

median fractional split and interval (Table 5.6). 

The missing data group included 123 cases where either the interval and/or the 

fractional split were unable to be calculated. 481 cases had no missing data. The 

missing data group had a significantly lower mean cord cumulative EQD2 

compared to the group with no missing data (44.43 Gy vs 64.70, t-test p-value 

<0.001). The missing data group had no toxicities, compared to the 18 seen in 

the no missing data group (Fisher’s exact p-value 0.032). No data imputation was 

performed, and the missing cases were excluded from the relevant modelling 

process (e.g., if there was no interval data in a case, the whole case would be 

removed from the interval model, or any multivariable model including the 

interval). 
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Paper n Individual 
data/Grouped 

Treatment 
span 

Median initial 
prescription dose in 
Gy/median Gy per fr 
(range) 

Median re-RT prescription 
dose (range)/ median fr 
(range) 

Re-treatment 
Technique 

Cord dose 
assumed/actual 

Ryu189 1 Individual 1981 – 1993 46.8/26 45/25 APPA/Direct 
post 

Actual 

Grosu190 8 Individual 1990 – 1997 38(29-50)/2.25 (1.25-3)  30(29-38) Gy/2(1.8 – 4)Gy per 
fr 

Direct post Assumed 

Sminia191 8 Individual est 1995 – 
2002 

24.5 (8-49.6)Gy/2.6 (1.5-
8)  

21 (16-50)Gy/3 (2-4)Gy per fr NR Assumed 

Milker-
Zabel192 

18 Grouped 1997 – 2001 38 (28-46)/est 2Gy per fr  39.6 (24 – 45)Gy/2Gy per fr IMRT, 3D-
CRT 

Assumed 

Kuo193 1 Individual 1997 – 2001 45/22 50.4/28 IMRT Actual 
Magrini194 5 Individual 1966- 1989 30 (20-30)/1.7 (1.7-1.7)  36 (20-36)Gy/2(2-2)Gy per fr APPA Actual 
Bauman195 4 Individual 1977-1993 32.5 (24 – 36.8)/1.3 (1-

1.6) 
35 (10-40)Gy/1.5 (1-2) Gy per 
fr 

Direct post Actual 

Wong196 11 Individual 1955 – 1985 33.9 (16-47.9)/3.39 
(1.25-4.88) (dose to 
cord) 

22 (8.2-42.67)Gy/2.72 (1.04-
7.3)Gy per fr (dose to cord) 

APPA/Direct 
post 

Actual 

Jackson197 22 Individual 1981 – 1985 55(50-61)/2 (2-2.2) 30 (21-30)Gy/2 (2)Gy per fr 3D-CRT Actual 
Wright198 23 Individual 2000 – 2005 30 (21-66)/ 3 (1.6-21) 20 (20 – 55.8)Gy/4 (1.8-6)Gy 

per fr 
IMRT Actual 

Nieder176 5 Individual 1990 – 2005 60 (44.8-70)/ 2(1.6 – 2) 56 (36-62)Gy/2 (1.8-2) Gy per 
fr 

NR Actual 

Rades199 74 Both 1992 – 2003 28 (16-64)/4(2-8) 15 (8-30.6)Gy/3(1.8-8)Gy per 
fr 

APPA/Direct 
post 

Actual 

Gwak200 3 Individual 2002-2005 50.4 (30-50.4)/NR 33 (21-35.1)Gy/11 (7-11.7) Gy 
per fr 

SABR Actual 
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Choi201 42 Grouped 2002 – 2008 40 (24.2-50.4)/2 (1.8-3) 20 (10-30)Gy/10 (estimated) 
Gy/fr)  

SABR Actual 

Maranzano202 12 Individual 1998-2007 12 (8-16)/8 8 (4-20)Gy/8 (4-8) Gy per fr APPA/Direct 
post 

Actual 

Saghal177 5 Individual 2003-2010 38.75 (14-50.4)/ 1.81 
(1.8-14) 

20 (16-33)Gy/10.5 (4-16)Gy 
per fr 

SABR Actual 

Navarria203 31 Grouped 2009-2010 30 (8-60)/10 (1-30) 
fractions  

30 (19.8-45)Gy/11 (5-18) 
fractions 

VMAT Actual 

Chang204 54 Grouped 2002-2008 EQD2 (10) 50.7 EQD2 (10) 51.1 SABR Actual 
Wang205 12 Grouped 2006-2010 estimated 40 (30 – 40)/2 

(2-3) 
est 21-24Gy/7-8 Gy per fr SABR Actual 

Hashmi206 215 Grouped NR 
(published 
in 2016) 

NR EQD2 (10) 36 (12-66.7) SABR Actual 

Kawashiro207 23 Individual 2006-2013 40 (30-40)/2 (2-3) 
(estimated) 

24.5 (14.7-50)Gy/5 (3-25) Gy 
per fr 

IMRT Actual 

Kennedy136 21 Grouped 2008-2017 54 (50-54)/18 (10-18) 50 (50-54)Gy/10 (10-18)Gy 
per fr 

SABR Actual 

Schroder208 6 Grouped 2011-2017 NR NR SABR Actual 

Table 5.3 List of studies used to form cord dataset The total number of patients included is 604, from 23 studies. 3D-CRT: three dimensional conformal 
radiotherapy, APPA: anterior posterior-posterior anterior beam arrangement, EQD2: equivalent dose in 2 Gray fractions, Fr: fractions, IMRT: intensity 
modulate radiotherapy, NR: not recorded, Post: posterior, Re-RT: re-irradiation, SABR: stereotactic ablative radiotherapy, VMAT: volumetric arc therapy
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Paper Median 
cumEQD2 to 
cord (range) 

Median 
Interval 
(months, 
range) 

Median Fr 
split 

Any Grade 
3-5 toxicity 
(%) 

Median follow-
up post re-RT 
(months, range) 

Uncertainty 

Ryu189 87.21 120 0.510 0 60 
 

Grosu190 68.29 (60.1 -
102) 

30 (6 – 63) 0.56 (0.4-
0.61) 

0 16 (5 – 44) 
 

Sminia191 72.97 (62.5 – 
88.35) 

42 (4 – 
154.67) 

0.35 (0.29 – 
0.66) 

0 12.1 (1 – 53.3) 
 

Milker-
Zabel192 

66.17Gy 17.7 (6.2 – 
108.2) 

0.342 0 12.3 (3.5 – 33.1) Calculated EQD2 based on median dose and median 
fractions for both treatments, dose to cord 
estimated from paper. 

Kuo193 62.96 37 0.63433254 0 8 
 

Magrini194 57.8 (47.8 – 
67.8) 

24 (12 – 36) 0.435 (0.34 – 
0.58) 

0 168 (120 – 204) 
 

Bauman195 38.75 (37.7-
52.2) 

16.4 (8.4-
28) 

0.477 (0.375-
0.759) 

0 6 (2.5-9.1) Estimated EQD2 from table of physical dose 

Wong196 74.86 (64.2-
85.8) 

19 (2-71) 0.646 (0.234-
0.877) 

100 11 (4-25) Used fixed field technique therefore dose calculation 
variable, quotes dose to cord, myelopathy not 
graded 

Jackson197 55 (30-79) 15 (5.7 – 
48.5) 

NR 0 5.3 (0.5-25.1) One case of myelopathy authors think was due to 
initial RT 

Wright198 47.4 (11.0-
52.4) 

19 (2-125) 0.792 0 8 (1-51) Reconstructed dataset excluding cauda equina 
retreats, but no location of cord lesion 
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Nieder176 55 (52.3-90.8) 31 (12-96) 0.51 (0.313-
0.65) 

0 7 (5-10) Used BED as Cord max 

Rades199 56.3 (38.8-
71.3) 

majority < 
12 months 

0.61 (0.4-
0.67) 

0 7 (1-29) 
 

Gwak200 90.81 (90.4 – 
154.5) 

54 (18-120) 0.33 (0.31-
0.53) 

33 24 (8-32) 
 

Choi201 63.3 (26.6-
101.65) 

19 (2-219) 0.632 2.4 7 (2-47) Converted from EQD2 Gy3 to Gy2 

Maranzano20

2 
52.9 (40-60) 5 (2-31) 0.583 (0.33-

0.87) 
0 5 (1-24) 

 

Sahgal177 95.4 (77.1-
154.9) 

18 (11-81) 0.382 (0.219 
– 0.462) 

100 17 (3-55) SABR doses at prescription lines, so second dose is an 
estimate – but was checked with median values 
provided and correlates. Quotes thecal sac doses 

Navarria203 51.3 (27.9-
57.6) 

17 (6-106) 0.734  0 9 (6-24) Fractional split calculated using median dose/fr for 
both treatments 

Chang204 83.37 24.5 (3-80) 0.446 0 mean 17.3  Including cauda equina doses. 
Wang205 98.6 9 (4-16) 0.406 0 9.4m (2.5-45) Includes 23% lumbar spine re-irradiation, uses spinal 

cord doses 
Hashmi206 60.8 (14 – 

107.6) 
13.5 (0.2 – 

107.3) 
0.595 0 8.1 (0.1 – 52.6) pooled analysis of 7 studies 

Kawashiro207 59.1 (47.5-
82.3) 

13 (2-75) 0.679 (0.486 
– 0.789) 

0 10 (1-54) 3 lumbar patients included 

Kennedy136 12.2 (3 -21.1) 23 (7-52) NR 0 24 (3-60) 
 

Schroder208 57.75 (53.58 – 
68.30) 

14 (2-184) NR 0 13 (1-45) only reported cord dose when above 50Gy and 
reported EQD2 in α/β  of 3 

Table 5.4 List of studies used to form cord dataset The total number of patients included is 604, from 23 studies. BED: biologically equivalent dose, EQD2: 
equivalent dose in 2 Gray fractions, Fr: fractions, NR: not recorded, Re-RT: re-irradiation, RT: radiotherapy, SABR: stereotactic ablative radiotherapy 
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Table 5.5 Summary of whole cord dataset Dmax: maximal dose received to an organ at risk, 
EQD2: equivalent dose in 2 Gray fractions 

  Missing values 
Number of trials:  23  
Number of patients: 604  
Number of ³Grade 3 events 18  
Median interval from initial 
treatment and re-irradiation 
(months, range) 

13.5 (2 – 154.7) 
 

96 

Median cumulative cord 
Dmax (EQD2 Gy, range) 

60.8 (12.2 – 154.9) 0 

Median fractional split 
(range) 

0.60 (0.22 – 0.88) 49 

 
 
Table 5.6 Results of χ2 tests when whole dataset split using median values Gy: Gray 

 No toxicity Toxicity p-value 
Median dose (Gy), n=604    
<60.8 193 0  
>60.8 393 18  
   0.007* 
Median fractional split, n=555    
<0.60 415 10  
>0.60 122 8  
   0.063 
Median interval (months), n= 508    
<13.5 97 7  
>13.5 393 11  
   0.094 

 
To calculate the relative risk, the dataset was split by 30Gy increments, with the 

lowest dose where toxicity occurred assigned as the reference risk. The relative 

risk of ³G3 events increased as the dose increased over 90Gy, with the doses 

above 120Gy statistically significant (Table 5.7). 

Table 5.7 Relative risk table for the whole dataset CI: confidence intervals, EQD2: equivalent 
dose in 2-Gray fractions, Gy: Gray, NA: not available 

Dose range 
(EQD2, Gy) 

Number Grade ³3 
events 

Relative 
risk 

Lower 
95% CI 

Upper 
95% CI 

P-value 

<30 21 0 0 0 NA NA 
30-60 167 0 0 0 NA NA 
60-90 396 14 1 0.48 2.07 1 
90-120 18 2 3.14 0.77 12.8 0.11 
>120 2 2 28.29 16.91 47.32 0 
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The cumulative cord Dmax, the interval and fractional split univariable logistic 

regression models all had p-values<0.2 and proceeded to multivariable model 

(Table 5.8).  

Table 5.8 Summary of complete dataset univariable and multivariable modelling cumDmax: 
cumulative maximum dose to the organ at risk 

Predictor Toxicity p-value Number 
Univariable modelling results 
Interval Grade ³3  0.005* 508 
Fractional 
split 

Grade ³3  0.012*    555 

cumDmax Grade ³3  <0.001* 604 
Initial multivariable modelling results 
Interval Grade ³3  0.025* 481 
Fractional 
split 

Grade ³3  0.250 

cumDmax Grade ³3  <0.001* 
2-variable model (Interval split excluded) 
Fractional 
split 

Grade ³3  0.394 555 

cumDmax Grade ³3  <0.001* 
2-variable model (cumDmax excluded) 
Interval Grade ³3  0.067 481 
Fractional 
split 

Grade ³3  0.062 

Final multivariable model (Fractional split excluded) 
Interval Grade ³3 0.038* 555 
cumDmax Grade³3 <0.001* 

 

Interval and cumulative Dmax were significant in the initial multivariable model 

including all the variables. Two-variable models were assessed, with the 

cumulative Dmax and interval being the model where both variables were 

significant. This model was compared using LOOCV to the univariable cumulative 

Dmax model. The log-likelihood scores for the univariable and two-variable 

models were 84.27 and 84.21. The LOOCV was performed only on the cohorts 

which had the necessary data for both models. Therefore, the multivariable 

model with the interval and cumulative Dmax had the best fit to the data. The 

model expression is: 

P(³G3 toxicity|X1,X2) = Φ(-9.055 + 0.0748X1 + 0.0239X2) 
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where X1=cumulative Dmax, and X2= interval. Using the median interval (13.5 

months), the predicted cord Dmax for a 5% toxicity rate is an EQD2 of 77.42Gy 

(95% CI 70.10 – 84.74Gy). The predicted cord Dmax for a 1% and 10% toxicity rate 

is an EQD2 of 55.34Gy (95% CI 43.39 – 67.30) and 87.42 (95% CI 78.70 – 96.13). 

These confidence intervals do not take into account overdispersion whereas the 

block bootstrapped samples do. The 95% confidence intervals for cumulative 

dose that gives the 5% and 1% toxicity rate using 2000 block-bootstrapped 

samples using the median interval of 13.5 months, are 9.46 – 306.64Gy and -

23.18 – 156.33Gy respectively. This is summarised in Table 5.9. The dose 

response of the multivariable model is plotted in Figure 5.4 showing the 

regression model, the standard error of the regression and the source data. 

 
Table 5.9 Summary of multivariable model dose predictions The median interval (13.5 
months) was used for predicting dose. CI: confidence interval, EQD2: equivalent dose in 2-
Gray fractions  

Toxicity 
rate 

Model dose 
prediction 
(EQD2 Gy) 

95% CI 
lower 
limit 
(EQD2 Gy) 

95% CI 
upper 
limit 
(EQD2 Gy) 

Bootstrapped 
95% CI lower 
limit (EQD2 
Gy) 

Bootstrapped 
95% CI upper 
limit (EQD2 
Gy) 

1% 55.34 43.39 67.30 -23.18 156.33 
5% 77.42 70.10 84.74 9.46 306.64 
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Figure 5.4 Plot of the cord multivariable model. The blue line is the fitted regression model, 
the red dotted line indicates the 5% toxicity level. The dots represent the toxicity rate from 
each individual paper coded by colour, with the size of the dots proportional to the number 
of patients in the study, horizontal bars represent the range of the doses where available, 
due to overlapping data point, the scatter plot has been jittered. The plot uses the median 
interval from the dataset. 

5.3.3.2 Development of cord constraint values 

The multivariable model maximum likelihood dose that gives a 5% rate of 

toxicity is 77.42Gy. When this dose is used to calculate the risk using the 2000 

block-bootstrapped samples with the median interval of 13.5 months and no 

correction for different cohort sizes, the 95% CI for risk is 0.2% to 40.5%. 

Reducing the dose to 51.55Gy, gives a 95% CI for risk of 0.01% to 5%. The 

complete model maximum likelihood dose that gives a 1% rate of toxicity is 

55.34Gy. When this dose is used to calculate the risk using the 2000 

bootstrapped samples, the 95% CI for risk is 0.02% - 6.0%. Reducing the dose to -

2Gy gives a 95% CI for risk of <0.01% – 1%. These results are summarized in Table 

5.10. 
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Table 5.10 Development of cord dose constraints using bootstrapping. CI: confidence 
intervals, EQD2: equivalent dose in 2-Gray fractions, Gy: Gray 

Model dose 
(EQD2 Gy) 

Risk 95% CI lower 
limit risk (%) 

95% CI upper 
limit risk (%) 

77.42 5% 0.2 40.5 
51.55 Maximum 5% 0.01 5 
55.34 1% 0.02 6 
-2.0 Maximum 1% <0.01 1 

 

5.3.3.3 Evaluation of cord models and suggested dose constraints 

The predicted against the observed toxicity rate by decile for the multivariable 

model was plotted in Figure 5.5. The Pearson correlation coefficient was 0.91 

(p-value <0.01). This suggests that the model is a good fit to the data. 

The 5% maximum likelihood dose (77.42Gy) and the bootstrapped maximum 5% 

(51.55Gy) dose from the multivariable model was applied to the external 

Beatson dataset to identify the rate in clinical practice. However, there were no 

cord toxicities in the validation set, therefore this was not contributory. These 

doses were then used as the cut-off points using the collected individual data 

(n=111) only to assess if the observed rate of toxicity above and below the cut-

off matched the expected 5% rate (Table 5.11). The 51.55Gy bootstrapped 

constraint predicted <5% and the observed rate was 0%. Therefore, this use of 

this dose constraint may be too conservative. The 77.42Gy maximum likelihood 

constraint exceeded the predicted 5% toxicity rate with an observed rate of 

7.7%. There is some uncertainty around this estimate given the small sample size 

of the individual data, with the true value possibly higher than this. The 

bootstrapped 95% upper confidence interval suggested that the rate could be as 

high as 40.5%. Due to this uncertainty, using this dose as a cut-off may result in 

excess toxicity. An exploratory cut-off of 67.3Gy (the upper 95% CI for 1% 

toxicity) had a 4.3% toxicity rate below the cut-off, and a 33.3% above it. The 

upper 95% confidence interval for this 67.3Gy is 12.2% and therefore may be a 

reasonable compromise. 
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Figure 5.5 Predicted vs observed spinal cord grade 3 toxicity rate by decile using the 
multivariable model The blue line is the line of best fit and the black dotted line is the line of 
unity. 

 
Table 5.11 Testing complete and individual model constraints on individual data  Gy: Gray, 
total number of patients 111 

 
Number with no 
toxicity 

Number with 
toxicity 

Toxicity rate (%) 

Maximum likelihood 5% toxicity 
£77.42 Gy 82 7 7.7 
>77.42 Gy 12 10 45.5 
Bootstrapped maximum 5% toxicity 
£51.55Gy 23 0 0 
>51.55Gy 71 17 19.3 
Exploratory cut-off (maximum likelihood upper limit of 1% toxicity) 
£67.3Gy 66 3 4.3 
>67.3Gy 28 14 33.3 
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5.3.3.4 Cord models discussion 

Re-irradiation of the spinal cord has been extensively studied both in animal 

models and with human retrospective data. The QUANTEC spinal cord paper 

suggests a 0.2% toxicity rate at 50Gy in 2 Gy fractions, and a 6% toxicity rate at 

60Gy with initial radiotherapy, and suggests 25% recovery of cord tolerance after 

6 months181. Assuming an EQD2 of 50Gy was given in the initial treatment, then 

at 6 months the cumulative Dmax that could be delivered is 62.5Gy. This is a 

conservative estimate as pre-clinical data in primates and pigs demonstrate that 

the spinal cord recovers more than 25% of its radiation tolerance. Ang et al. 

treated primates with conventionally fractionated re-irradiation at 1, 2, 3 and 4 

years after initial radiotherapy140. The most conservative model from that 

dataset (which assumed all the recovery occurred during the 1 year after initial 

radiotherapy) suggested a 61.8% recovery in cord tolerance. The other models 

(which assumed some degree of recovery beyond the first year post-radiation) 

suggested that the cord could have complete recovery by 3 years. Assuming an 

initial EQD2 of 50Gy, the cumulative Dmax EQD2 using the conservative estimate 

would be 80.5Gy. Medin et al. studied SABR after conventional radiotherapy in 

using a swine spinal cord model. Initial radiotherapy was 30Gy in 10 fractions 

(EQD2 37.5Gy) and re-irradiation was performed a year afterwards. They found 

that a single dose of SABR with Dmax of 16Gy (EQD2 72Gy) and 17.1Gy (EQD2 

81.7 Gy) was associated with a 1% and 5% toxicity rate respectively. This 

suggests a cumulative EQD2 Dmax for 1% toxicity of 109.5Gy. 

Although both Medin and Ang treated the cervical or thoracic cord, there may be 

inter-species differences that limit the applicability of the animal models to 

human re-irradiation. Nieder et al. produced a risk model for re-irradiation using 

48 patients, using the cumulative BED, an interval of less than 6 months, and 

size of one course less than a BED of 102Gy176. They report a 3% toxicity rate 

with a BED of 135Gy2 (an EQD2 of 67.5Gy) and no toxicity with a BED of 120Gy 

(EQD2 60Gy). Sahgal et al. studied SABR re-irradiation in 19 patients, 5 of whom 

developed radiation myelopathy177. The group which developed radiation 

myelitis had a significantly higher mean cumulative EQD2 Dmax compared to the 

group that did not (105.8Gy vs 62.3Gy). This work was included in the guidelines 

for SABR re-irradiation, which suggested a minimum interval of 5 months, and a 

cumulative EQD2 Dmax of 70Gy to the thecal sac183. 



138 
 
The suggested dose constraints from the published papers range between an 

EQD2 of 62.5 to 70Gy for a <5% toxicity risk with a minimum interval of 

approximately 6 months. The re-irradiation dose constraints from the expert 

bodies range from 57Gy (American Radium Society) and 67.5Gy (Hunter et 

al.)160,161. The model prediction from the multivariable model is similar, giving a 

1% and 5% risk at 55.34Gy (95% CI 43.39 – 67.30) and 77.42Gy (95% CI 70.10 – 

84.74Gy), whereas the individual model is more conservative. A study published 

after the models were created re-irradiated 32 patients to a median EQD2 Dmax 

of 80.7Gy (range 61.1 – 95.6Gy) with no toxicity after a 12-month median follow-

up209. Patients were counselled about the additional risk of toxicity against the 

possible benefit of improved local control. This study suggests that the re-

irradiation dose constraints may be too conservative. However, the serious and 

likely permanent implications of myelitis such as paralysis means that a cautious 

approach with the cumulative cord dose constraint is warranted. 

The 18 ³G3 toxic events that formed the basis of the models are derived from 4 

papers. Wong et al. reported on 11 patients re-irradiated with conventionally 

fractionated radiotherapy between 1955 to 1985 to a mean cumulative EQD2 

Dmax of 74Gy (range 64 – 86Gy) who developed myelitis196. This study gives the 

dose and fractionations for both initial and re-irradiation and used conventional 

radiotherapy, allowing calculation of the cumulative cord Dmax dose. Gwak et 

al. described three patients who had re-irradiation for chordoma with SABR, one 

of whom developed paraesthesia 8 months after re-irradiation. The cumulative 

cord dose was calculated by adding the conventional first treatment EQD2 

(assuming either 1.8 or 2Gy were given per fraction) and the quoted re-

irradiation cord Dmax (converting that from physical dose to EQD2). This 

assumed that the first treatment (using conventional radiotherapy) had some 

part of the cord in the PTV and that there was cord overlap between the two 

treatments200. Choi et al. reported one grade 4 myelitis after conventionally 

fractionated initial radiotherapy and SABR re-irradiation201. This study quotes 

the cord dose from both treatments and confirmed the overlap of treatments. 

Sahgal et al. also provided thecal sac dose and fractionation for 5 patients who 

had SABR re-irradiation after conventionally fractionated radiotherapy177. 
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There are several sources of error in the studies. There is no uniform toxicity 

grading used across the four studies, with Gwak et al. reporting a patient who 

had paraesthesia (which may be a grade 3 toxicity if using the LENT-SOMA scale 

if it was persistent), compared to the patient in Choi et al. who clearly 

developed grade 4 toxicity with urinary retention and paralysis. The dose is 

reported to the thecal sac in some studies, and the cord in the other studies. 

This may be of significance as given the high conformality of SABR treatments, 

the dose to the thecal sac may be higher than to the cord. This could falsely 

increase the dose that toxicity may occur in the model. The inclusion of SABR re-

irradiation studies may introduce a volume factor which is uncontrolled for in 

the models. Conventionally fractionated radiotherapy is often to a larger volume 

than SABR. Although the spinal cord is seen as a serial organ, there is an increase 

in radiation tolerance where the length of cord irradiated is less than 1cm210. 

The length of the cord treated was not recorded in the studies therefore the 

models do not account for this. The assessment of toxicity for spinal cord 

depends on the lesion arising in the radiation field and with other causes of 

myelopathy excluded211. Some of the studies included in the dataset would not 

have included MRI or electromyelograms to assess any other causes for neural 

injury. Therefore, there is a risk that myelitis could be due to disease 

recurrence or another cause. Toxicity may also be due to the initial 

radiotherapy, rather than caused by the re-irradiation, which was the opinion of 

Jackson et al. who noted a grade 3 myelitis but on review, felt that it was 

caused by initial treatment rather than re-treatment. 

In some of the grouped studies, there were some patients who had re-irradiation 

to the lumbar spine or cauda equina, which has a different α/β ratio. This could  

skew the modelling results as using an α/β ratio of 2 when an α/β of 4 is correct 

would give a lower dose. However, the number of patients with lumbar spine or 

cauda equina re-irradiation is estimated at 30 out of 604 therefore is unlikely to 

have a significant effect. In some of the earlier studies, the dose to the cord is 

assumed from the prescription dose and the beam arrangement as stated. For 

example, the EQD2 from Grosu et al. was calculated by the prescription dose 

assuming that this was a direct posterior field prescribed to the depth of the 

spinal cord190. However, as this was a study of palliative treatment to the 
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vertebral bodies, the spinal cord may have received a higher dose depending on 

where the dose was prescribed to. 

The multivariable model that best fitted the data featured both the interval and 

the cumulative cord Dmax. The univariable model of the cumulative Dmax was 

also very similar. Interestingly, in the multivariable model, the interval between 

treatments had a positive coefficient (i.e., the longer the interval between the 

initial radiotherapy and the re-treatment, the higher the risk of toxicity). This is 

the opposite of what the pre-clinical models predict, as the longer the time 

interval, the greater the normal tissue recovery. This unusual finding may be due 

to several issues. The patients who are re-irradiated with a longer interval may 

have biologically more indolent disease, and therefore may live longer after re-

irradiation to experience toxicity. The longer interval may represent the pre-

existing clinician bias to offer radiation to patients with a longer interval than 

those with shorter interval. This would lead to a disparity in the number of 

patients being retreated within 6-12 months, compared to patients being treated 

after 12 months, which would result in the difference in observed toxicity. 

Finally, this could simply be a random finding, as the dataset is subjected to 

multiple testing at a 5% significance level, meaning that 1 in 20 tests would be 

positive by chance. 

The multivariable model performance by decile has a Pearson correlation 

coefficient of 0.91, suggesting a good correlation between the observed and 

predicted values. However, the bootstrapped 95% confidence intervals are 

extremely wide with the 5% and 1% toxicity rates between 9.46 – 306.64Gy and -

23.18 – 156.33Gy respectively. This reflects the significant heterogeneity of the 

data. The studies used in the dataset are different across many variables such as 

length of follow up, dose calculation, treatment technique and different 

centres. For example, the median length of follow up in each study ranged 

between 5 to 168 months and would have significant ramifications on the 

detection of toxicity. Furthermore, there are unknown effects which are unable 

to be corrected for easily. Block bootstrapping takes these effects into account 

and demonstrates the large degree of uncertainty in the model fits. 

The selection of dose constraints Is a compromise of accepting a low risk of 

toxicity, balanced against the need to deliver a high enough dose for tumour 
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control. Patients that require doses close to the cord constraint will have 

recurrent disease close to the spinal cord, and therefore may be at risk of cord 

compression. Therefore, the risk of re-irradiation toxicity has to be balanced 

against the risk of not treating the patient. The time to toxicity also merits 

consideration. If untreated, disease close to the spinal cord may cause cord 

compression sooner than the time taken for re-irradiation toxicity to develop. 

The median time to radiation myelopathy seen in Wong et al. was 11.4 months, 

while with Saghal et al. the earliest toxicity was seen at 3 months post-re-

irradiation177,196. Therefore, there may be clinical benefit in exceeding any dose 

constraint, albeit at increased risk to the patient. 

The multivariable model was used to determine a suitable re-treatment dose 

constraint. The maximum likelihood dose for a 5% toxicity rate (77.42Gy) has a 

large degree of uncertainty as shown by the 40% toxicity rate at the 95% 

confidence interval upper limit. The true toxicity rate may be close to 5% but 

there is insufficient data to narrow the confidence intervals at this dose range. 

When this dose was restricted to ensure that the risk was less than 5%, the limit 

of 51.6Gy was too conservative. The exploratory 5% toxicity constraint of 67.3Gy 

is close to the observed rate of 4.3% seen in doses <67.3Gy, is similar to the 

expert consensus values and is consistent with the recovery values seen in pre-

clinical studies. This dose is a reasonable balance between efficacy and safety, 

with the proviso that in individual circumstances, it may be appropriate to 

exceed this. 

5.3.3.5 Conclusion 

A multivariable model was produced to predict the re-irradiation cord toxicity, 

using the interval between treatments and the cumulative Dmax. The complete 

dataset model and the individual dataset model predicts a 5%  and 1% toxicity 

rate at an EQD2 of 77.42Gy and 55.34Gy respectively. The model was a good fit 

the data with a Pearson correlation coefficient of 0.91. An exploratory 5% 

toxicity constraint dose of 67.3Gy is similar to the observed rate (4.3%) and is a 

reasonable balance between efficacy and risk; therefore this is the 

recommended cord dose constraint.   
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5.3.4 Models for oesophagus 

The dataset for the oesophageal toxicity was derived from 21 papers detailed in 

Table 5.12 and Table 5.13. The patient data was collected between 1996 and 

2017. Two models were created from the dataset, a multivariable model using 

cumulative oesophageal EQD2 Dmax (cumDmax) and concurrent chemotherapy, 

and a univariable model using only the cumDmax. The lowest ³grade 3 toxicity 

was seen at a cumulative Dmax of 60.4 EQD2 Gy and at an interval of 4 months. 

Table 5.14 summarises the oesophageal dataset.  

There was a large amount missing data: 340 cases had data missing regarding 

fractional split and 4 regarding the interval. Patients with missing data had a 

statistically significant higher mean cumDmax compared to the included data 

(97.1 vs 69.1, t-test p-value <0.001). There was also a higher rate of toxicity in 

the group with no missing data with 26.1% compared to 1.8% in the missing data 

group (Chi sq test p-value <0.001). No data imputation was performed and these 

cases were excluded when modelling those variables. 
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Table 5.12 List of studies used to form the oesophageal dataset. The total number of patients included is 505, from 21 studies. 3D-CRT: three dimension 
conformal radiotherapy, BED: biologically equivalent dose, EQD2: equivalent dose in 2 Gray fractions, Fr: fractions, IMPT: intensity modulated proton 
therapy, IMRT: intensity modulated radiotherapy, NR: not recorded, RBE: relative biological effectiveness, Re-RT: re-irradiation, SABR: stereotactic ablative 
radiotherapy 

Paper n Individual 
data/Grouped 

Treatment 
span 

Initial prescription dose/fr Re-RT prescription dose/fr Re-treatment 
Technique 

Poltinnikov212 9 Individual 1999-2003 median 52 (50-
66)Gy/assumed 2Gy/fr 
(estimated) 

median 35 (17.5-40)Gy/ median 3.5Gy (3-4) 
fractions  

3D-CRT 

Yamaguchi213 12 Individual 1996-2008 median 60 (50.4-
70)Gy/median 30 (28-35) fr 

median 39 (30-60)Gy/median 24.5 (15-42) 
fr 

3D-CRT 

Kim214 10 Individual 2007-2011 median 50.4 (50.4-
63)Gy/median 28 (27-35) fr 

median 50.4 (50.4-63)Gy/median 28 (27-
35)fr 

3D-CRT 

Katano215 4 Individual 2011-2016 50.4Gy/28fr for all median 45 (30-50.4)Gy/median 25 (21-45) 
fr 

3D-CRT 

Hong216 39 Grouped 2000-2014 74.11 (48–86.32) Gy BED 10 60 (25.41–84.87) Gy BED 10 IMRT 56.4%, 3D-
CRT 43.6% 

Zhou217 55 Grouped 2003-2012 mean 61.2Gy/1.8-2Gy per fr median 54 (18-66)Gy/1.8-2Gy per fr IMRT or 3D-CRT 
Chen218 36 Grouped 1996-2005  median 54 (54-63)Gy/32 50.4Gy/28 fr IMRT 
Kennedy136 21 Grouped 2008-2017 median 54 (50-54)Gy/ 

median 3 (3-5) fr 
median 50 (50-54)Gy/ median 5 (3-5) fr SABR 

Schlampp127 62 Grouped 2010-2015 median 60 (36-
70)Gy/median 32 (13-38) fr 
(estimated ) 

median 38.5 (20-60)Gy/median 19 (3-30) fr 
(estimated) 

IMRT 

Schroder208 30 Grouped 2011-2017 NR NR SABR 
Meijneke175 8 Grouped 2005-2021 median 60 (30-

60)Gy/median 3 (1-25)fr 
(whole group) 

median 51 (20-60)Gy/median 5 (3-10) fr 
(whole group) 

90% SABR, 10% 
Conventional  
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Owen219 18 Grouped 2006-2012 median 60 (39-
70)Gy/median 30 (12-35) fr 

median 50 (40-60)Gy/ median 4 (3-10) fr SABR 

Kilburn130 33 Grouped 2001-2012 median 60 (22.5-
80.5)Gy/median 30 (1-37)fr 

median 50 (20-70.2)Gy/median 10 (1-35) fr SABR in 91% 

Sumita124 21 Grouped 2007-2014 EQD2 median 60 (43.1-
87.5)Gy (10) 

EQD2 median 60 (50-87.5)Gy (10) Conventional 
90%, Proton 10% 

Binkley220 38 Individual 2008-2014 median 50 (20-
74)Gy/median 4.5 (1-37)fr 

median 50 (20-177.5)Gy/median 4 (1-54) fr 
(including multiple re-RT courses) 

SABR 73.7%, 
Conventional 
26.3% 

Maranzano22

1 
18 Grouped 2003-2013 40 (16-60)Gy/5 (2-30)fr 40 (25-50)Gy/5 fr SABR 

Ho126 27 Grouped 2011-2016 EQD2 median 60 (36-
226.8)Gy 

EQD2 median 66 (43.2-84)Gy Proton (IMPT) 

Hong222 31 Grouped 2005-2016 EQD2 median 66 (43.13-125) 
Gy 

EQD2 median 57.2 (36-110)Gy IMRT 67.7%, 
SABR 32.3% 

Ogawa223 31 Grouped 2004-2017 BED median 112.5 Gy (10) 
(75-119.6) 

BED median 105 Gy (10) (64.2-119.6) SABR 

Griffioen114 1 Individual 2004-2013 60Gy/30f 60Gy/30f Conventional 
McAvoy122 1 Individual 2006-2011 63Gy/45fr 39.6(RBE)Gy/22fr Protons 
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Table 5.13 List of studies used to form the oesophageal dataset. BED: biologically equivalent dose, cumDmax: maximum dose received to a given organ at 
risk, Dxcc: maximum dose to an organ at risk to a volume of xcc, EQD2: equivalent dose in 2 Gray fractions, f/u: follow-up, NR: not recorded, oes: 
Oesophagus, PTV: planning target volume, Re-RT: re-irradiation, RT: radiotherapy. 

Paper Median 
cumDmax 

Interval 
(months, 
range) 

Chemo % 
rate with 
re-RT 

Any Grade 
3-5 
toxicity 
(%) 

F/u post re-RT 
(months, 
range) 

Uncertainty 

Poltinnikov212 82.2 (66.8-
96.3) 

13 (2-39) 33.3 0 5.5 (2.5–- 30) 
(f/u to death) 

Assumed median dose for first treatment, calculated dose 
for second treatment, no direct data for cumulative 
oesophageal dose. Quoted toxicity is acute, so used the 
EQD2(10) for this effect, and only for 9 patients due to the 
other 8 not having significant dose to their oes 

Yamaguchi213 93.8 (87.0-
98.9) 

8.5 (4-162) 100 50 4 (1-108) 54.5% of patients also had hyperthermia with re-irradiation 
(but paper showed that it had no influence on toxicity so 
included) 

Kim214 98.7 (93.8-
111.5) 

15.6 (4.8-
36.4) 

30 30 4.9 (2.6-11.4) Oes doses not quoted exactly but assumed PTV dose = oes 
dose (as oesophagus is the target) 

Katano215 88.2 (71.9-
97.9) 

17.4 (6.4-
59.2) 

83.3 16.7 8.8 (1-30.4) Oes doses not quoted exactly but assumed PTV dose = oes 
dose (as oesophagus is the target) 

Hong216 112 (80-
140) 

16 (3–- 
168) 

50 7.7 87 (2 -206) 
 

Zhou217 115.2 (NR) 12 (6-56) NR 20 20 (8-70) Oes doses not quoted exactly but assumed PTV dose = oes 
dose (as oesophagus is the target) 

Chen218 99.2 (99.2-
107.7) 

14.6 (4.5-
165) 

100 52.8 62 (8-192)  
(whole group 
including 
surgery 
patients) 

Grouped Grade 2-4 toxicity together 
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Kennedy136 18.7 (4.9–- 
37.2) 

23 (7-52) 0 0 24 (3-60) 
 

Schlampp127 89.9 (NR) 14 (3-103) 3.2 4.8 8.2 (0-27) Used α/β of 4 for EQD2 calculations 
Schroder208 81.0 (70.2–- 

103.8) 
14 (2-184) 0 0 13 (1-45) Uses a subset of the original 42 patients 

Meijneke175 85.2 (70.5–- 
123.2) 

17 (2-33) 0 0 12 (2-52) Uses a subset of a larger group 

Owen219 62.5 (38.9-
78.4) 

18.4 (1.5-
112.8) 

0 0 21.2 (3.4-50.2) 
 

Kilburn130 69 (11-129) 18 (6-61) 0 3 17 (NR) 
 

Sumita124 73 (NR) 26.8 (11.4-
92.3) 

5 0 22.1 (2.3-56.4) Dose to Oesophagus given as D1cc for initial RT and D10cc 
for re-RT rather than Dmax 

Binkley220 44.1 (3.7–- 
220.6) 

16 (1-71) 23.7 2.6 17 (3-57) Quotes EQD2 dose to D1cc therefore Dmax could be higher 

Maranzano22

1 
45 (4-138) 18 (6-90) 0 0 57 (6-132) 

 

Ho126 84.8 (57.1-
121) 

29.5 (0.1-
212.3) 

48 0 11.2 (2.4-48.5) 22/27 has composite doses 

Hong222 74.4 (NR) 15.1 (4.4-
56.3) 

9.7 0 17.4 (4.8-76.8) 
 

Ogawa223 19.4 (0.8-
146.8 

NR 0 0 26 (5.5-111) 
 

Griffioen114 120 62 NR 100 6 Quotes dose to D1cc 
McAvoy122 135.7 36 NR 100 29 
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Table 5.14 Summary of the oesophageal dataset. Dmax: maximum dose received by an 
organ at risk. 

  Missing values 
Number of trials:  21  
Number of patients: 505  
Number of ³Grade 3 events 49  
Median interval from initial 
treatment and re-irradiation 

15.5 months (1-162) 
 

4 

Median concurrent 
chemotherapy rate 

0 0 

Median cumulative Dmax 
(range) 

84.8Gy (3.7 – 220.6) 0 

Median fractional split 0.53 (0.49 – 0.74) 340 
 

The type of grade 3 or above events are subcategorised in Table 5.15. There 

were 57 events in total, but when grouped together, this number reduced to 49 

as eight patients had both early and late toxicity. The variables were split by 

their median values. The rate of toxicity was significantly different for the 

interval, use of concurrent chemotherapy and the cumDmax (Table 5.16). The 

data was split into 35Gy dose ranges and the relative risk of toxicity increases 

significantly above the reference range (set at an EQD2 of 35-70Gy, Table 5.17).  

Table 5.15 Type of Grade 3 or above toxicity. Gx: grade of toxicity at x level, NR: not 
recorded 

 
Number Acute  Late    

G3 G4 G5 G3 G4 G5 
Yamaguchi213 12 3 1 0 2 0 1 
Kim214 10 0 0 3 0 0 0 
McAvoy122 1 NR NR NR 0 1 0 
Griffioen114 1 NR NR NR 1 0 0 
Kilburn130 1 NR NR NR 0 0 1 
Binkley220 38 NR NR NR 1 0 0 
Katano215 4 0 0 0 1 0 0 
Hong216 39 0 0 0 3 0 0 
Zhou217 55 NR NR NR 0 0 11 
Chen218 36 19 NR NR NR 7 NR 
Schlampp127 62 NR NR NR 1 1 0 
Total (%) 

 
22 
(38.6) 

1 
(1.8) 

3 
(5.3) 

9 
(15.8) 

9 
(15.8) 

13 
(22.8) 
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Table 5.16 Results of χ2 and Fisher’s exact tests when oesophageal dataset split by median 
values. cumDmax: cumulative maximum dose to an organ at risk, G3: grade 3 

 No ≥G3 toxicity Any ³G3 Toxicity 
(early or late, %) 

P-value 

Median cumDmax 
(n=505) 

   

<84.8 238 2 (0.8)  
>84.8 218 47 (17.7)  
   <0.001* 
Median interval 
(n=505) 

   

<15.5 209 41 (16.4)  
>15.5 247 8 (3.1)  
   <0.001* 
Median concurrent 
chemotherapy rate 
(n=505) 

   

0 245 18 (6.8)  
>0 211 31 (12.8)  
   0.003* 
Median fractional 
split (n=165) 

   

<0.53 18 21 (53.8)  
>0.53 104 22 (17.5)  
   <0.001* 

 

Table 5.17 Relative risk table for the oesophageal dataset. CI: confidence interval, Gy EQD2: 
Equivalent dose in 2 Gy fractions, NA: not applicable 

Range (Gy, 
EQD2) 

Number Grade 3+ 
events 

Relative 
risk 

Lower 
95% CI 

Upper 
95% CI 

P-value 

<35 69 0 0 0 NA NA 
35-70 79 1 1 0.06 15.71 1 
70-105 248 28 8.92 1.23 64.51 0.03 
105-140 107 20 14.77 2.02 107.73 0.01 
>140 2 0 0 0 NA NA 

 

5.3.4.1 Dose/toxicity oesophageal model  

Concurrent chemotherapy and cumDmax were statistically significant on both 

univariable and multivariable logistic regression modelling (Table 5.18). The 

univariable cumDmax model was compared to the multivariable model 

(cumDmax and concurrent chemotherapy) using LOOCV. The log likelihood scores 

were 265.33 and 274.91 for the univariable model and the multivariable model 
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respectively, therefore suggesting that the univariable model better described 

the data. 

Table 5.18 Results from univariable and multivariable modelling. cumDmax: cumulative 
maximum dose to an organ at risk 

Predictor Toxicity P-value Number 
Univariable modelling results 
Interval Grade ³3  0.991     501 
Chemotherapy Grade ³3  <0.001* 505 
cumDmax Grade ³3  <0.001* 505 
Fractional 
split 

Grade ³3 0.386 165 

Multivariable modelling results 
Chemotherapy Grade ³3  <0.001* 505 
cumDmax Grade ³3  <0.001* 

 

The univariable model expression is: 

P(³G3 toxicity|X1,X2) = Φ(-6.2964 + 0.0446X1) 

where X1=cumulative Dmax.  

The multivariable model expression is: 

P(³G3 toxicity|X1,X2) = Φ(-7.0065 + 0.0431X1 + 2.2065X2) 

Where X1=cumulative Dmax, X2= concurrent chemotherapy. Despite the 

cumDmax model having a better fit, it is useful to model the effect of 

chemotherapy on dose and toxicity, as chemotherapy is associated with 
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oesophageal toxicity224. Therefore, both models will be used to make 

predictions. 

5.3.4.2 Univariable model predictions 

The predicted 5% grade 3 oesophageal toxicity rate was 75.10Gy (95% CI 63.70 – 

86.50). The predicted doses for 10%, 20% and 30% are summarised in Table 5.19. 

5.3.4.3 Multivariable model predictions 

The dose predicted to give a 5% grade 3 or above toxicity rate without 

chemotherapy is 94.23Gy (95% CI 82.10, 106.37Gy). The block bootstrapped 95% 

CI is 79.64 to 142.77Gy. The dose prediction for 5% toxicity with chemotherapy is 

43.04Gy (95% CI 14.65, 71.44Gy), with a block bootstrapped 95% CI of -18.47 to 

108.79. The predicted doses, 95% CI and bootstrapped 95% CI for 10, 20 and 30% 

toxicity rates are given in Table 5.19. There is a strong effect of chemotherapy 

with approximately a 40-50Gy reduction in dose for the same toxicity rate. The 

dose response of the multivariable model without chemotherapy is plotted with 

in Figure 5.6 and with chemotherapy in Figure 5.7. The chemotherapy rate in 

the studies in the models are fitted to, and the multivariable model plots with 

and without chemotherapy are plotted in Figure 5.8. The risk of toxicity 

increases at earlier doses with the model fit with chemotherapy suggesting a 

radiosensitising effect to the normal oesophagus with concurrent chemotherapy.  

Table 5.19 Summary of multivariable model dose predictions with and without 
chemotherapy. CI: confidence interval, EQD2 Gy: equivalent dose in 2-Gray fractions, MV: 
multivariable, UV: univariable 

Toxicity 
rate for 
³G3 
toxicity 

Model dose 
prediction 
(EQD2 Gy) 

95% CI 
lower 
limit 
(EQD2 Gy) 

95% CI 
upper 
limit 
(EQD2 Gy) 

Block 
bootstrapped 
95% CI lower 
limit (EQD2 
Gy) 

Block 
bootstrapped 
95% CI upper 
limit (EQD2 
Gy) 

UV model 
5% 75.10 63.70 86.50 51.27 97.63 
10% 91.84 84.40 99.28 74.05 117.97 
20% 110.00 101.91 118.10 93.12 146.88 
30% 122.08 110.91 133.25 99.22 168.10 
MV model–- without concurrent chemotherapy 
5% 94.23 82.10 106.37 79.64 142.77 
10% 111.57 98.86 124.28 96.14 174.44 
20% 130.38 112.45 148.32 104.51 212.04 
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30% 142.89 120.28 165.49 109.64 236.72 
MV model–- with concurrent chemotherapy 
5% 43.04 14.65 71.44 -18.47 108.79 
10% 60.38 39.02 81.74 14.97 120.61 
20% 79.19 64.34 94.05 51.56 135.99 
30% 91.70 79.56 103.83 73.72 149.03 

   

 

Figure 5.6 Plot of the oesophageal multivariable model without concurrent chemotherapy 
The blue line is the fitted regression model, the red dotted line indicates the 5% toxicity 
level, and the purple dotted line is drawn at the gradient at 50% probability of toxicity (the 
Gamma or g50 value). The dots represent the toxicity rate from each individual paper coded 
by colour, with the size of the dots proportional to the number of patients in the study, 
vertical bars are the 68% binomial confidence interval, horizontal bars represent the range 
of the doses where given. Due to overlapping data points, the scatter plot has been jittered. 
This model plot did not use concurrent chemotherapy. 
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Figure 5.7 Plot of the oesophageal multivariable model with concurrent chemotherapy.  The 
blue line is the fitted regression model, the red dotted line indicates the 20% toxicity level 
and the purple dotted line is drawn at the gradient at 50% probability of toxicity (the 
Gamma50 or g50 value). The dots represent the toxicity rate from each paper coded by 
colour, with the size of the dots proportional to the number of patients in the study, vertical 
bars are the 68% binomial confidence interval, horizontal bars represent the range of the 
doses, due to overlapping data points, the scatter plot has been jittered. This model plot 
uses concurrent chemotherapy. 
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Figure 5.8 Plot of the oesophageal multivariable models with and without concurrent 
chemotherapy. The orange line is the fitted regression model with chemotherapy, the light 
blue line is the fitted regression model without chemotherapy, the red dotted line indicates 
the 20% toxicity level and the purple dotted lines are drawn at the gradient at 50% 
probability of toxicity (the Gamma50 or g50 value). The dots represent the toxicity rate from 
each paper (labelled), with the size of the dots proportional to the number of patients in the 
study, vertical bars are the 68% binomial confidence interval, horizontal bars represent the 
range of the doses. The chemotherapy rate for each study is represented on a blue/red 
scale, with red indicating 100% rate of concurrent chemotherapy, and blue representing a 
0% rate. Due to overlapping data points, the scatter plot has been jittered. 
 
5.3.4.4 Development of oesophageal constraint values 

The multivariable model estimated dose that gives a 5% rate of toxicity with no 

chemotherapy is 94.23Gy. When this dose is used to calculate the risk using the 

2000 block bootstrapped samples, the 95% CI for risk is 1.2% to 9.5%. Reducing 

the dose to 78.81Gy, gives a 95% CI for risk of 0.6% to 5%. The same process was 

used to develop bootstrapped dose constraints for the multivariable model with 

chemotherapy (for a 5% and 20% toxicity rate). The results are summarized in 

Table 5.20. 
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Table 5.20 Development of oesophageal dose constraints using bootstrapping. CI: 
confidence interval, EQD2 Gy: equivalent dose in 2 Gray fractions 

Model Model dose 
(EQD2 Gy) 

Risk 95% CI lower 
limit risk (%) 

95% CI upper 
limit risk (%) 

Multivariable 
(no chemo) 

94.23 5% 1.2 9.5 

 78.81 Maximum 5% 0.6 5 
Multivariable 
(with chemo) 

43.04 5% 0.02 16.7 

 -16.1 Maximum 5% <0.01 5 
Multivariable 
(with chemo) 

79.19 20% 0.6 32.6 

 52.25 Maximum 20% 0.05 20 
 

5.3.4.5 Validation of the multivariable oesophageal model 

To evaluate the multivariable model, the dataset the model was developed on 

(i.e. excluding data points that were missing concurrent chemotherapy data) 

was split into deciles by the modelled risk of toxicity. The cases were not 

grouped into pre-specified risk bands. The actual and model predicted rate of 

toxicity was calculated for each decile. For example, the modelled toxicity risk 

in the 15 cases that made up the first decile was between 0.1 and 0.2%, with no 

observed toxicity events. The multivariable model had a Pearson correlation 

coefficient of 0.75 (p=0.013) suggesting a good correlation between the model 

predictions and the actual rate of toxicity by decile. This was plotted in Figure 

5.9. This demonstrates a close correlation between the predicted and observed 

toxicity deciles up to the 20% toxicity rate. Above this, the confidence intervals 

become wider suggesting a less good fit to the data.  



155 
 
 

 

Figure 5.9 Plot of the actual and predicted oesophageal multivariable model toxicity rates. 
The blue line is the line of best fit, with the shaded grey area the 95% confidence interval. 
The black dotted line represents the line of unity. The dots represent the toxicity rate from 
each decile. 
 

There were no oesophageal toxicities in the Beatson dataset so application of 

putative dose constraints was not performed. Therefore, a subset of the whole 

dataset that had individual patient level data was used to validate possible 

constraints. The chosen doses were the maximum 5% dose (78.8Gy) and the 

maximum-likelihood dose (94.2Gy) for the multivariable models. The predicted 

5% toxicity rate was exceeded using the 94.2Gy cut off (albeit by 2%), but was 

met by the 78.8Gy limit (Table 5.21). Both the toxicity rate and the rate of 

chemotherapy were much higher in the patients treated above the putative 

constraints, with a rate of toxicity of 40.3% above 78.8Gy. It is difficult to 

separate how much of the increased toxicity is due to the concurrent 

chemotherapy and how much is due to the increased dose. It seems reasonable 

to use 94.2Gy (without chemo) as a dose constraint for several reasons. Firstly, 

78.8Gy is too low a cumulative dose to facilitate radical re-irradiation doses. 
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There is a relatively small 4% increase in toxicity with the higher dose constraint 

with the observed values, which may be due to random variation. Finally, the 

upper 95% bootstrapped confidence interval is 9.5%, indicating that the true 

toxicity rate is likely to be within an acceptable range.  

The multivariable model predicted a significant increase in toxicity where 

concurrent chemotherapy was used. Therefore, it may be prudent to limit the 

use of concurrent chemotherapy in the re-irradiation setting to patients who had 

a low oesophageal dose at initial radiotherapy, where the cumulative Dmax to 

the oesophagus is less than 43Gy EQD2. 

 
Table 5.21 Testing multivariable model constraints on individual data. Gy: Gray, MV: 
multivariable model 

 
Number with 
no toxicity 

Number with 
toxicity 

Observed 
Toxicity rate (%) 

Concurrent 
chemo rate (%) 

Source of cut-off: MV model max 5% toxicity (no chemotherapy) 
<78.8 Gy 65 2 3.0 7.5 
³78.8 Gy 46 31 40.3 74.0 
Source of cut-off: MV model max-likelihood 5% toxicity (no chemotherapy) 
<94.2 80 6 7.0 19.8 
³94.2 31 27 46.6 77.6 

 

5.3.4.6 Oesophageal models discussion 

The multivariable model predicts a 5% risk of toxicity with no chemotherapy at a 

cumDmax EQD2 of 94.2Gy (95% CI 82.10, 106.37Gy). This analysis demonstrated 

a large risk increase with concurrent chemotherapy, where if given, the 20% and 

30% toxicity rates with chemotherapy were predicted at 79.2 and 91.7Gy 

respectively, doses that could be reasonably given in a clinical situation. The 

model predictions (when split by decile) have a strong correlation (R=0.75) with 

the corresponding actual toxicity rate. 

Of the variables assessed, the cumulative dose and the use of concurrent 

chemotherapy were significant factors. Interestingly, the model that has the 

best fit to the data was the univariable model with the cumulative dose, 

suggesting that chemotherapy did not improve the model fit. However, there is 
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significant clinical data that chemotherapy does affect toxicity rates, and is a 

relevant clinical question, as chemotherapy may have a role in recurrent disease 

to radiosensitise tumours. Therefore, the multivariable model was chosen for 

further analysis to assess the toxicity rates with and without chemo. In the 

multivariable model, chemotherapy reduces the dose at which toxicity occurs is 

unsurprising given that concurrent chemotherapy are radiosensitisers. The 

magnitude of change is useful to know, as it allows for better counselling of 

patients and stricter planning constraints. Ultimately, patients would have been 

given concurrent chemotherapy for central nodal disease, therefore it would be 

very difficult to spare the oesophagus due to the likely proximity to the disease. 

There are no pre-clinical models assessing oesophageal re-irradiation, and the 

existing re-irradiation dose constraints suggest a cumDmax EQD2 range between 

75Gy and 110Gy161,174. Using 110Gy as the modelled dose (without concurrent 

chemotherapy) predicts a ³G3 toxicity rate of 9.4% (95% CI 5.7, 15.1%) implying 

that treating at 110Gy will be high risk. Even exceeding 105Gy using the cruder 

relative risk table is associated with a 14.8 times increased risk of toxicity (95% 

CI 2.0 – 107.8, p-value=0.01) compared to a cumDmax between 35-70Gy. 

However, the largest distance between the predicted and actual values in Figure 

5.9 is when the predicted toxicity rate is above 20%, suggesting that the model is 

less accurate beyond this. Nevertheless, the models and the data would support 

a more conservative cumulative oesophageal dose constraint than the highest 

current expert opinion of 110Gy EQD2. 

The toxicity which was modelled in the models are derived from 10 studies. Six 

studies presented data from re-irradiation of recurrent oesophageal cancer213-218. 

These studies accounted for 43 (87.8%) of the toxicities in the model. The use of 

concurrent chemotherapy was common in these patients (median rate 66%, 

range 0 – 100%). The techniques used were 3D-conformal therapy in three 

studies, either 3D-CRT or IMRT in two studies and exclusively IMRT in one study. 

The other four studies were retrospective reviews of re-irradiation in NSCLC 

which quoted oesophageal dose and toxicity114,122,127,220. The lung studies 

accounted for 6 ³G3 events. The re-irradiation treatment technique was IMRT in 

two studies, SABR and passive scatter proton therapy in one study each. The 
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concurrent chemotherapy rate was similar to the oesophageal re-treatment 

group (median 65.8%, range 24-100%). 

The difference in the tumour type re-irradiated is likely to significantly affect 

the model predictions. Re-irradiation of the oesophagus is likely to involve a 

longer part of the oesophagus and to a higher dose compared to the lung re-

irradiation plans where the dose and treated oesophageal volume will be 

minimised. In support of this, Yamaguchi et al. quoted a median field area of 

29cm2 (range 21-40cm2) for oesophageal re-irradiation, and Schlampp et al. gave 

a median length or oesophagus at lung re-irradiation of 1cm (range 0-17cm). The 

presence of an oesophageal tumour may also predispose patients to fistulate or 

perforate, making re-irradiation toxicity harder to accurately discern. 

Unfortunately, the volume of oesophagus irradiated was rarely quoted in the 

other studies. This means that the volume of oesophagus, which is likely to be 

an important factor in toxicity, was unable to be modelled.  

When the bootstrapped toxicity rate was limited to 5% (with no toxicity), the 

multivariable model predicted a maximum 5% toxicity rate at approximately 

78.8Gy, which was similar to the observed rate in the individual dataset (3.0%). 

In addition, the external Beatson cohort (where there was no concurrent 

chemotherapy) had 6 patients who exceeded this cut-off and had no toxicity. 

Only three patients exceeded the max-likelihood cut off of 94.2Gy and also had 

no toxicity.  The low numbers in this cohort limit how much can be concluded 

from this. Given the uncertainty about the role of the oesophageal volume and 

the role of concurrent chemotherapy, both the maximum-likelihood and the 

maximum 5% dose constraints may be conservative when applied to re-

irradiation of lung recurrences. This may be due to the volume of oesophagus 

involved is likely to be less compared to the data the models were built on, and 

the models are most representative of re-irradiation where a longer length of 

the oesophagus is irradiated.  

However, the gradient of the plotted curves for both models between 5% and 

10% are shallow (with the multivariable model predicting 5 and 10% toxicity at 

94.2 and 111.6Gy respectively). Therefore, exceeding the dose constraints will 

have a small increase in risk which may be acceptable to clinicians and patients 

when weighed against the risk of progressive disease. 
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The dataset has other sources of inaccuracy. Several studies quote dose to 1cc 

(D1cc) rather than cumulative Dmax. The effect of this would be to 

underestimate the delivered Dmax. In addition, one study combined 

hyperthermia with re-irradiation213. The data from this study were included as 

the study authors found that hyperthermia had no influence on toxicity. Another 

study grouped Grade 2-4 toxicity together, therefore a small number of toxic 

events may be grade 2 rather than ³G3 events218. In some studies, the actual 

oesophageal dose was not quoted214,215,217. As these studies were relating to 

oesophageal retreatment, it was assumed that the oesophageal Dmax is 

equivalent to the PTV dose. This may underestimate the dose as there may be 

dosimetric hot-spots in the PTV which could make the cumDmax higher than the 

prescription dose. The grouping of early and late toxicity can be misleading. 

Early grade 3 oesophageal toxicity (oesophagitis) is likely to recover (although is 

severe enough to warrant hospitalisation), whereas late oesophageal toxicity 

(stricture, fistula, perforation) is likely to be permanent. This was done to 

ensure that any serious toxicity was included in the model and to ensure large 

enough events for the modelling to be statistically valid. To compensate for the 

different outcomes, where early toxicity was quoted, the EQD2 was calculated 

using an α/β of 10 to ensure that the dose and biological effect are congruent. 

Early Grade 3 toxicity represented 38.5% of the toxicity in the dataset, with 

early or late grade 4 and 5 toxicity with 45.6% , therefore the model should be 

viewed as more representative of higher grade toxicity. 

The evaluation of the model fit shows a high correlation when using the rate of 

toxicity when split by deciles. This was calculated by grouping the predicted and 

the actual toxicity rate together. This method therefore does not accurately 

assess each individual data points’ accuracy. This approach was used because 

some data points are derived from cohorted study data, and the number of 

patients in each cohort was generally small, and in some cases, was only one 

patient. The low numbers involved would result in the binomial variance of the 

observed rate for each cohort being very large. This would create significant 

uncertainty around each data point. By grouping the observed data into deciles, 

this reduces the uncertainty inherent in a cohort-by-cohort analysis with low 

numbers and allows for an evaluation of model performance.  
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In summary, the bootstrapped maximum-likelihood 5% toxicity risk dose from the 

multivariable model is 94.2Gy without chemotherapy. The maximum-likelihood 

constraint was chosen over the maximum 5% dose limit as this dose constraint 

was probably too cautious and allows the clinician to give 15Gy more dose at re-

irradiation with little increase in risk. The model is largely based on oesophageal 

retreatments and therefore assume a large volume of oesophagus is re-

irradiated. Therefore, these predictions may be too cautious when applied to re-

irradiation for lung cancer where the oesophageal volume may be less.  

5.3.4.7 Conclusions 

Multivariable dose toxicity models were derived from the oesophageal re-

irradiation dataset. The use of concurrent chemotherapy increases the likelihood 

of ³G3 toxicity using the multivariable model. The bootstrapped dose constraints 

for the multivariable model (no chemotherapy) suggested a maximum-likelihood 

5% toxicity rate at 94.2Gy. 

 

5.3.5 Models for lung 

Lung dose/toxicity models were created using a dataset from 15 studies 

summarised in Table 5.22 and Table 5.23. The data was collected between 2005 

and 2021. The lowest median values where ³Grade 3 toxicities were seen were 

cumulative MLD (cumMLD) of 11.5Gy, cumulative V5 (cumV5) of 28.9% and 

cumulative V20 (cumV20) of 13.2%. These were the cumulative doses quoted in 

the studies; no modifications were made when transcribing the cumulative doses 

into the database. 

There were missing data in each potential lung predictor variable. There were 

71 missing cases in the cumMLD data from a total of 476 patients. There was no 

significant difference in the rate of toxicity in the missing cumMLD data group 

(2/71 events in the missing data, 35/405 events in the no missing cumMLD group, 

Fisher’s exact p-value 0.145).  

There were 215 cases with no cumV5 data, and there was a significantly lower 

rate of toxicity in the missing cumV5 group than the group which reported 
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cumV5 (5/215 event in the missing data, 32/261 in the cumV5 reported group, 

Fisher’s exact p-value <0.001). There were 93 cases with no cumV20 data and 

383 with cumV20 data, but there was no significant difference in the rate of 

toxicity between those groups (3/93 events in the missing data, 34/383 in the no 

missing data group, Fisher’s exact p-value 0.083). 

For all cases with missing data, no data imputation was performed, and when 

modelling using those variables, those cases with missing data were excluded 

from the analysis. 
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Table 5.22 List of studies used to form the lung dataset. The total number of patients included is 476, from 15 studies. EQD2: equivalent dose in 2 Gray 
fractions, est: estimated, Fr: fractions, IMPT: intensity modulated proton therapy, IMRT: intensity modulated radiotherapy, NR: not recorded, RBE: relative 
biological effectiveness, Re-RT: re-irradiation, SABR: stereotactic ablative radiotherapy 

Paper n Individual 
data/Grouped 

Treatment 
span 

Median initial prescription 
dose/fr 

Median re-RT prescription dose/fr Re-treatment 
Technique 

Meijneke175 20 Grouped 2005-2021 60 (30-60)Gy/3 (1-25)fr 51 (20-60)Gy/5 (3-10) fr 90% SABR, 10% 
Conventional  

McAvoy122 33 Grouped 2006-2011 63 (40-74)Gy/ 33 (4-59)fr 66 (16.4-75)Gy RBE/32 (9-58) fr Proton (passive 
scatter) 

Owen219 18 Grouped 2006-2012 60 (39-70)Gy/30 (12-35) fr 50 (40-60)Gy/4 (3-10) fr SABR 
Kilburn130 33 Grouped 2001-2012 60 (22.5-80.5)Gy/30 (1-37)fr 50 (20-70.2)Gy/ 10 (1-35) fr SABR in 91% 
Sumita124 21 Grouped 2007-2014 EQD2 60 (43.–-87.5)Gy (10) EQD2 60 (50-87.5)Gy (10) Conventional 90%, 

Proton 10% 
Binkley220 38 Individual 2008-2014 50 (20-74)Gy/4.5 (1-37)fr 50 (20-177.5)Gy/ 4 (1-54) fr (including 

multiple re-RT courses) 
SABR 73.7%, 
Conventional 26.3% 

Karube225 29 Individual 2007-2014 46 (34-61.2)Gy RBE/1 (1-9)fr 60 (54-72)Gy/12 (12) fr Carbon ion 
Ren147 67 Grouped 2010-2017 EQD2 56 (3–-260)Gy (10) EQD2 54 (14-240)Gy (10) Conv IMRT 89.6%, 

SABR 10.4% 
Ho126 27 Grouped 2011-2016 EQD2 60 (36-226.8)Gy EQD2 66 (43.2-84)Gy Proton (IMPT) 
Hong222 31 Grouped 2005-2016 EQD2 66 (43.13-125) Gy EQD2 57.2 (36-110)Gy IMRT 67.7%, SABR 

32.3% 
Kennedy136 21 Grouped 2008-2017 54 (50-54)Gy/ 3 (3-5) fr 50 (50-54)Gy/5 (3-5) fr SABR 
Ricco168 44 Grouped 2012-2017 54 (45-70.2)Gy/3 (NR) fr 50 (39-54)Gy/4 (NR) fr SABR 
Schlampp127 62 Grouped 2010-2015 60 (36-70)Gy/32 (13-38) fr (est) 38.5 (20-60)Gy/19 (3-30) fr (est) IMRT 
Schroder208 30 Grouped 2011-2017 NR NR SABR 
Yang128 2 Individual 2009-2017 NR NR IMRT 
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Table 5.23 List of studies used to form the lung dataset. cumMLD: cumulative mean lung dose, cumVx: cumulative volume receiving at least x Gray, f/u: 
follow-up, NR: not recorded, Re-RT: re-irradiation 

Paper cumMLD cumV5 cumV20 Interval 
(months, 
range) 

Chemo % rate 
with re-RT 

Any Grade 
3-5 toxicity 
(%) 

F/u post re-RT 
(months, range) 

Uncertainty 

Meijneke175 15 (4.2-
27.6) 

41 (8-
72) 

15 (3-47) 17 (2-33) 0 0 12 (2-52) 
 

McAvoy122 17.8 (6.94-
37.4) 

45 (23-
81) 

24 (12-
65) 

36 (2-376) 24 15.2 11 (1.4-32.4) 
 

Owen219 17.8 (6-
26.6) 

62.4 29.6 18.4 (1.5-
112.8) 

0 0 21.2 (3.4-50.2) 
 

Kilburn130 NR NR 26 (5-40) 18 (6-61) 0 6.1 17 (NR) 
 

Sumita124 12 30 17 26.8 
(11.4-
92.3) 

5 4.8 22.1 (2.3-56.4) 
 

Binkley220 NR NR 15.6 
(3.8-
38.4) 

16 (1-71) 31.6 0 17 (3-57) 
 

Karube225 7.3 (2.6 -
14) 

15.1 
(7.4-
27.6) 

9.8 (4.1-
19.7) 

20 (8-99) 0 0 29 (4-88) 
 

Ren147 17.3 (NR) 68.1 
(NR) 

28 (NR) 16 (2-96) 28.4 26.9 9 (4-76) 
 

Ho126 14.5 (7-
22.5) 

48.9 
(0.4-
71.7) 

23.8 (0-
36.7) 

29.5 (0.1-
212.3) 

48 7.4 11.2 (2.4-48.5) Composite plans were available for 
only 1 of the 2 patients who had 
grade 3 toxicity 
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Hong222 9.77 (NR) NR NR 15.1 (4.4-
56.3) 

61.3 0 17.4 (4.8-76.8) 
 

Kennedy136 5.5 (3-9) NR 12 (6.4-
16.5) 

23 (7-52) 0 0 24 (3-60) 
 

Ricco168 11.5 (4.55-
26.52) 

37.45 
(14.2-
78) 

13.2 
(3.8-
46.1) 

7 (NR) 0 4.5 24 (4-84) Multiple courses to the lung (30 
had only 2, 14 had 3 or more) 

Schlampp12

7 
19 (8.1-33) NR NR 14 (3-103) 0 4.8 8.2 (0-27) 

 

Schroder208 11.1 (3.3-
17.9) 

NR 14.9 
(2.7-
36.7) 

14 (2-184) 0 0 13 (1-45) Uses a subset of the original 42 
patients 

Yang128 19.9–- 
23.2 

28.9-
93.4 

28.8-
38.2 

NR 0 100 NR Uses a subset of 50 patients which 
give the cumulative doses 
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There were 476 patients included in the dataset with 37 ³G3 toxic events (Table 

5.24). There was a significant difference in the rate of toxicity when the 

cumMLD, cumV5, cumV20 and concurrent chemotherapy rate were split by their 

median values (Table 5.25) with higher toxicity rates seen in the group that 

exceeded the median values. 

Table 5.24 Summary of lung dataset. MLD: mean lung dose, Vx: volume of lung receiving at 
least x Gray 

  Missing values 
Number of trials:  15  
Number of patients: 476  
Number of ³Grade 3 events 37  
Median interval from initial 
treatment and re-irradiation 

16 months (1-71) 
 

4 

Use of concurrent 
chemotherapy 

66/476 (13.9%) 0 

Median MLD (range) 14.5Gy (5.5 – 23.2) 71 
Median V5 (range) 45% (15.1 – 93.4) 215 
Median V20 (range) 17.6% (3.8 – 38.4) 93 

 

Table 5.25 Results of χ2 and Fisher’s exact tests when lung dataset split by median values. 
cumMLD: cumulative mean lung dose, cumVx: cumulative volume receiving at least x Gray, 
G3: grade 3 

 No toxicity ³G3 Toxicity (% 
rate) 

p-value 

Median cumMLD 
(Gy, n=405) 

   

£14.5 198 5 (2.5)  
>14.5 172 30 (14.9)  
   <0.001* 
Median cumV5 (%, 
n=261) 

   

£45% 137 11 (7.4)  
>45% 92 21 (18.5)  
   0.011* 
Median cumV20 
(%, n=383) 

   

£17.6 189 3 (1.6)  
>17.6 160 31 (16.2)  
   <0.001* 
Median interval 
(months, n=472) 

   

£16 228 25 (10.0)  
>16 207 12 (5.5)  
   0.109 
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Median concurrent 
chemotherapy 
rate (%, n=476) 

   

0 282 9 (3.1)  
>0 157 28 (15.1)  
   <0.001* 

 

The lung metrics (cumMLD, cumV5, cumV20) interval and concurrent 

chemotherapy had p-values of <0.2 on univariable logistic regression but all were 

non-significant on multivariable modelling. Concurrent chemotherapy was 

significant on univariable logistic regression (Table 5.26) and was combined with 

each lung metric to form multivariable models. The lung metrics all had p-values 

<0.001 and therefore were all combined into a multivariable model; none of the 

predictors were significant. The lung metrics were combined to form two 

variable models (cumMLD/cumV5, cumMLD/cumV20 and cumV5/cumV20). Only 

cumMLD was significant in these models. Subsequently, the lung metrics were 

combined individually with concurrent chemotherapy to form two-variable 

multivariable models. The cumMLD/concurrent chemotherapy model was 

significant, but concurrent chemotherapy was not significant when paired with 

cumV5 and cumV20, albeit with p-values <0.2.  

Table 5.26 Summary of lung dataset univariable and multivariable modelling. cumMLD: 
cumulative mean lung dose, cumVx: cumulative volume receiving at least x Gray 

Predictor Toxicity P-value Number 
Univariable modelling results 
cumMLD Grade ³3  <0.001* 405 
cumV5 Grade ³3  <0.001* 261 
cumV20 Grade ³3  <0.001* 383 
Interval Grade ³3  0.181     472 
Chemotherapy Grade ³3  0.037*     476 
Multivariable modelling results 
cumMLD Grade ³3 0.073 261 
cumV5 Grade ³3  0.480 
cumV20 Grade ³3  0.870 
Interval Grade ³3  0.314 
Chemotherapy Grade ³3  0.104 
Multivariable combinations 
cumMLD Grade ³3  0.046* 261 
cumV5 Grade ³3  0.623 
cumV20 Grade ³3  0.739 
Chemotherapy Grade ³3  0.139 
Multivariable combinations with chemotherapy 
MLD/Chemo 



167 
 
cumMLD Grade ³3 <0.001* 405 
Chemotherapy Grade ³3 0.002* 
V5/Chemotherapy 
cumV5 Grade ³3 0.002* 261 
Chemotherapy Grade ³3 0.177 
V20/Chemotherapy 
cumV20 Grade ³3 <0.001* 383 
Chemotherapy Grade ³3 0.128 
Multivariable combinations with lung indices 
MLD/V5/V20 
cumMLD Grade ³3 0.093 261 
cumV5 Grade ³3 0.697 
cumV20 Grade ³3 0.894 
MLD/V5 
cumMLD Grade ³3 0.010* 261 
cumV5 Grade ³3 0.450 
MLD/V20 
cumMLD Grade ³3 0.045* 312 
cumV20 Grade ³3 0.546 
V5/V20 
cumV5 Grade ³3 0.997 261 
cumV20 Grade ³3 0.055 

 

The univariable models for cumMLD, cumV5 and cumV20 were compared against 

the following multivariable models (cumMLD/chemo, cumV5/chemo and 

cumV20/chemo) using leave one out cross validation to identify the model with 

the best fit to the data. The cumMLD/chemo, the univariable cumV5 and 

cumV20 models had a better fit to the data (see Table 5.27) and were further 

assessed to find putative dose constraints. 

Table 5.27 Leave one out cross validation values for univariable and multivariable 
chemotherapy models. cumMLD: cumulative mean lung dose, cumVx: cumulative volume 
receiving at least x Gray, LOOCV: leave one out cross validation  

 LOOCV value 
MLD models 
cumMLD 124.31 
cumMLD/chemo 121.61 
cumV5 models 
cumV5 92.44 
cumV5/chemo 102.30 
cumV20 models 
cumV20 106.31 
cumV20/chemo 107.00 
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5.3.5.1 Cumulative MLD model 

The relative risk of toxicity was divided into 3Gy subgroups between a cumMLD 

of 10 and 19Gy, with the reference category 10-13Gy. There was a significant 

increase in relative risk between a cumMLD of 16-19Gy (Table 5.28). 

 
Table 5.28 Relative risk table for the cumulative mean lung dose dataset. CI: confidence 
interval, NA: not applicable. 

Range Number Grade 3+ 
events 

Relative 
risk 

Lower 
95% CI 

Upper 
95% CI 

P-value 

<10 81 0 NA NA NA NA 
10-13 95 3 1 0.21 4.83 1 
13-16 47 2 1.35 0.23 7.79 0.75 
16-19 118 25 6.71 2.09 21.55 <0.01 
>19 64 5 2.47 0.61 9.99 0.20 

 

The multivariable model expression is: 

P(³G3 toxicity|X) = Φ(-9.9872 + 0.4218X1 + 4.3753X2) 

Where X1=cumulative MLD and X2=concurrent chemotherapy rate. This model is 

plotted in Figure 5.10. The 20% toxicity rate with chemotherapy is predicted at a 

cumMLD of 10.02Gy (95% CI 8.45, 11.58Gy). The 20% toxicity rate without 

chemotherapy is predicted at a cumMLD of 20.39Gy (95% CI 18.83, 21.95). The 

10% and 30% toxicity rates without chemotherapy are 18.47Gy (95% CI 17.06, 

19.87) and 21.67Gy (95% CI 19.71, 23.63) respectively. The 95% confidence 

interval for cumulative MLD that gives 20% toxicity rate using 2000 block 

bootstrapped samples with and without chemotherapy are -36.23, 32.74Gy and 

15.90, 34.68 respectively. 

The multivariable model unexpectedly found that concurrent chemotherapy was 

a significant factor, whereas it was not significant with the other lung metrics. 

The addition of concurrent chemotherapy in a large meta-analysis did not 

increase the incidence of pneumonitis, therefore the most likely cause of lung 

toxicity is the mean lung dose57. To better explore this, the univariable 

cumulative mean lung dose was also assessed. 

The univariable cumulative MLD model expression is: 
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P(³G3 toxicity|X) = Φ(-9.9872 + 0.4218X1) 

Where X1=cumulative MLD. This model is plotted in Figure 5.11. The 20% toxicity 

rate at a cumMLD of 19.26Gy (95% CI 17.56, 20.96Gy).  The 10% and 30% toxicity 

rates are 16.31Gy (95% CI 14.98, 17.65) and 21.21Gy (95% CI 18.79, 23.64) 

respectively. The 95% confidence interval for cumulative MLD that gives a 20% 

toxicity rate using 2000 block bootstrapped samples are 16.60, 29.41Gy. 

 

Figure 5.10 Plot of cumulative mean lung dose multivariable model. The blue line is the 
fitted regression model without chemotherapy, the orange line represents the fitted 
regression model with chemo, the red dotted line indicates the 20% toxicity level. The dots 
represent the toxicity rate from each individual paper coded by colour, with the size of the 
dots proportional to the number of patients in the study, vertical bars are the 68% binomial 
confidence interval, horizontal bars represent the range of the doses, due to overlapping 
data points, the scatter plot has been jittered. 
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Figure 5.11 Plot of cumulative mean lung dose univariable model. The blue line is the fitted 
regression model without chemotherapy and the red dotted line indicates the 20% toxicity 
level. The dots represent the toxicity rate from each individual paper coded by colour, with 
the size of the dots proportional to the number of patients in the study, vertical bars are the 
68% binomial confidence interval, horizontal bars represent the range of the doses, due to 
overlapping data points, the scatter plot has been jittered. 

5.3.5.2 Cumulative V5 model 

There was no significant change in the relative risk of Grade 3 toxicity with 

increasing cumV5 when divided into 15% bins between 15–- 60% with the cumV5 

15-30% as the reference risk (Table 5.29). However, the relative toxicity risk is 

significantly higher (8.64, 95% CI 1.21, 61.56) when the cumV5 exceeds 60% 

compared to a cumV5 between 15-30%. 
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Table 5.29 Relative risk table for the grouped cumulative V5 dataset. CI: confidence interval, 
NA: not applicable. 

Range Number Grade 3+ 
events 

Relative 
risk 

Lower 
95% CI 

Upper 
95% CI 

P-value 

<15 0 0 NA NA NA NA 
15-30 30 1 1 0.07 15.26 1 
30-45 85 3 1.06 0.11 9.79 0.96 
45-60 60 9 4.5 0.60 33.89 0.14 
>60 66 19 8.64 1.21 61.56 0.03* 
 
Model expression: 

P(³G3 toxicity|X) = Φ(-4.7294+ 0.0531X) 

Where X=cumulative V5. This model is plotted in Figure 5.12. The 20% toxicity 

rate is predicted at a cumV5 of 62.95% (95% CI 55.07, 70.82%). The 95% 

confidence interval for cumulative V5 that gives 20% toxicity rate, using 2000 

block bootstrapped samples, is 13.14 – 148.93%. The 10 and 30% toxicity rates 

are estimated at 47.68 (95% CI 39.13, 56.22) and 73.10 (95% CI 62.15 – 84.04) 

respectively. 
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Figure 5.12 Plot of cumulative V5 univariable model. The blue line is the fitted regression 
model, and the red dotted line indicates the 20% toxicity level. The dots represent the 
toxicity rate from each cohort or individual coded by colour, with the size of the dots 
proportional to the number of patients in the study, vertical bars are the 68% binomial 
confidence interval, horizontal bars represent the range of the doses, due to overlapping 
data points, the scatter plot has been jittered. 

 

5.3.5.3 Cumulative V20 model 

The relative risk table for cumulative V20Gy demonstrates a trend for increasing 

relative risk as the cumV20 increases, and values over 24% have a significantly 

higher risk compared to the reference range (12-18%, Table 5.30). The relative 

risk of ³G3 toxicity of the cumV20 24-30% group is approximately 9 times higher 

when using cumV20 between 12-18% as the reference risk. 
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Table 5.30 Relative risk table for the grouped cumulative V20 dataset.  CI: confidence 
interval, NA: not applicable. 

Range Number Grade 3+ 
events 

Relative 
risk 

Lower 
95% CI 

Upper 
95% CI 

P-value 

<12 40 0 NA NA NA NA 
12-18 152 3 1 0.21 4.88 1 
18-24 35 2 2.90 0.50 16.68 0.24 
24-30 153 28 9.27 2.88 29.86 <0.01* 
>30 3 1 16.89 2.39 119.13 <0.01* 

 

The model expression for the cumulative V20 model is: 

P(³G3 toxicity|X) = Φ(-6.2712+ 0.1720X) 

Where X=cumulative V20. The 20% toxicity rate is predicted at a cumulative V20 

of 28.41% (95% CI 25.92, 30.00%). The 10% and 30% toxicity rates are predicted 

for 23.69 (95% CI 21.43, 25.95) and 31.54 (95% CI 28.17 – 34.91) respectively. 

The bootstrapped 95% confidence interval is for the 20% toxicity rate is 25.63, 

47.80%. This model is plotted in Figure 5.13. 
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Figure 5.13 Plot of cumulative V20 univariable model. The blue line is the fitted regression 
model, and the red dotted line indicates the 5% toxicity level. The dots represent the toxicity 
rate from each cohort or individual coded by colour, with the size of the dots proportional to 
the number of patients in the study, vertical bars are the 68% binomial confidence interval, 
horizontal bars represent the range of the doses, due to overlapping data points, the scatter 
plot has been jittered. 

5.3.5.4 Development of lung constraint values 

The cumMLD multivariable model estimated the dose that gives a 20% rate of 

toxicity is 20.39Gy. When this dose is used to calculate the risk using the 2000 

bootstrapped samples, the 95% CI for risk is 4.2% to 99.5%. The upper limit of 

risk for the bootstrapped samples was fixed at 20% and the highest dose which 

meets this criterion is 16.02Gy (95% CI for risk of <0.1% to 20%). The same 

process was used to develop bootstrapped dose constraints for the cumMLD 

univariable model, cumV5 and cumV20 model and the results are summarized in 

Table 5.31. 
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Table 5.31 Development of lung dose constraints using block bootstrapping. All models 
assumed no concurrent chemotherapy. CI: confidence interval, cumMLD: cumulative mean 
lung dose, cumVx: cumulative volume receiving at least x Gray, MV: multivariable model, 
UV: univariable model. 

Model Model dose Risk 95% CI lower 
limit risk (%) 

95% CI upper 
limit risk (%) 

cumMLD (MV 
model – no 
chemo) 

20.39 Gy 20% 4.2 99.5 

 16.02 Gy Maximum 20% <0.1 20 
cumMLD – UV 
model 

19.26 20% 5.4 52.3 

 16.65 Maximum 20% 3.4 20 
cumV5Gy 62.95% 20% 4.6 50.6 
 48.36% Maximum 20% 3.5 20 
cumV20Gy 28.41% 20% 5.5 31.1 
 25.70% Maximum 20% 4.1 20 

 

5.3.5.5 Evaluation of lung models 

All three models were assessed using a Hosmer Lemeshow goodness of fit test. 

The cumMLD and cumV20 models were non-significant indicating a good fit 

between the model predictions and the observed toxicity. The cumV5 model was 

significant suggest that the predictions were not a good fit (Table 5.32). 

Likewise, the Pearson correlation coefficients for the cumMLD and V20 models 

were over 0.7 (and significant) suggesting that the predictions had reasonable 

correlation with the observed rates, whereas the cumV5 model did not correlate 

well. The observed against predicted toxicity rates are plotted for each model in 

Figure 5.14, Figure 5.15, Figure 5.16 and Figure 5.17.  

 
Table 5.32 Summary of Hosmer Lemeshow and Pearson correlation tests for lung models. 
CI: confidence interval, cumMLD: cumulative mean lung dose, cumVx: cumulative volume 
receiving at least x Gray, MV: multivariable model, UV: univariable model. 

Model Hosmer-Lemeshow 
p-value 

Pearson 
correlation 
coefficient 

Pearson p-
value 

cumMLD (MV model) 0.625 0.75 0.01* 
cumMLD (UV model) 0.628 0.81 <0.01* 
cumV5Gy <0.01* 0.54 0.10 
cumV20Gy 0.938 0.71 0.02* 
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Figure 5.14 Plot of the actual and predicted cumulative mean lung dose multivariable model 
toxicity rates. The blue line is the line of best fit, with the shaded grey area the 95% 
confidence interval. The black dotted line represents the line of unity. The dots represent 
the toxicity rate from each decile. 
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Figure 5.15 Plot of the actual and predicted cumulative mean lung dose univariable model 
toxicity rates. The blue line is the line of best fit, with the shaded grey area the 95% 
confidence interval. The black dotted line represents the line of unity. The dots represent 
the toxicity rate from each decile. 



178 
 

 

Figure 5.16 Plot of the actual and predicted cumV5Gy model toxicity rates. The blue line is 
the line of best fit, with the shaded grey area the 95% confidence interval. The black dotted 
line represents the line of unity. The dots represent the toxicity rate from each decile. 
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Figure 5.17 Plot of the actual and predicted cumV20Gy model toxicity rates. The blue line is 
the line of best fit, with the shaded grey area the 95% confidence interval. The black dotted 
line represents the line of unity. The dots represent the toxicity rate from each decile. 
 
The model 20% dose predictions and the bootstrapped 20% maximum constraints 

were tested against the external Beatson cohort for all models. The cumV20 

dose constraints were also applied to the individual data (as this was the only 

lung metric that had individual data). None of the suggested dose constraints 

offered good discrimination between the higher and lower doses when tested 

with the external cohort, with some showing a higher toxicity rate below the 

cut-off than above it (e.g., the cumMLD and cumV20 models, Table 5.33). The 

cumV20 cut-offs predicted a low toxicity rate of 5.9% below both cut-offs, and 

50% above them, when applied to the individual data (Table 5.34).  
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Table 5.33 Testing lung dose constraints on external Beatson cohort. CI: confidence 
interval, cumMLD: cumulative mean lung dose, cumVx: cumulative volume receiving at least 
x Gray, MV: multivariable model, UV: univariable model. 

 Number with no 
toxicity 

Number with 
toxicity 

Toxicity rate (%) 

cumMLD MV model 20% toxicity 
<20.4 Gy 26 12 31.2 
>20.4 Gy 1 0 0 
cumMLD MV model maximum 20% toxicity 
<16.0 Gy 21 11 34.4 
>16.0 Gy 6 1 14.3 
cumMLD UV model 20% toxicity 
<19.3 Gy 25 11 30.6 
>19.3 Gy 2 1 33.3 
cumMLD UV model maximum 20% toxicity 
<16.7 Gy 21 11 34.4 
>16.7 Gy 6 1 14.3 
cumV5 model 20% toxicity 
<63.0% 23 9 28.1 
>63.0% 4 3 42.9 
cumV5 model maximum 20% toxicity 
<48.4% 11 5 31.3 
>48.4% 16 7 30.4 
cumV20 model 20% toxicity 
<28.4% 22 11 33.3 
>28.4% 5 1 16.7 
cumV20 model maximum 20% toxicity 
<25.7% 20 9 31.0 
>25.7% 7 3 30.0 

 
Table 5.34 Testing cumV20 constraints on individual dataset. CI: confidence interval, 
cumMLD: cumulative mean lung dose, cumVx: cumulative volume receiving at least x Gray, 
MV: multivariable model, UV: univariable model. 

 
Number with no 
toxicity 

Number with 
toxicity 

Toxicity rate (%) 

cumV20 model 20% toxicity 
<28.4% 32 2 5.9 
>28.4% 2 2 50 
cumV20 model maximum 20% toxicity 
<25.7% 32 2 5.9 
>25.7% 2 2 50 
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5.3.5.6 Lung models discussion 

Four models were created to model the cumulative MLD, cumulative V5 and 

cumulative V20 and ³G3 lung toxicity. Interestingly, the dose predictions for a 

20% risk of grade 3 toxicity are lower than the dose constraints at initial 

radiotherapy (grade two or above toxicity seen at MLD< 20-23Gy and V20<30-

35%), as suggested in the QUANTEC lung study226. This implies that there is little 

or no lung recovery over time, and possibly that a lower dose results in severe 

toxicity with repeated radiotherapy. It may also reflect that the re-irradiation 

models used a ³G3 toxicity endpoint, whilst QUANTEC used a ³G2 toxicity.  

The QUANTEC predictions are similar to other studies that analyse the risk of re-

irradiation pneumonitis. Liu et al. also found that the cumulative V20 >30% had a 

higher risk of toxicity in 72 patients, previously treated with conventionally 

fractionated radiotherapy and re-irradiated with SABR149. Schlampp et al. 

reported a median cumMLD of 19Gy and had a ³G2 toxicity risk of 19.3%. Ren et 

al. found that a cumulative V5 >68.3% had a higher risk of ³G3 pneumonitis from 

a cohort of 67 patients who had either local or SPLC147. The cumV5 model, using 

an outcome of grade 3 or above toxicity, is similar to the Ren paper. The 

cumMLD and cumV20Gy model results predict grade 3 toxicity, therefore making 

comparisons to Schlampp and Liu’s studies difficult. 

The model findings are potentially congruent with the pre-clinical research on 

lung re-irradiation. Terry et al. irradiated whole mice lungs with a priming dose 

of either 6, 8 or 10Gy and then repeated the dose at monthly intervals until 6 

months141. A marked reduction in radiation tolerance was seen for all groups at 1 

month, but the mice primed with 6 and 8Gy doses, recovered almost complete 

lung tolerance by 3 months. However, the mice treated initially with 10Gy never 

recovered complete tolerance. Both the groups treated with 10Gy and 6Gy after 

the 3-month time point had reduced re-irradiation tolerance by month 6. This 

was the trend for all groups. The radiation dose given in the first treatment had 

a significant effect on the subsequent re-irradiation tolerance. 

One criticism of this murine study is that the follow up period was too short. 

Pathophysiologically, the acute transient inflammation peaks after 3-4 months 

post-radiotherapy, followed by the slower fibrotic process that starts nine 
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months after irradiation227. If the experiment follow-up was longer, it may have 

shown further reduction in re-irradiation tolerance, especially given the trend 

for decreasing re-irradiation tolerance in all groups at 6 months. However, the 

follow-up time is sufficient to investigate the influence of the size of the initial 

radiation dose. This finding from the mouse study has been replicated in clinical 

practice by Ren et al., who identified initial MLD as having the highest effect on 

hazard ratio of toxicity at re-irradiation147. Additionally, Terry et al. treated the 

whole mouse lung, and therefore it may be difficult to extrapolate the data to 

humans, where partial lung irradiation is commonplace.  

The dose predictions of the models are similar to the expert dose constraints 

proposed by Hunter et al. although other groups suggesting individualised dose 

limits161. The American Radium Society guidelines suggest cumulative 

V20<40%160. If a patient was treated with a cumulative V20 of 40%, the model 

predicts a toxicity risk of 64.7%. 

There are several sources of potential error in the lung models. The cumulative 

lung doses are difficult to measure. This is because of the way the V20 and V5 

lung metrics are calculated. The lung V20 measurement at the first course of 

radiation is a measurement of the number of voxels receiving ³20Gy in the 

volume contoured as lung. The cumulative V20 is difficult to calculate because 

the initial radiotherapy may have caused lung fibrosis thereby changing the 

shape of the lungs, or the planning scan was in a different phase of respiration. 

Therefore, the re-irradiation lung contours and dose contours would have to 

undergo deformable image registration to the volume of lung at initial 

radiotherapy. This process is prone to error, as deformable dose registration 

uses an algorithm to warp the re-irradiation image into the shape of the lung at 

initial treatment. This may cause underdosing or overdosing, depending on the 

deformation. In addition, there are different commercial programs which do 

this, and each may give a different solution depending on the proprietary 

algorithms used170. This would lead to dosimetric uncertainty in all the studies in 

the lung dataset. 

The outcome measures are inconsistent. The RTOG toxicity scale describes grade 

2 toxicity as persistently symptomatic, and grade 3 as needing steroids or 
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oxygen. The CTCAE uses activities of daily living as a guide, with impaired self-

care being the hallmark of grade 3 toxicity. The SWOG grading defines steroid 

use as grade two, and oxygen as grade 3. Therefore, there may be 

misrepresentation of the true toxicity patients experienced as there was no 

consistent toxicity scale used. This discrepancy is highlighted in a study where 

the RTOG and CTCAE scales were applied to the same group of 50 patients. The 

rate of grade three toxicity in the RTOG and CTCAE groups were 23% and 0% 

respectively228. This could affect the dose estimates made by the models. 

Other sources of error include the description of V20 and V5. The V20 whole lung 

minus PTV (V20WL-PTV) or V5 whole lung minus PTV (V5WL-PTV) are used and quoted 

in clinical practice. However, this is difficult in the re-irradiation context, as 

there is uncertainty in whether to exclude both the re-irradiation PTV and the 

initial PTV, or just the re-irradiation PTV. Most studies reported the V20 and V5 

without any subtraction of PTV, apart from Kennedy et al. who quoted PTV 

minus ITV in their study of 21 patients having SABR re-irradiation136. Some 

studies also corrected the V20, V5 and MLD to EQD2 values but the remaining 

studies used the physical dose168,208,220 The effect of this was analysed by Ricco 

et al. who noted that V5 to V5(EQD2) resulted in lower doses, MLD to MLD(EQD2) 

resulted in higher doses, and V20 to V20(EQD2) were approximately the same168. 

As the majority of the dose information comes from physical doses, assuming the 

correct approach is to use the EQD2 values, the cumV5 model would give a 

higher dose for a given toxicity rate, the cumMLD model would give a lower 

dose, and the cumV20 model would remain unchanged. 

The models also fail to include several factors that are likely to have an 

influence on the risk of re-irradiation toxicity, such as initial MLD, previous 

surgery, type of re-treatment, comorbidities and lung function tests. These were 

not included because the data was not available in the studies. The moderate 

correlation of the cumMLD and cumV20 models, and the poor discrimination 

when putative cut-offs were tested against the external Beatson cohort and the 

individual data, may be due to these uncontrolled factors. Interestingly, when 

the cumMLD multivariable model prediction cut-off was used, there was a trend 

that higher dose resulted in less toxicity, whereas the univariable model 

supported the model findings. This is in part due to the univariable model having 



184 
 
a flatter gradient by removing the effect of chemotherapy. However, only 3 

patients were re-classified by the change in dose cut-off from the multivariable 

to the univariable model, highlighting how the low numbers in the external 

group can lead to significant changes. In the external Beatson cohort, there 

were 12 ³G3 toxic events, occurring, with the lowest values of cumMLD, cumV5 

and cumV20 of 5.1Gy, 15.5% and 5.3% respectively. These values are similar to 

the dataset derived from published data and are below the suggested 

constraints, suggesting that there are other factors that influence toxicity 

development. 

The degree of overlap may be important in lung re-irradiation and these models 

do not include this factor. The lung is considered a parallel organ and is 

composed of functional sub-units. These can be damaged independently but the 

remaining undamaged units can still oxygenate blood. The organ fails once there 

are too few undamaged FSU to adequately transfer oxygen into the blood. In re-

irradiation where the PTVs overlap, the FSUs damaged by the initial 

radiotherapy will receive another large dose. However, if they are already non-

functional from the first dose of radiotherapy, it may make little difference to 

the lung function. However, in SPLC where the PTVs are spatially different, FSUs 

that were undamaged after the first course of radiotherapy are damaged by the 

second course. Therefore, in re-irradiation for SPLC, the total volume of lung 

treated may be greater than high overlap re-irradiation for local recurrence. 

Clinical evidence for this effect is seen in Ren et al. who found that the greater 

the overlap between the initial V5 and re-irradiation V5, the lower the risk of 

³G3 toxicity147.  

There would need to be many events in the dataset to produce reliable models 

exploring these multiple variables, requiring a large data collection of hundreds 

of patients. The amount and quality of data at present is not available to 

perform these analyses. Therefore, these models cannot be used in isolation to 

give the risk of toxicity to an individual patient. One limitation of the current 

data is that only 64 out of 405 (15.8%) of the cumMLD dataset and 3 out 383 

(0.8%) of the cumV20 dataset exceed the dose constraints used for initial 

radiotherapy. Therefore, the models have insufficient evidence to predict the 

toxicity rates at doses above these constraints as shown by the wide 95% 
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bootstrapped confidence intervals  for both the cumMLD and cumV20 models at 

higher doses. 

The ³G3 toxic events came from eight studies, four using conventionally 

fractionated radiotherapy, two using SABR and two using protons. Most of the of 

the events came from patients treated with CFRT (n=24, 68.6%) with only 4 

(11.4%) from SABR studies. This disparity is likely due to the small treatment 

volumes and high conformality of SABR treatments. The detection of 

pneumonitis or fibrosis is difficult, as there is a risk that these can be mis-

diagnosed as other conditions, most often chest infections. All the studies 

included in this dataset are retrospective reviews so this is a source of 

inaccuracy. The effect on the models if toxic events were overestimated would 

be to make the dose constraints more conservative than necessary.  

Despite the lack of correlation with the external Beatson datasets, the crude 

testing (median split and relative risk tables) indicate a proportional relationship 

of increasing toxicity with increasing dose. The median splits suggest higher 

toxicity at higher cumulative MLD, V5Gy or V20Gy and the relative risk tables 

show a significantly raised risk of toxicity at higher dose levels. On logistic 

regression, the cumMLD/chemo, the univariable cumMLD and the cumV20 

models were significant and fit the observed data well according to the Hosmer-

Lemeshow and Pearson correlation tests. The cumV5 model however fits poorly 

and this may be because the dataset used to form the model was smaller (n=261) 

than the other two models.  Other multivariable models with more than one lung 

metric were not significant, likely due to missing data leading to lower numbers 

in the multivariable models, or possibly due to collinearity between the metrics. 

In part, the lack of correlation of the models with the external data may be 

because the metrics studied are not the most useful to detect re-irradiation 

toxicity. Re-irradiation specific lung metrics may be needed to better 

discriminate between low and high risk than the standard metrics used in de 

novo radiotherapy. Candidate re-irradiation lung metrics may include the critical 

volume, the functional MLD/V5/V20 or the cumulative Dmax. The critical volume 

has been used in SABR studies and is the volume of lung receiving a given dose or 

less219. The concept of this metric is to identify a volume of normal lung 
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undamaged by radiotherapy (and therefore remains functional). This concept has 

been used in RTOG 0813 where a planning constraint of at least 1500cc of lung 

should be treated to 12.5Gy or less was applied229. The basis of this constraint is 

anecdotal from post-pneumonectomy surgical studies where a residual lung 

volume of 1.5 litres is sufficient for acceptable lung function230. Another option 

is to use functional MLD, V5 and V20 as metrics. These metrics are based on a 

four-dimensional ventilation/perfusion positron emission tomography-computed 

tomography (4D-V/Q PET-CT) pre-treatment. This scan allows delineation of 

functional lung, and therefore excludes the fibrotic lung post-initial 

radiotherapy, therefore providing a more accurate description of the actual 

MLD, V5 and V20. This approach has been demonstrated to reduce the dose to 

functional lung in initial lung radiotherapy but is yet to be applied in the re-

irradiation setting231. In addition, the cumulative Dmax is not well explored in 

this setting. Anecdotally, once lung has been treated to a high dose, it is 

fibrosed and considered inactive. Therefore, repeated higher doses through 

fibrosed lung may not cause more toxicity. However, the re-irradiation 

modelling results suggest that the lung may have greater sensitivity to repeat 

doses of radiation, which may indicate that the pre-treated fibrosed lung is not 

physiologically inactive. 

In summary, although the cumMLD and cumV20 models fit the data well, the cut-

offs when tested on the external dataset show poor discrimination. This may 

reflect several other factors which may influence toxicity. However, the model 

predictions suggest that there is little lung recovery therefore dose constraints 

for initial radiotherapy should be applied in the re-irradiation setting. 

5.3.5.7 Conclusions 

Three models were created to predict the ³G3 lung toxicity from re-irradiation. 

A 20% rate of toxicity is predicted at a cumMLD of 20.4Gy, a cumV5 of 63.0% and 

a cumV20 of 28.4%. The cumV5 model had a poor fit to the dataset whereas the 

cumMLD and cumV20 models had a good fit. The maximum likelihood predictions 

from the models and the bootstrapped maximum 20% dose constraints when 

applied to the external Beatson data did not provide discrimination in the 

toxicity rates above or below the constraints. However, the cumV20 model dose 

constraints did provide better discrimination when tested on the individual data 
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(cumV20<28.4% the toxicity rate was 5.9%, cumV20>28.4%, the toxicity rate was 

50%). The models give predict high grade toxicity at doses lower than the dose 

constraints used in initial radiotherapy. Due to the technical uncertainties of the 

models, more robust data in terms of outcome grading and cumulative dose 

calculation is required before dose/toxicity can be modelled accurately. In the 

interim, it is reasonable to try and limit the cumulative dose to the QUANTEC 

dose limits for initial radiotherapy. 

5.3.6 Models for proximal bronchial tree 

A proximal bronchial tree model was created using a dataset based on 13 studies 

summarised in Table 5.35 and Table 5.36. The data in the studies were collected 

between 1979 – 2017.  

There were 52 missing data regarding the use of concurrent chemotherapy. 

There was no difference in cumEQD2 between the group with missing data and 

the group with no missing data (t-test p-value 0.264) but there was a significant 

difference in the rate of toxicity (7/52 in the missing data group, and 3/102 in 

the no missing data group (Fishers exact p-value 0.03). These missing cases were 

excluded from any concurrent chemotherapy models. 

There were four cases missing interval data from two papers (Repka et al., and 

Tetar et al.123,232) and all had toxic events associated with them. This was 

significantly different from the group with no missing data who had a 

significantly lower rate of toxicity (fishers p-value <0.001), although the range of 

EQD2 was not different (t-test p-value 0.16). The exclusion of these four toxic 

events would lead to 40% of the toxic events being excluded from any including 

the interval as a variable. Given the low number of events in this dataset, this 

had the potential to alter the modelling results. Therefore, the missing interval 

data for the four cases was replaced with the median interval values quoted in 

the respective papers. The three cases from Tetar et al. were assigned an 

interval of 29.7 months and the single case from Repka et al. was assigned an 

interval of 23.3 months. 

To assess the effect of imputed the data on the prediction, one model used the 

imputed dataset, and another model excluded the four cases. 
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Table 5.35 List of studies used to form the proximal bronchial tree dataset. The total number of patients included is 154, from 13 studies. 3D-CRT: three 
dimensional conformal radiotherapy, BED: biologically equivalent dose, EQD2: equivalent dose in 2 Gray fractions, Fr: fractions, IMPT: intensity modulated 
proton therapy, IMRT: intensity modulated radiotherapy, NR: not recorded, Re-RT: re-irradiation, SABR: stereotactic ablative radiotherapy. 

Paper n Individual 
data/Grouped 

Treatment 
span 

Initial prescription 
dose/fr 

Re-RT prescription dose/fr Re-treatment 
Technique 

Okamoto119 6 Individual 1979-2000 60 (30-80)Gy/median 
(1.5-2)Gy per fr 

50 (10-70)Gy/(1.8-3)Gy per fr 3D-CRT 

McAvoy122 2 Individual 2006-2011 66 (40-74)/33 (4-59)fr 66(16.4-75)/32 (9-58)fr Protons 
Schroder208 24 Grouped 2011-2017 NR NR SABR 
Sood233 2 Individual 2009-2017 66/33 57.5 (50-65)/10fr SABR 
Meijneke175 7 Grouped 2005-2021 median 60 (30-

60)Gy/median 3 (1-
25)fr 

median 51 (20-60)Gy/median 5 (3-10) fr 90% SABR, 10% 
Conventional  

Kilburn130 19 Grouped 2001-2012 median 60 (22.5-
80.5)Gy/median 30 (1-
37)fr 

median 50 (20-70.2)Gy/median 10 (1-35) 
fr 

SABR in 91% 

Sumita124 21 Grouped 2007-2014 EQD2 median 60 (43.1-
-87.5)Gy (10) 

EQD2 median 60 (50-87.5)Gy (10) Conventional 
90%, Proton 10% 

Binkley220 34 Individual 2008-2014 median 50 (20-
74)Gy/median 4.5 (1-
37)fr 

median 50 (20-177.5)Gy/median 4 (1-54) 
fr (including multiple re-RT courses) 

SABR 73.7%, 
Conventional 
26.3% 

Repka232 1 Individual 2004-2014 NR 45Gy SABR 
Griffioen114/Tetar12
3 

4 Grouped 2004-2015 59.9 (59.9-70)Gy/25 
(25-28) 

60 (60)/30 (20-30) IMRT 

Peulen145 3 Individual 1994-2004 40 (30-40)/4 (3-4) 40 (33-45)/3 (3-5) SABR 
Ogawa223 31 Grouped 2004-2017 BED median 112.5 Gy 

(10) (75-119.6) 
BED median 105 Gy (10) (64.2-119.6) SABR 
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Table 5.36 List of studies used to form the proximal bronchial tree dataset. cumDmax: maximum dose received to a given organ at risk, Dxcc: maximum 
dose to an organ at risk to a volume of xcc, EQD2: equivalent dose in 2 Gray fractions, Fr: fraction, f/u: follow-up, NR: not recorded, PBrT: proximal 
bronchial tree, PTV: planning target volume, Re-RT: re-irradiation. 

Paper Median cumDmax 
(EQD2, Gy) 

Interval 
(months, 
range) 

Chemo 
% rate 
with re-
RT 

Any Grade 
3-5 
toxicity 
(%) 

F/u post re-RT 
(months, 
range) 

Uncertainty 

Okamoto119 120 (90-150) 41.5 (8-69) 0 0 35 (20-58) Derived EQD2 using assumed 2Gy/fr, dose to 
trachea not explicitly stated but extrapolated 
from central location of tumour 

McAvoy122 136.3 (132.7 - 140) 42 (36-48) 0 100 11 (1.4-32.4) 
(whole group) 

Uses a subset from 33 patients 

Schroder208 81.99 14 (2-184) 0 0 13 (1-45) Uses a subset of the original 42 patients 
Sood233 158.5 (153-164) 10.7 (8.2-

13.2) 
0 0 NR Uses a subset of patients where the cumulative 

PBrT dose is given 
Meijneke175 89.2 17 (2-33) 0 0 12 (2-52) Subset of 7 patients with PBrT dose reported 
Kilburn130 60 18 (6-61) 0 0 17 (NR) Subset of 19 patients who had cumulative doses 

recorded 
Sumita124 128 26.8 (11.4-

92.3) 
5 0 22.1 (2.3-56.4) D1cc and D10cc cumulative dose so 

approximation of Dmax 
Binkley220 63.4 (1.3-228.3) 16.5 (1-71) 31.6 0 17 (3-57) 4 excluded due to multiple courses of re-

irradiation 
Repka232 128 NR NR 100 35 single report of haemoptysis 
Griffioen114/Tetar12
3 

124.6 (124.6-130) NR NR 100 NR Estimated from two reports of central re-
treatments 

Peulen145 196.4 (192-240) 13 (12-36) 0 100 3 (1.5-10) 
 

Ogawa223 226.7 (1.7–322.3) NR 0 0 26 (5.5-111) 
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5.3.6.1 Dose toxicity model 

The complete dataset is summarised in Table 5.37. There are 10 ³G3 events and 

154 patients. The lowest ³grade 3 toxicity was seen at a cumulative Dmax of 

124.6 EQD2 Gy and at an interval of 12 months. 

 
Table 5.37 Summary of proximal bronchial tree dataset. Dmax: maximum dose received to 
an organ at risk 

  Missing values 
Number of trials:  13  
Number of patients: 154  
Number of ³Grade 3 events 10  
Median interval from initial 
treatment and re-irradiation 

18 months (1-124) 
 

4 

Median rate of concurrent 
chemotherapy 

0 (0-1) 52 

Median cumulative Dmax 
(range) 

87.4Gy (1.3 – 240) 0 

 

There is a significant difference in the rate of toxicity between the cumulative 

Dmax and interval where split at the median value, but there is no significant 

difference with use of concurrent chemotherapy (Table 5.38). 

Table 5.38 Results of Fisher’s exact tests when the dataset is divided using median values. 
This table includes imputed data. cumEQD2: cumulative equivalent dose in 2-Gray fractions 

 No toxicity Toxicity P-value 
Median cumEQD2 
(n=154) 

   

£87.4 69 0  
>87.4 75 10  
   0.002* 
Median interval 
(n=154) 

   

£18 104 2  
>18 40 8  
   0.001* 
Median 
chemotherapy 
rate (n=102) 

   

£0 94 3  
³0 5 0  
   1 
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There was no significant increase in relative risk as the dose increased. This was 

due to the reference group (cumulate Dmax 120-130) having a similar rate of 

toxicity as the group >130Gy (Table 5.39). However, toxic events were only seen 

beyond a cumulative dose of 120Gy suggesting that this dose may be a promising 

initial cut-off. 

Table 5.39 Relative risk table for the complete proximal bronchial tree dataset. CI: 
confidence interval, EQD2 Gy: equivalent dose in 2-Gray fractions 

Range 
(EQD2 
Gy) 

Number Grade 3+ 
events 

Relative 
risk 

Lower 
95% CI 

Upper 
95% CI 

P-value 

<120 84 0 0 0 NA NA 
120-130 27 4 1 0.28 3.59 1 
>130 43 6 0.94 0.29 3.03 0.93 

 

The interval was significant on univariable logistic regression. The cumulative 

Dmax had a p-value <0.2 and so also was included in a multivariable model. Both 

variables were significant in the multivariable model (Table 5.40). 

Table 5.40 Results from univariable and multivariable modelling (using the imputed data). 
This table includes imputed data. cumDmax: cumulative maximum dose to an organ at risk.  

Predictor Toxicity P-value Number 
Univariable modelling results 
Interval Grade ³3  0.007*     154 
Chemotherapy Grade ³3  0.996 102 
cumDmax Grade ³3  0.091 154 
Multivariable modelling results 
Interval Grade ³3  0.007* 154 
cumDmax Grade ³3  0.050* 

 

Leave one out cross validation was used to compare the fit of the cumEQD2 

univariable model and the cumEQD2/interval multivariable model. The MV 

model had a better fit to the data with a LOOCV score of 89.97 compared to the 

UV model (108.25). The multivariable model expression is : 

P(³G3 toxicity|X1,X2) = Φ(-6.0611 + 0.0117X1 + 0.0710X2) 

Where X1 is cumulative Dmax EQD2 and X2 is the interval. The multivariable 

model predicts a 5% toxicity rate at a cumulative EQD2 Dmax of 157.5Gy (95%CI 

86.99, 228.11) when the interval is set to the median (18 months). The block 
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bootstrapped 95% CI is -367.21, 740.94 EQD2 Gy. If the interval value is extended 

to 36, the 5% toxicity rate is estimated at a cumEQD2 of 48.12Gy (95% CI -67.54 – 

163.78). This model therefore suggests that a longer interval is associated with 

lower radiation tolerance. The model is plotted in Figure 5.18 using the median 

interval (18 months). 

 

Figure 5.18 Plot of the proximal bronchial tree multivariable model. The blue line is the fitted 
regression model, and the red dotted line indicates the 5% toxicity level. The dots represent 
the toxicity rate from each cohort or individual coded by colour, with the size of the dots 
proportional to the number of patients in the study, vertical bars are the 68% binomial 
confidence interval, horizontal bars represent the range of the doses, due to overlapping 
data points, the scatter plot has been jittered. The median interval value was used (18 
months). 

An exploratory multivariable model with interval and cumulative dose was made 

that excluded the four cases where toxicity occurred but no interval data was 

available. This model had only six toxic events and predicted a 5% toxicity rate 

at a cumulative EQD2 Dmax of 200.1Gy (95%CI 146.45 – 253.72) when the 

interval is set to the median (18 months). 
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5.3.6.2 Development of proximal bronchial tree constraints  

The imputed PBrT multivariable model estimated the dose that gives a 5% rate 

of toxicity at 157.5 EQD2 Gy. When this dose is used to calculate the risk using 

the 2000 block bootstrapped samples, the 95% CI for risk is <0.1% to 60.4%. Due 

to the influence of the interval on the equation, the minimum bootstrapped risk 

was 8.5% when the interval was 18 months, and this was reached at a dose of 

90Gy. The non-imputed multivariable model estimates a 5% rate of toxicity at 

200.1 EQD2 Gy, and the dose that gives a maximum bootstrapped toxicity rate of 

5% is 125.6Gy, using an interval of 18 months. The results are summarized 

inTable 5.41. 

 
Table 5.41 Development of proximal bronchial tree constraints using block bootstrapping. 
CI: confidence interval, EQD2 Gy: equivalent dose in 2-Gray fractions 

Model Model dose 
(EQD2 Gy) 

Risk 95% CI lower 
limit risk (%) 

95% CI upper 
limit risk (%) 

Imputed multivariable model (18-month interval) 
 157.5 5% <0.1 60.4 
 90 Maximum 

8.5% 
<0.1 8.5 

Non-imputed multivariable model (18-month interval) 
 200.1 5% <0.1 100 
 125.6 Maximum 5% <0.1 5 

 

5.3.6.3 Evaluation of proximal bronchial tree model and suggested 
constraints 

The Hosmer Lemeshow test for the imputed model had a p-value 0.02 suggesting 

a poor fit. However, the Pearson correlation coefficient suggests a good fit with 

an R-value of 0.79 (p-value <0.01). The predicted and observed toxicity rates by 

decile plot is shown in Figure 5.19. The model 5% dose predictions and the 

bootstrapped 8.5% maximum constraint were tested against the dataset the 

model was derived from, a data subset with only the patient level information 

was provided and the external Beatson cohort. The toxicity rates above and 

below the suggested dose constraints are summarised in Table 5.42, Table 5.43 

and Table 5.44. The 157.5Gy constraint gives a higher than 5% risk in the patient 

level and overall datasets, whilst the 90Gy constraint has no toxicity in any 
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Figure 5.19 Plot of the actual and predicted imputed PBRT model toxicity rates. The blue 
line is the line of best fit, with the shaded grey area the 95% confidence interval. The black 
dotted line represents the line of unity. The dots represent the toxicity rate from each decile. 
 

datasets. Therefore, the maximum likelihood dose (157.5Gy) is too aggressive 

and the 5% maximum dose (90Gy) is too conservative. As a compromise, 115Gy 

was selected to be explored as a potential dose constraint, on the basis that it is 

slightly less than the lowest dose where toxicity was observed of 119Gy (in the 

Beatson validation dataset or the dataset derived from published studies). The 

model toxicity prediction for 115Gy (using a median of 18 months) is 3.1% (95% 

CI 1.1%, 8.3%). This exploratory constraint continues to offer good discrimination 

between the rate of toxicity above and below it (0% toxicity below 115Gy) but 

allows the re-irradiation dose to be increased by 25Gy with minimal increase in 

the toxicity risk. 
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Table 5.42 Testing proximal bronchial tree dose constraints on complete dataset. (Based on 
154 patients). 

 Number with no 
toxicity 

Number with 
toxicity 

Toxicity rate (%) 

Multivariable model 5% toxicity 
£157.5 Gy 111 7 5.9 
>157.5 Gy 33 3 8.3 
Multivariable model maximum 8.5% toxicity 
£90 Gy 78 0 0 
>90 Gy 66 10 13.2 
Lowest observed dose  
£115 Gy 82 0 0 
>115 Gy 62 10 13.9 

 

Table 5.43 Testing proximal bronchial tree dose constraints on individual dataset. (Based on 
49 patients). 

 Number with no 
toxicity 

Number with 
toxicity 

Toxicity rate (%) 

Multivariable model 5% toxicity 
£157.5 Gy 40 4 9.1 
>157.5 Gy 2 3 60 
Multivariable model maximum 8.5% toxicity 
£90 Gy 28 0 0 
>90 Gy 14 7 33.3 
Lowest observed dose  
£115 Gy 32 0 0 
>115 Gy 10 7 41.2 

 

Table 5.44 Testing proximal bronchial tree dose constraints on external Beatson cohort. 
(Based on 39 patients). 

 Number with no 
toxicity 

Number with 
toxicity 

Toxicity rate (%) 

Multivariable model 5% toxicity 
£157.5 Gy 38 1 2.6 
>157.5 Gy 0 0 0 
Multivariable model maximum 8.5% toxicity 
£90 Gy 31 0 0 
>90 Gy 7 1 12.5 
Lowest observed dose  
£115 Gy 33 0 0 
>115 Gy 5 1 16.7 
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5.3.6.4 Proximal bronchial tree discussion 

A multivariable model with two predictors, EQD2 Dmax to the proximal bronchial 

tree and the interval between treatments, was developed using the proximal 

bronchial tree dataset. It found the longer the interval, the lower the re-

irradiation tolerance. The 95% confidence interval for the dose prediction from 

the model was extremely wide, suggesting that the uncertainties were so large 

that any prediction would be inaccurate. Therefore, as the lowest dose toxicity 

was observed at was 119Gy, a slightly reduced constraint of 115Gy was explored 

as a constraint. This dose discriminated well between toxicity in the collected 

data and in the external validation data, with the benefit of increasing the scope 

of the dose that could be delivered at re-irradiation, but also maintaining similar 

risk. 

Assuming that the longer the time interval, the more sensitive the PBrT is to re-

irradiation is a true effect, pre-clinical evidence is lacking to describe the 

recovery of the proximal bronchial tree. One explanation could be that, as the 

bronchial tree is cartilage, that the cellular turnover is slow, and any effect of 

radiotherapy on the stem cells of the tissue, would take time to manifest. 

Alternatively, this finding may be an error of the model process or a result of the 

large number of statistical tests performed on the data. The effect of the 

interval on the model remains small and may not be of significance. There are 

only 10 events in the model, and a low number of events are more likely to 

generate unreliable models187. Furthermore, the extremely wide block 

bootstrapped confidence intervals indicate that the data is overdispersed and 

has a large degree of variability between studies.  

Four cases which had toxicity had interval data imputed from the source studies. 

The median values of those studies may be misleading as the range of the time 

interval for both papers were broad (the median intervals and ranges for Repka 

et al. and Tetar et al. were 23.3 (2.6 – 93.6) and 29.7 (5 – 189) months 

respectively). Another possibility is that there is confounding in the dataset. The 

interval between initial radiotherapy and re-irradiation is proportional to 

survival after re-irradiation. The patients who had longer intervals may have 

lived longer after re-irradiation, and by having longer follow-up, experienced 

more late toxicity than patients who had shorter follow-up. However, as most 
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toxicities in the dataset occurred within 9 months, it is unlikely that longer 

overall survival would change the detection of toxicity. 

If the interval is removed from the model, and univariable modelling using 

cumulative EQD2 as the sole predictor variable on the complete dataset is 

performed, the 5% toxicity rate is predicted at 154.67 Gy which is similar to the 

dose predicted with the multivariable model using an 18 month interval. 

Four studies had the toxic events included in the model. McAvoy et al. treated 

33 patients with proton re-irradiation, two of whom developed tracheal necrosis. 

The length of trachea involved at re-irradiation was 2.5cm and 4.25cm122. Peulen 

et al. and Repka et al. reported 4 patients with haemoptysis after SABR re-

irradiation145,232. Griffioen and Tetar et al. described 4 patients who died from 

haemoptysis after conventionally fractionated radiotherapy114,123. In these 

patients, alternative causes of haemoptysis were not explored as no autopsies 

were performed. This would have been important to rule out tumour recurrence 

as an alternative cause of fatal bleeding. Therefore, re-irradiation may not be 

the cause of the all the toxicities described. 

There was a large difference between the model developed using imputed data 

for four toxic events, and the model that excluded those events. The four cases 

developed toxicity between 124 and 129 EQD2 Gy. The imputed model suggested 

a 5% toxicity rate at 157.5Gy accounting for these cases, whereas the non-

imputed model predicted 5% toxicity at 200.1Gy. The difference between the 

imputed and non-imputed models indicates that the proximal bronchial tree may 

tolerate higher cumulative doses. From the data available, the 10 toxic events 

occurred at doses ranging from 124.6Gy to 240Gy EQD2, and the toxic event in 

the external Beatson cohort occurred at 119Gy. Most of these doses are far 

exceeded by the non-imputed model’s prediction of 200.1Gy. This suggests that 

the non-imputed model is underestimating the toxicity rate when compared to 

the published data. Therefore, in clinical practice, a cautious approach using the 

lower dose constraints may be warranted. 

In summary, for patients having re-irradiation, the model predictions have a high 

degree of uncertainty therefore limiting the cumulative Dmax to the proximal 
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bronchial tree to 115Gy based on empiric evidence is likely to have a <5% 

toxicity rate and can be considered a safe re-irradiation constraint.  

5.3.6.5 Conclusions 

A multivariable proximal bronchial tree dose/toxicity model was created using 

data imputation for four cases. The multivariable model predicted lower re-

irradiation tolerance the longer the time interval between treatments. The 

multivariable model predicted a 5% toxicity risk at a cumulative EQD2 Dmax of 

157.5Gy (with interval at the median 18 months). The model predicted a 3.1% 

risk of toxicity with an exploratory constraint of 115Gy. When applied to the 

overall and external datasets, this constraint had no toxic events suggesting that 

this dose gives a <5% risk of ³G3 toxicity and would be reasonable to use as a 

constraint.  

 

5.3.7 Models for aorta 

Aorta models were created using a dataset based on 7 studies summarised in 

Table 5.45 and Table 5.46 with a total of 142 patients. The data in the studies 

were collected between 1993 – 2017. The dataset included patients who had 

been treated with SABR twice, conventionally fractionated radiotherapy twice, 

or a combination. The lowest dose Grade 3 toxicity was seen was at 114.3Gy and 

the shortest interval was 3 months. 

There were no missing interval data. There were 75 cases that had missing 

concurrent chemotherapy data. The missing data group had a higher mean EQD2 

(109.41) compared to the complete data group (90.64Gy, student’s t-test p-

value 0.004). The rate of toxicity was not significantly different between the 

chemo missing and chemo complete dataset (complete data 2/67, incomplete 

data 2/75, Fisher’s exact p-value 1). 
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Table 5.45 List of studies used to form the aorta dataset. The total number of patients included is 142, from 7 studies. 3D-CRT: three-dimensional conformal 
radiotherapy, BED: biologically equivalent dose, EQD2: equivalent dose in 2 Gray fractions, Fr: fractions, NR: not recorded, Re-RT: re-irradiation, SABR: 
stereotactic ablative radiotherapy. 

Paper n Individual 
data/Grouped 

Treatment span Initial prescription 
dose/fr 

Re-RT prescription dose/fr Re-RT Technique 

Evans179 35 Grouped 1993-2008 54 (45-70)/30 (15-58) 60 (30-70)/30 (10-42) NR 
Trombetta234 1 Individual 1998-2008 114Gy brachytherapy 45/25 3D-CRT 
Schroder208 19 Grouped 2011-2017 NR NR SABR 
Sumita124 21 Grouped 2007-2014 EQD2 median 60 

(43.1--87.5)Gy (10) 
EQD2 median 60 (50-87.5)Gy (10) Conventional 

90%, Proton 10% 
Kilburn130 1 Individual 2001-2012 74Gy 54/3 SABR 
Binkley220 34 Individual 2008-2014 median 50 (20-

74)Gy/median 4.5 (1-
37)fr 

median 50 (20-177.5)Gy/median 4 (1-54) fr 
(including multiple re-RT courses) 

SABR 73.7%, 
Conventional 
26.3% 

Ogawa223 31 Grouped 2004-2017 BED median 112.5 Gy 
(10) (75-119.6) 

BED median 105 Gy (10) (64.2-119.6) SABR 
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Table 5.46 List of studies used to form the aorta dataset. cumDmax: cumulative dose received to a given organ at risk, DVH: dose-volume histogram, Dxcc: 
maximum dose to an organ at risk to a volume of xcc, EBRT: external beam radiotherapy, EQD2: equivalent dose in 2 Gray fractions, Fr: fraction, f/u: 
follow-up, NR: not recorded, Re-RT: re-irradiation. 

Paper Median 
cumDmax 
(EQD2 Gy) 

Interval 
(months, 
range) 

Chemo % rate 
with re-RT 

Any Grade 3-5 
toxicity (%) 

F/u post re-RT 
(months, 
range) 

Uncertainty 

Evans179 100.3 30 (1-185) 60 5.7 42 (14-70) Converted normalised isoeffective doses with 
recovery factor, so approximate Aorta D1cc dose 

Trombetta234 154.4 3 0 100 19 Brachytherapy implant then EBRT 3 months 
afterward - dose estimated from data 

Schroder208 79.1 (70.9 
- 216.1) 

14 (2-184) 0 0 13 (1-45) Uses a subset of the original 42 patients, interval 
and follow up for whole group 

Sumita124 152 26.8 (11.4-
92.3) 

5 0 22.1 (2.3-56.4) D1cc and D10cc cumulative dose so approximation 
of Dmax 

Kilburn130 200 12 0 100 6 Estimate of cumDmax EQD2 based on DVH 
Binkley220 44.6 (2.3 - 

211.4) 
16.5 (1-71) 31.6 0 17 (3-57) 4 excluded due to multiple courses of re-

irradiation 
Ogawa223 111.1 (9.3 

- 317.1) 
NR 0 0 26 (5.5-111) 
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5.3.7.1 Dose toxicity models using the complete dataset 

The complete dataset is summarised in Table 5.47. There are 4 ³G3 events and 

142 patients. This is low number of events and is less than the 10% event rate 

which is commonly applied as a minimum number of events required to generate 

robust models using logistic regression. There were no significant differences in 

the rate of toxicity when each variable was split by its median value (Table 

5.48). However, there was a significant nine times increase in relative risk when 

the dose to the aorta was over a cumulative EQD2 of 160Gy compared to the 

reference dose group between 80-120Gy (Table 5.49). The increase in risk as 

dose increases implied a strong relationship may exist despite the low event rate 

and was explored further using logistic modelling. 

Table 5.47 Summary of complete aorta dataset. Dmax: maximum dose received to an organ 
at risk, EQD2: equivalent dose in 2-Gray fractions. 

  Missing values 
Number of trials:  7  
Number of patients: 142  
Number of ³Grade 3 events 4  
Median interval from initial 
treatment and re-irradiation 
(range) 

18 months (1-71) 
 

0 

Median rate of concurrent 
chemotherapy 

0 75 

Median cumulative Dmax 
(EQD2 Gy, range) 

100.3Gy (2.3 – 
211.4) 

0 

 

Table 5.48 Results of Fisher’s exact tests when the complete dataset is divided using 
median values. cumEQD2: cumulative equivalent dose in 2-Gray fractions. 

 No toxicity Toxicity P-value 
Median cumEQD2    
£100.3 81 2  
>100.3 57 2  
   1 
Median interval    
£18 70 2  
>18 68 2  
   1 
Chemotherapy rate 
(%) 

   

0 62 2  
>0 5 0  
   1 
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Table 5.49 Relative risk table for the aorta dataset by dose. CI: confidence interval, EQD2 
Gy: equivalent dose in 2-Gray fractions, NA: not applicable.  

Dose 
range 
(EQD2 
Gy) 

Number Grade 3+ 
events 

Relative 
risk 

Lower 
95% CI 

Upper 
95% CI 

P-value 

<40 13 0 0 0 NA NA 
40-80 29 0 0 0 NA NA 
80-120 72 2 1 0.14 6.91 1 
120-160 24 1 1.5 0.14 15.82 0.11 
>160 4 1 9 1.02 79.55 0.05 

 

The cumulative EQD2 aorta Dmax was close to significance on univariable logistic 

regression modelling, with no other variables having a p-value of <0.2 (Table 

5.50). As this was the only variable that was significant, this model was used for 

dose predictions. 

Table 5.50 Summary of complete aorta dataset univariable modelling. cumEQD2: cumulative 
equivalent dose in 2-Gray fractions. 

Predictor Toxicity P-value Number 
Univariable modelling results 
Interval Grade ³3  0.474 142 
Chemotherapy Grade ³3  0.996 75 
cumEQD2 Grade ³3  0.052 142 

 

The model expression is: 

P(³G3 toxicity|X) = Φ(-6.4692 + 0.0247X) 

Where X is cumEQD2. The 5% toxicity estimate is 142.53Gy (95% CI 100.94 – 

184.13). The block bootstrapped 95% CI is -880.47, 400.93Gy. The model is 

plotted in Figure 5.20.  
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Figure 5.20 Plot of cumulative aorta EQD2 Dmax univariable model. The blue line is the 
fitted regression model, and the red dotted line indicates the 5% toxicity level. The dots 
represent the toxicity rate from each paper coded by colour, with the size of the dots 
proportional to the number of patients in the study, vertical bars are the 68% binomial 
confidence interval, horizontal bars represent the range of the doses, due to overlapping 
data points, the scatter plot has been jittered. 

5.3.7.2 Development of aorta dose constraints  

The aorta univariable model estimated the dose that gives a 5% rate of toxicity 

at 142.5 EQD2 Gy. When this dose is used to calculate the risk using the 2000 

block bootstrapped samples, the 95% CI for risk is <0.1% to 100%. The upper limit 

of risk for the block bootstrapped samples was fixed at 5% and the highest dose 

which meets this criterion is 100.17Gy (95% CI for risk of 0.0% to 5%). The results 

are summarized in Table 5.51. 
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Table 5.51 Development of aorta constraints using block bootstrapping. CI: confidence 
interval, EQD2 Gy: equivalent dose in 2-Gray fractions. 

Model Model dose 
(EQD2 Gy) 

Risk 95% CI upper 
limit risk (%) 

95% CI lower 
limit risk (%) 

Univariable model 
 142.1 5% 0.1 10.5 
 100.2 Maximum 5% 0.0 5 

 

5.3.7.3 Evaluation of aorta model and suggested constraints 

The Hosmer Lemeshow test for the aorta model had a p-value of 0.94 suggesting 

that the model did fit the data well. The predicted and observed toxicity rates 

by decile is plotted in Figure 5.21. The Pearson correlation coefficient was 0.84 

(p-value <0.01) which indicated a good model fit.  
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Figure 5.21 Plot of the actual and predicted aorta model toxicity rates. The blue line is the 
line of best fit, with the shaded grey area the 95% confidence interval. The black dotted line 
represents the line of unity. The dots represent the toxicity rate from each decile. 
 

The model prediction doses for 5% toxicity and the maximum 5% toxicity from 

the bootstrapped samples were applied to the complete dataset, the individual 

data subset and the external Beatson cohort. The results are summarised in 

Table 5.52 and Table 5.53. When the 5% maximum toxicity dose of 100.2Gy was 

used as a constraint, it had a toxicity rate of <5% when in all datasets, whereas 

the higher 5% model prediction of 142.5Gy had a rate of 6.3% in the individual 

dataset. There was no aortic toxicity in the external Beatson cohort therefore 

the model predictions could not be validated using that dataset. 
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Table 5.52 Testing aorta dose constraints on complete dataset. 
 

 Number with no 
toxicity 

Number with 
toxicity 

Toxicity rate (%) 

Univariable model 5% toxicity 
£142.5 Gy 113 2 1.7 
>142.5 Gy 25 2 7.4 
Univariable model maximum 5% toxicity 
£100.2 Gy 48 0 0 
>100.2 Gy 90 4 4.3 

 

Table 5.53 Testing aorta dose constraints on individual dataset. 
 

 Number with no 
toxicity 

Number with 
toxicity 

Toxicity rate (%) 

Univariable model 5% toxicity 
£142.5 Gy 30 0 0 
>142.5 Gy 4 2 33.3 
Univariable model maximum 5% toxicity 
£100.2 Gy 29 0 0 
>100.2 Gy 5 2 28.6 

 

5.3.7.4 Aorta model discussion 

A univariable model was derived from the aorta dataset with cumulative dose 

being the only significant predictor. Critically, the number of events is low in 

the aorta dataset. For a univariable model, a minimum of 10 events should be 

included, otherwise the models are prone to error235. Therefore, the model 

predictions have extremely wide confidence intervals and the maximum 

likelihood prediction of 142.5Gy is unlikely to be useful. However, where the 

model is helpful is when the upper limit of the confidence limit is limited to 5%, 

the dose of 110.2Gy can be considered safe. This prediction is slightly lower than 

the suggested dose limits from the expert groups, who suggested a maximum 

dose of 110 - 120Gy. Hunter et al. divided their dose limits into 110Gy for the 

pulmonary artery and 120Gy for the aorta161. This may be because the aorta wall 

is thicker than the pulmonary artery. A study of re-irradiation in recurrent head 

and neck cancer looked at 381 patients, 32 of whom had carotid blowout 

syndrome (8.4%)236. The estimated median cumDmax EQD2 to the carotid was 

134Gy, although on multivariable modelling, the dose was not a significant 

factor when split into groups above and below and EQD2 of 117Gy. These data 

were not included in the modelling dataset as the carotid artery is different to 
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the aorta. However, it implies that the cumulative dose to major arteries lies 

similar to the dose constraint suggested from the modelling. The most 

compelling evidence specific to aorta doses comes from Evans et al., who found 

that a cumulative aortic dose ³120Gy is associated with a 25% risk of grade 5 

toxicity, in a dataset of 35 patients, which is similar to the current analysis179. 

The four toxic events in the dataset are derived from three papers. Evans et al. 

reported two grade 5 bleeding events from a cohort of 35 patients179. The two 

patients died from massive haemoptysis with no evidence of recurrent tumour on 

imaging. This study reported the cumulative dose to D1cc, therefore the Dmax 

could be higher. Trombetta et al. described one fatal bleeding event where the 

Iodine125 brachytherapy implant and external bean radiation overlapped, leading 

to a aorta dose of approximately 154.4Gy234. Kilburn et al. reported an aorto-

oesophageal fistula after SABR to the thorax and a cumulative dose of 200Gy. 

Given the severe nature of the toxicity, a 5% toxicity rate may be considered too 

high. However, the model prediction for a 1% toxicity rate is 75.8Gy (95% CI 2.5, 

149.1Gy) which may be too restrictive in terms of the ability to deliver a dose 

for meaningful tumour control. 

The model fitted the data well when measured using the Hosmer Lemeshow test 

and Pearson correlation coefficient. However, these results should be viewed 

cautiously. Most of the data had no toxic events and the model appropriately 

gave a low risk to. For the deciles where the 4 toxic events were, the model also 

gave reasonable predictions. However, with such a small number of toxic events 

in a small dataset (each decile was 14 patients in number), if any additional 

information was added, this could significantly alter the results. The block 

bootstrapping method highlighted the wide variety across different centres in 

terms of and follow-up, resulting in extremely wide bootstrapped confidence 

intervals. Nevertheless, the suggested constraint of 100.2Gy (using the 

bootstrapped samples) does seem to be a reasonable cut-off when applied to the 

complete and individual datasets, with no toxicity  below it, and a 4.2% rate 

above it, close to the 5% rate the model predicted. This dose constraint may be 

over cautious, with the lowest dose toxicity seen in the studies at an EQD2 of 

114.3Gy. The collected data had 82 patients treated with a dose less than 100Gy 

with no toxicities, which suggests that this limit is safe. When 114.3Gy was used 
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as a cut off, the toxicity rate in the dataset below this dose was 1.8% (2 events 

out of 114 patients). The expert consensus suggests a dose of 120Gy, likely to be 

based on the Evans et al. paper, which used 35 patients. The model for this 

higher dose gives a 95% confidence interval upper limit of 8.2%. On balance 

however, given the severity of the toxicity seen, and the relatively small 

numbers in the Evans paper, a more cautious cut off seems reasonable.  

Sources of inaccuracy in the data include slightly different metrics to describe 

the dose to the aorta in Sumita et al. (D1cc and D10cc) and Evans et al. (D1cc) 

which may underestimate the Dmax dose124,179. A potential source of inaccuracy 

that applies to all the dataset is the dose to the aorta ideally should consider the 

aorta wall, as this is the part of the organ that fails. It is possible that the 

cumulative Dmax falls in the lumen of the aorta i.e., in the bloodstream, and 

the actual dose to the wall is lower. This is of relevance to highly conformal 

treatments like SABR. However, given the small diameter of the aorta, it is 

unlikely to have a significant change in the reported dose.  

In summary, the low number of events make the dose/toxicity models for the 

aorta prone to error. Given the severity of aortic toxicity, it is prudent to limit 

the dose to below 100.2Gy based on the 5% maximum toxicity bootstrapped 

dose. 

5.3.7.5 Conclusion 

A univariable model was created from the aorta dataset with the predictor 

variable of cumulative dose. The 5% model toxicity and the bootstrapped 

maximum 5% risk are predicted at a dose of 142.5Gy and 100.2Gy respectively. 

The 100.2Gy dose constraint gave a rate of <5% toxicity on all the datasets it was 

applied to and would be reasonable to use as a re-irradiation dose constraint. 

5.3.8 Thoracic organs at risk not modelled 

5.3.8.1 Brachial plexus 

The dataset for the brachial plexus included three studies and 98 patients (Table 

5.54). There were 13 any grade events of brachial plexopathy. The main paper in 

the dataset was Chen et al. which analysed 43 patients after high dose re-
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irradiation for head and neck cancer180. They found 12 ungraded toxicities using 

a questionnaire at follow-up appointments. 85% of the toxic events were sensory 

(pain/numbness) and 15% were motor deficits. No effects on activities of daily 

living were recorded, therefore the toxicities were unable to be graded using 

the CTCAE toxicity scale. They created a model suggesting patients with low risk 

of any toxicity (approximately 9%) in patients where the interval between 

treatment was >2 years and the cumulative EQD2 Dmax was <95Gy, and a high-

risk group where the interval was <2 years and the cumulative EQD2 Dmax was 

>95Gy (47% risk of toxicity). They also found that dose was not associated with 

toxicity when evaluated as either a categorical or continuous variable. 

Table 5.54 Summary of the brachial plexus dataset. Dmax: maximum dose to an organ at 
risk. 

  Missing values 
Number of trials:  3  
Number of patients: 98  
Number of any grade events 13  
Median interval from initial 
treatment and re-irradiation 

23 months (1-145) 
 

0 

Use of concurrent 
chemotherapy 

5/55 (9.1%) 43 

Median cumulative Dmax 
(range) 

47.6Gy (0 – 242.5) 0 

 

Binkley et al. reported a G3 brachial plexopathy in a patient who had 

conventional radiotherapy followed by SABR220. The brachial plexus received a 

D0.2cc of 242.5Gy (EQD2).  

Modelling was not performed on this dataset for the following reasons. The 

imprecision of toxicity grades would make any model result difficult to interpret 

and potentially may suggest a low dose. If clinicians were to use an 

inappropriately low dose constraint, then they could under-dose the tumour and 

fail to provide local tumour control. In addition, the bulk of the toxicity data 

comes from head and neck patients who may have had prior surgery. Therefore, 

the dataset does not represent patients undergoing thoracic re-irradiation. 



210 
 
In summary, the toxicity model suggested by Chen et al. is a reasonable toxicity 

model to apply to thoracic re-irradiation, in the absence of thorax specific data. 

This is similar to the dose limits suggested by the expert groups. 

5.3.8.2 Chest wall 

The chest wall dataset consists of three studies using 62 patients (Table 5.55). 

There was one G3 chest wall pain reported at 193.3Gy in a patient who had SABR 

for a recurrent lung cancer. Due to the low number of events, dose/toxicity 

modelling was not performed. One expert group recommended limits to the 

chest wall at D0.1cc <116Gy112. 

Table 5.55 Summary of the chest wall dataset. Dmax: maximum dose to an organ at risk. 

  Missing values 
Number of trials:  3  
Number of patients: 62  
Number of  Grade ³3 events 1  
Median interval from initial 
treatment and re-irradiation 

18.4 months (1-71) 
 

1 

Use of concurrent 
chemotherapy 

5/19 (26.3%) 43 

Median cumulative Dmax 
(range) 

93.3Gy (0.3 – 193.3) 0 

 

5.3.8.3 Heart 

There were five studies that reported cumulative EQD2 Dmax to the heart with 

129 patients (Table 5.56). The median dose delivered was 62Gy. However, none 

of the studies reported major adverse cardiovascular events or pericarditis 

therefore modelling was impossible. 

The expert groups have suggested a range of different heart constraints. Paradis 

et al. suggested a dose constraint of D0.1cc 86.1Gy, Troost et al. used a Dmax 

<70Gy in their study while the American Radium Society recommend a 

V40<50%112,146,160. None of the expert groups provided study data to support their 

recommendations. An added complication is that a heart dose constraint has not 

been adopted for initial radiotherapy, although 85Gy has been suggested186. 
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Table 5.56 Summary of the heart dataset. Dmax: maximum dose to an organ at risk 

  Missing values 
Number of trials:  5  
Number of patients: 129  
Number of any grade events 0  
Median interval from initial 
treatment and re-irradiation 

18 months (1-71) 
 

0 

Use of concurrent 
chemotherapy 

5/108 (4.6%) 21 

Median cumulative Dmax 
(range) 

62Gy (0.2 – 118.3) 0 

 
5.4 Discussion 

5.4.1 Main findings  

Thoracic re-irradiation dose/toxicity models have been developed for the lungs, 

oesophagus, spinal cord, proximal bronchial tree and aorta. There was 

insufficient data to create models for the brachial plexus, the chest wall and the 

heart. Table 5.57 summarises the expert groups suggested dose limits, the 

lowest dose where toxicity occurred from each dataset, and the bootstrapped 

doses that predict the maximum 5% toxicity rate (20% for lung) with 95% 

confidence. The bootstrapped doses form the basis of possible re-irradiation 

dose constraints. Table 5.58 uses the models created to predict the risk of 

toxicity using the maximum expert groups dose limits for each OAR. 

The suggested constraints are similar to the expert dose recommendations in the 

case of the spinal cord and lung. In the lung re-irradiation models, the toxicity 

rates exceed 20% when the cumulative doses exceed those which are 

recommended for initial radiotherapy (e.g. MLD<22Gy and V20<30-35%). This 

suggests that there is no or little recovery of tolerance in the lung, therefore 

dose constraints used for initial radiotherapy should be adhered to. The highest 

cumulative V20 dose constraint (a cumulative V20 of£40%) predicts a ³G3 

toxicity rate of 60.7% and is likely to be considered too dangerous. The proximal 

bronchial tree constraint at 119Gy is higher than the expert recommendations 

(<110Gy). The oesophageal and great vessels constraints are lower than the 

expert recommendations, both by 15-20Gy. The oesophageal model suggests that 

the 5% toxicity rate is at a lower dose than the maximum dose suggested by the 

expert panels (94.2Gy compared to 110Gy). The oesophageal model predicts a 
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9.4% risk of ³G3 risk of toxicity if re-treating to 110Gy reflecting the shallow 

gradient of the model fit. The great vessel constraint is 100.2Gy, although the 

expert recommendation of <120Gy has ³G3 toxicity rate of 2.9%. 

There are no clear guidelines on how to develop dose constraints. The dose 

constraints used in conventional fractionation are based in a combination of 

normal tissue complication probability modelling, such as the QUANTEC series of 

papers, clinical trials and clinical experience. This process is demonstrated in 

the development of SABR dose constraints. The first dose constraints for SABR 

were the AAPM 101 guidelines which were “based on toxicity observation and 

theory, there is a measure of educated guessing involved as well.”237 The UK 

SABR consortium published dose constraints in 2018 based on these and then 

updated in 2022 with the 2021 HyTEC modelling data paper238-240. Throughout 

these landmark publications, studies such as LungTECH, ROSEL, SABR-COMET 

reported and allowed for further refinement of the dose constraints241-243. The 

models from HyTEC allow prediction of a toxicity rate for SABR, as do the re-

irradiation dose/toxicity models presented in this chapter.  

The aorta dose constraint was modified from the 5% maximum toxicity rate 

predicted by block bootstrapping. This method was unsuccessful with the other 

models because of the overdispersion of the datasets, leading to very wide 

bootstrapped confidence intervals. This method was useful in the aorta model, 

possibly because the few toxic events occurred at very high doses so the large 

reduction in dose when the toxicity rate was limited to 5% resulted in a clinically 

acceptable dose. However, in the other models, to reduce the risk to a 

maximum of 5%, the dose reduction required led to over-conservative constraint 

suggestions. When validated with the information in the collected data and the 

Beatson cohort, it seemed appropriate to increase the dose constraint and 

accept a slightly higher potential risk, for a much larger increase in the dose 

that could be delivered. Ultimately, the maximum likelihood model prediction 

for 5% toxicity is an estimate of the dose that gives a 5% complication rate, with 

the true value possibly higher or lower than this value. By limiting the upper 

bound of the 95% confidence interval, the dose is likely to be safer, but also may 

limit the dose given to the tumour. Therefore, a clinically useful dose constraint 
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would lie somewhere between these values and would be guided by the risk 

appropriate to each individual situation. 

These dose constraints are set to arbitrary limit, set by the clinician. The dose 

constraints do not take in to account the risks patients wish to accept. However, 

dose constraints set in this method would be variable because different patients 

will have individual levels of risk. Nevertheless, it is worth exploring the 

patient’s perspective on risk and what they would accept. Specific to re-

irradiation constraints, it is also worth considering what the risk of tumour 

related toxicity is if re-irradiation was not attempted. For example, if the risk of 

fatal haemoptysis due to recurrent tumour at the PBrT is 30%, then it is not 

unreasonable to exceed the suggested 5% dose constraint of 119Gy to gain better 

control of the tumour. This nuanced discussion of the potential risks and benefits 

of re-irradiation is essential when considering re-treatment, and the attitude of 

patients to re-irradiation will be further explored in Chapter 8. 
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Table 5.57 Comparison of expert dose constraints and modelling dose constraints. ALARA: as low as reasonably achievable, BP: brachial plexus, 
cumMLD: cumulative mean lung dose, cumVx: cumulative volume receiving at least x Gray, CW: chest wall, Dmax: maximum dose received by an organ at 
risk, Dmean: mean dose received by an organ at risk, Dxcc: maximum dose to an organ at risk to a volume of xcc, EQD2: equivalent dose in 2-Gray 
fractions, GV: great vessels, Ind: Individualised dose, NA: not applicable, PA: pulmonary artery, PBrT: proximal bronchial tree, § Paradis quoted doses in 
D0.1cc,*Uses median interval (13.5 months),^Multivariable model with no chemotherapy, † Multivariable model using median interval (18 months), ††<80 (if 
<24m), ^^V60<40%, §§ <110 for pulmonary artery, <120 for great vessels 

  Expert dose constraints (Gy, EQD2) Rulach analysis (Gy, EQD2) 
 

α/β  Delphi 
2021 

Troost 
2020 

Paradis 
2019§ 

ARS 2020 Hunter 2021 Lowest dose  
tox observed 

Constraint for 
³G3 toxicity 

Estimated 
³G3 tox rate 

Dmax Spinal cord 2 60 <65 <61.6 <57 <67.5 63.3 67.3* 5% 

Dmax BP 2 80-95 <85 <86.9 <85 <95 (>24m) †† n/a n/a n/a 

D0.1cc Skin/CW 2.5 ALARA n/a <116 n/a n/a n/a n/a n/a 

Heart 2.5 ALARA Dmax<70 D0.1cc<86.1 V40 <50% n/a n/a n/a n/a 

Lung cumV20 3 Ind n/a Ind <40% <30-35% 8.5% 35% 20% 

Lung cumV5 3 n/a n/a n/a n/a n/a 15.1% Est 70% 20% 

Lung cumMLD 3 Ind Dmean<22 Ind n/a n/a 7.3 22 20% 

Dmax PBrT 3 <80-105* <110 <85.8 <110 <105 124.6 119†  5% 

Dmax Oes 3 75-100 <100 <87.5 <110^^ <110 60.4 94.2^ 5% 

Dmax GV 3 110 – 115 <110 <116.5 <120 <110/120§§ 114.3 100.2 5% 
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Table 5.58 Existing dose constraint toxicity rate predictions using models. CI: confidence 
interval, CW: chest wall, Dmax: maximum dose received by an organ at risk, Dxcc: 
maximum dose to an organ at risk to a volume of xcc, EQD2: equivalent dose in 2-Gray 
fractions, LL: lower limit, MLD: mean lung dose, NA: not applicable, PBrT: proximal 
bronchial tree, UL: upper limit, Vx: volume receiving at least x Gray. 

 α/β  Maximum 
constraint 

Model risk prediction for 
³G3 toxicity 

95% 
CI LL 

95% 
CI UL 

Spinal cord 2 Dmax <67.5Gy 2.4% (interval 13.5 
months) 

1.3% 4.5 

Brachial 
plexus 

2 Dmax <85Gy n/a n/a n/a 

Skin/Chest 
wall 

2.5 n/a n/a n/a n/a 

Heart 2.5 D0.1cc<86.1Gy n/a n/a n/a 
Lung 3 V20<40% 60.7% 37.3% 85.9% 
Lung 3 MLD<22Gy 33.0% (no chemo) 16.8% 54.3% 
PBrT 3 Dmax <110Gy 2.9% (interval 18 months) 1.0% 8.2% 
Oesophagus 3 Dmax <110Gy 9.4% (no chemo) 5.7% 15.1% 
Great 
vessels 

3 Dmax <120Gy 2.9% 1.0% 8.2% 

 

5.4.2 Data issues affecting all models 

Accurate dose/toxicity models are useful in re-irradiation planning. If the dose 

an expected toxicity occurs at is too low, this may compromise the dose to the 

PTV, leading to lower tumour control. Conversely, if the dose constraint is too 

high, then patients would develop serious toxicity from their treatment. 

Modelling re-irradiation toxicity is more complex compared to modelling for a 

single course of treatment. The interval between the first and second radiation 

course determines how much normal tissue repopulation occurs. The longer the 

interval, the more repopulation occurs thereby increasing the tolerance of the 

organ at risk. The amount of dose delivered in the first treatment may also 

influence the tolerance at re-treatment, as seen in spinal cord re-irradiation of 

primates and in the murine lung re-irradiation.  

However, the quality of data in every dataset is not detailed enough to quantify 

the effects of all these factors for each endpoint. There was a large amount of 

missing data regarding the interval and concurrent chemotherapy, therefore 

when adding these variables to a multivariable model, a large amount of data 

was discarded. For example, in the oesophagus multivariable model, 245 out of 



216 
 
505 (48.5%) patients’ information had to be discarded. This issue is less when 

using univariable models, as there is no additional data that is excluded. 

However, for multivariable models, data on the entire case is excluded if only 

one variable in the multivariable model is missing. Data imputation could be 

performed to fill in the absent data, but this would significantly undermine the 

results. In addition, the ratio of number of events in comparison to the number 

of non-events in each model is relatively low (the oesophagus has the highest 

with a 9.7% ratio, aorta the lowest with 2.8%). The combination of limited 

sample size and low numbers of events can cause the models to be biased. 

Corrections can be applied in rare events data, which may increase the risk of a 

given variable, but again, these advanced statistical approached add added 

uncertainty by shifting the dataset away from the empirical evidence244. 

There are several sources of error that apply to every dataset, and this can be 

separated into issues affecting the dose and issues affecting the toxicity. Firstly, 

the doses in the datasets may deviate from the actual dose delivered. Some 

studies gave a prescription dose to the PTV, and it was assumed that this was 

the dose that the OAR received e.g. oesophageal re-irradiation or spinal 

metastases re-irradiation. This prescription dose was converted into EQD2. 

However, the prescription dose can vary between 95-107% using the ICRU 

guidelines. This would affect the spinal cord and oesophageal datasets mainly. 

This error is minimised because most studies quoted the actual dose received by 

the OAR.  

However, determining the cumulative dose an OAR receives is also prone to 

error. Often after an initial course of radiation, the anatomy is distorted. Rigid 

image registration and dose accumulation may lead to inaccurate cumulative 

doses, as the dose may not align with the new position of the OAR after the first 

treatment. Deformable image registration uses an algorithm to better match the 

images from the first course to the second course and the associated dose maps 

compared to rigid deformation245. However, there is no gold standard to confirm 

the dose a tissue has received, therefore most of the work has been performed 

on contour matching, rather than actual dose deposition. The true accuracy of 

the using deformable dose registration is unknown. For some organs at risk, the 
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contouring is non-standardised. This is an added area of variance between the 

studies. 

The dose data is inaccurate when using grouped data. The grouped doses in the 

datasets are the median dose for the whole cohort. This means that the true 

dose delivered maybe higher or lower than what was used in the models. The 

rate of toxicity will be higher in a group of patients treated to a range of doses 

with a median X compared to a group all treated at the median dose X. This is 

because the rate of toxicity will likely be higher in those patients treated above 

the median value. This effect means that dose predictions from models using 

grouped median data will overestimate the true toxicity rate, and therefore be 

more cautious. In addition to using the bootstrapped samples to find the 

maximum 5% toxicity rate,  the models’ dose predictions may be more 

conservative. It was necessary to use grouped data as there was not enough data 

of the more accurate individual doses to produce models. If the grouped data 

(and the toxicity information therein) was ignored, as seen in the models for the 

spinal cord, the more accurate data gives an over-cautious estimate of the dose 

for 5% toxicity. 

The sources of the datasets are from treatments delivered between 1955 to 

2017. Radiation treatment has changed significantly over that time. The 

radiotherapy technique, the size of normal tissue irradiated, and the dose 

calculation methods have all changed. This is an inherent flaw in collecting data 

across such a wide time period, and unavoidable as the number of events are 

rare. This variation is accounted for in the block bootstrapping process, where a 

random selection of the cohorts are resampled with replacement to form 2000 

synthetic datasets. The synthetic datasets have the selected model re-fitted to 

them, and used to generate new predictions. The 2.5% and 97.5% predicted 

values are used as the block bootstrap confidence interval. The differences from 

each cohort in terms of treatment, follow-up and unknown factors across each 

synthetic dataset are reflected in the width of this interval. For all the models, 

the block bootstrapped confidence intervals were very wide. This suggests that 

there is significant uncertainty about all of the presented models due to wide 

variability over the data. 
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The recording of toxicity has significant uncertainties. This is critical in the 

dose/toxicity models because there are relatively few events, a few 

mischaracterised toxicities can have a large influence on the model predictions. 

The recording of re-irradiation toxicity is complicated. For example, in the 

proximal bronchial tree, it is difficult to attribute the severe bleeding events as 

re-irradiation toxicity where there is still recurrent disease. In lung models, 

comorbid conditions like COPD could result in the need for additional oxygen 

(causing a grade three toxicity) but it may not be caused by the re-irradiation. 

Prospective studies can improve this by investigating the cause of toxicity, but 

the data used in these models are from retrospective reviews so may not have 

performed those tests. The effect of mis-labelling a toxicity as due to re-

irradiation may cause the models to predict higher toxicity levels at lower doses.  

Conversely, missing re-irradiation toxicity will have the opposite effect. Reasons 

why re-irradiation toxicity is missed is due to lack of follow-up, on short duration 

of follow-up. Early toxicity is apparent within three months. All the papers 

studied had a median follow-up longer than this (shortest median follow-up was 

4 months), although there would be a small number of patients who would not 

have this. Late toxicity can take years to develop. The cord, oesophagus, lung, 

proximal bronchial tree and aorta datasets have 2, 1, 3, 3 and 2 studies that 

have median follow-up of greater than 2 years respectively. Therefore, late 

toxicity may be underestimated. Finally, the grading of toxicity is not consistent 

between the papers, with some studies using published criteria, and others not 

grading the toxicity. Moreover, some toxicity scales give different results than 

others. For example, there are four possible grading systems for pneumonitis, 

which are all subtly different246. This can lead to some toxicities being graded a 

G2 toxicity as opposed to G3 and vice versa.  

5.4.3 Issues related to modelling technique 

Logistic regression modelling has been used extensively for dose constraints in 

radiation oncology. The application of this technique for re-irradiation modelling 

introduces some sources of inaccuracy. The number of patients and events in the 

re-irradiation datasets are relatively small. Standard practice in logistic 

regression is to split each dataset into training and test sets. However, the 

limited data available would introduce significant bias in the training set, as 
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removing the low number of events to fit the model to adds greater bias. Using 

the external cohort of 39 Beatson re-irradiation patients allows the models to be 

tested on a real-world, accurate dataset. However, the lack of toxic events in 

the validation cohort meant that the AUC of some models could not be assessed. 

The choice of endpoints for logistic regression is important. The endpoint of 

³Grade 3 toxicity was chosen because in most toxicity scales this results in 

hospitalisation and is significant for patients. Grade 3-5 toxicity was grouped 

together to increase the chance of having enough events to form models. The 

exploration of other toxicity endpoints such as grade 1-2 toxicity was not 

possible due to lack of data. However, grade 2 toxicity is likely to be of 

importance to patients but is not assessed in these models. The used of patient 

reported outcome measures were not recorded in any of the re-irradiation 

studies but would have given a valuable patient perspective on the toxicities of 

treatment. 

The modelling performed in this study summed the dose of two treatments into 

one EQD2 value using the linear-quadratic equation. The α/β values use in the 

LQ equation are not absolute values. The values used in this study are commonly 

used, using an α/β of 3 for late responding tissues. However, the α/β for late 

oesophageal toxicity was tested on a canine model and found to be 3.3Gy247. For 

lung, pneumonitis having a α/β of 4Gy and fibrosis of 3.07Gy226,248. The possible 

variations of α/β ratios may affect the dose calculations by a small amount. 

Moreover, data is lacking on if a course of radiation changes the α/β ratio of a 

tissue. For example, the α/β ratio of unirradiated lung may be 3Gy, but after 

radiation, it may fibrose. This may change its fraction sensitivity. This has not 

been investigated. Additionally, the calculation of EQD2 does not consider the 

use of concurrent chemotherapy, which can act as a radiosensitiser. This could 

be useful when planning re-irradiation after an initial course of concurrent 

chemoradiotherapy. It might be assumed that the re-treatment dose should be 

less to avoid toxicity given the previous intensive treatment, but again, data is 

lacking to support this approach. 

The datasets include data from conventionally fractionated radiotherapy, two 

course of SABR or a combination of both. The LQ model was applied to all these 
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treatments to calculate the EQD2. The mechanistic underpinning of the LQ 

formalism however does not apply to SABR treatments, which have different 

radiobiological effects (on hypoxia, immunologically and the vasculature of the 

tumour)162. Furthermore, where the dose per fraction is greater than 15Gy, the 

LQ model underestimates the effect249. Applying the LQ formalism to calculate 

EQD2 values from the published data may therefore be a source of error. 

However, for most in vivo research, the LQ model is accurate between a range 

of 2-15Gy, and the use of more complicated models (the linear-quadratic-linear 

model or the universal survival curve) were not significantly better162,250. 

Therefore, although the LQ model may not mechanistically match the 

radiobiological processes at higher doses per fraction, it still accurate predicts 

the effect. One area that remains controversial is the effect of SABR doses on 

normal tissue, as much of the research has focused on tumour control 

probabilities. High fraction doses affect endothelial function and blood flow in 

tumours but there is little data on how normal tissue respond biologically to 

these changes251,252. One putative mechanism is that SABR-related normal tissue 

damage is akin to a surgical wound, and normal tissue recovery depends on the 

tissue architecture, innate regenerative abilities, the amount of stem cell 

depletion and vasculature damage253. 

The use of the LQ model for SABR treatments can increase the EQD2 values 

significantly. SABR delivers high dose per fraction treatments, which can 

potentially skew the dose delivered. For example, 60Gy in 2Gy fractions gives 

and EQD2 of 60Gy, while 60Gy in 7.5Gy fractions gives and EQD2 of 126Gy to late 

responding tissue. According to Lyman’s power law as applied to partial volume 

irradiation, as the volume reduces, higher doses are tolerated254,255. For SABR 

treatments, the dose to give a certain toxicity may be higher than that for with 

conventionally fractionated radiotherapy data. However, the models did not 

have sufficient data to split into SABR only or conventional fractionation only re-

irradiations to explore this. 

The selection of papers included in this study was based on a large literature 

search. There may be other papers that report dose and toxicity that were 

omitted. To capture all the relevant data, the search was repeated on two 

occasions (in 2018 and 2020). The data was extracted by a single researcher and 
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was reviewed to ensure that the correct data was entered. However, the use of 

a large literature review introduces publication bias into the results. As re-

irradiation is a novel and technical treatment, it is more likely to be performed 

in large-volume centres. Therefore, there may be missing information from 

other centres which perform re-irradiation but have not published it. 

Additionally, there may be a bias to publish papers where significant toxicity was 

seen. However, there were several studies which were published with no 

toxicity. It is difficult to quantify this effect. Once the models were created, 

they were bootstrapping (re-sampled with replacement) 2000 times to generate 

a bootstrapped 95% confidence interval. This process assumes that the sample is 

representative of the population – this may not be the case. 

5.4.4 Conclusions 

Dose/toxicity models were built for lung, spinal cord, oesophagus, proximal 

bronchial tree and aorta and were used to predict the dose that gives a 5% or 

20% toxicity rate (Table 5.57).  There are several sources of potential inaccuracy 

although the results of the modelling are largely in agreement with the expert 

groups dose constraints. The models will be used to predict the estimated 

toxicity rates for the replanned treatments. This may be useful in clinical 

practice as it allows clinicians to counsel patients about re-irradiation with a 

greater awareness of toxicity risks. 
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6 Re-irradiation tumour control models 

6.1 Introduction 

The 2-year overall survival rates of radical thoracic re-irradiation range between 

11-64% with conventionally fractionated radiotherapy, and 37 -79% with SABR 

(see Table 1.1 in introduction). There are several factors that may influence 

survival. These can be divided into factors that are within the treating clinician’s 

control such as use of concurrent chemotherapy and cumulative dose169,222,256, or 

less controllable factors such as size of the tumour and whether the new disease 

is a local recurrence or a second primary126,257,258. As demonstrated in the 

previous chapter, dose and concurrent chemotherapy are also associated with 

increased toxicity rates and are controllable factors. The competing objectives 

of maximising tumour control while minimising toxicity is a fundamental 

challenge in radiation therapy. In the re-irradiation setting, dose constraints may 

need to be exceeded to achieve a high re-irradiation dose, but it is not clear 

what dose is required to achieve a particular outcome. 

Historically, it was thought that higher dose equates to improved tumour control 

in de novo radiotherapy for lung cancer59. However, the RTOG 0617 study 

demonstrated no benefit of dose escalation from 60Gy to 74Gy in 2Gy fractions 

to the lung primary in terms of local control or overall survival, which were 

significantly lower in the escalated arm60. This unexpected finding may be due 

to excess unreported cardiac mortality, longer treatment time or inherent 

biological factors of radioresistance62,259. Conversely, in de novo SABR 

treatments for T1-2 NSCLC, there is a well-defined PTV target dose of 43-50Gy in 

3-5 fractions75. 

Data from some retrospective studies suggest that higher dose at re-irradiation 

leads to better outcomes. Kruser et al. analysed the outcomes of 37 patients 

retreated with palliative and radical intent re-irradiation for NSCLC and 

demonstrated that higher re-treatment dose and good performance status were 

associated with better outcomes in a multivariable Cox regression analysis169. 

Hong et al. demonstrated in a cohort of 31 patients that a cumulative BED of 

>145Gy10 and re-irradiation dose of >68.7Gy10 (or an EQD2 of 57.25Gy) were 

associated with significantly longer OS and local control222. These findings were 
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mirrored in a proton re-irradiation study: 27 patients re-treated with 66Gy EQD2 

or above had a significantly better 1-year freedom from local failure (100% vs 

49%, p=0.013)126. These data are based on a relatively small sample size yet 

suggest a dose target for radical re-irradiation of approximately 60Gy EQD2.  

However, this target does not provide an estimate of the local control or overall 

survival rate of re-treatment at this dose. It is important to predict the possible 

benefit of re-treatment when counselling a patient, especially given the 

historical high toxicity rates of re-irradiation. Thoracic re-irradiation is used in 

selected patients on a non-protocolised basis and counselling the patients 

extensively beforehand is recommended174. This discussion may include what 

level of risk a patient would accept for a projected benefit.  

6.1.1 Aims of tumour control modelling 

The aim of dose/efficacy modelling was to predict the benefit of re-irradiation 

across a range of cumulative doses. The models were derived from a database of 

published studies that detail the cumulative dose given to a tumour and the 

outcome, either as local control or overall survival. Data from all modalities 

used in re-irradiation (e.g., photons, protons and carbon ions) were included. 

Logistic regression was performed to predict the dose required for 30% and 50% 

local control or overall survival rates at 2 years. Exploratory analyses were 

performed on the effect of interval between treatments, concurrent 

chemotherapy and tumour size. The doses predicted for a given effect were 

assessed in a feasibility study to see if the retreatment dose could be escalated 

without breaching published dose constraints. 
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6.2 Methods 

6.2.1 Datasets used in modelling and model validation 

Three datasets were used in creating and validating the dose/outcome models. 

The primary sources of information are the published studies of re-irradiation, 

identified by a literature search. The information collected from this exercise 

can be divided into grouped data (where median doses and outcome measures 

were quoted) and discrete data (where individual patient-by-patient level 

information was available). For validation purposes, the cumulative dose and 

outcome data was taken from the 39 patients treated at the Beatson, the 

collection of which is outlined in Chapter 4.  

6.2.2 Data collection and dose combinations 

Studies were identified using the literature search strategy outlined in Chapter 

5.2.2. Studies were included in the database if greater than 50% of the patients 

treated in the study were NSCLC (as opposed to SCLC and re-irradiation of 

metastases), quoted the cumulative dose delivered at re-irradiation, and gave 

an outcome of treatment measured either in local control or overall survival rate 

at one- or two-years post-re-irradiation. The cumulative dose to the tumour was 

converted to EQD2 using the method outlined in Chapter 5.2.3. Additional data 

tabulated when available were the use of concurrent chemotherapy, the size of 

the tumour (either as GTV, CTV, ITV or PTV) and the interval between 

treatments.  

6.2.3 Selection of α/β ratio for tumour 

The α/β value for lung cancer is difficult to due to the heterogeneity of the 

tumours. For stage I NSCLC, the α/β has been estimated at 8.2Gy (95% CI 7 – 

9.4)260. By contrast, a modelling study using a dataset of 2319 patients with 

stage I NSCLC of varying histologies, suggested an α/β ratio of 3.9Gy (68% CI 2.2 

– 9.0, p>0.005)261. This highlights that the α/β ratio for lung cancer is difficult to 

obtain precisely. As the tumour histologies and stages of lung cancer of the data 

in this study vary, the accepted α/β of 10Gy will be used.  
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6.2.4 Choice of endpoints 

The endpoints selected are local control at 2 years and overall survival at 2 

years. These were chosen as they are of clinical relevance and frequently stated 

in the studies the database is derived from. The outcomes and predictors are 

summarised in Table 6.1. 

Table 6.1 Outline of the outcome and predictor variables. PTV: planning target volume. 

Outcome variable Predictor variables 
Local control/overall survival at 2 years Cumulative dose to the PTV 
 Initial dose 
 Retreatment dose 
 Size of PTV 
 Interval between treatments 
 Concurrent chemotherapy 
 Local recurrence 

 

6.2.5 Modelling process 

The studies identified by the literature search were critically assessed and only 

those which met the inclusion criteria as described in section 6.2.2 were added 

to the database. The grouped data regarding outcome rates were converted into 

individual events (e.g., if a study of 30 patients quoted a two-year OS rate of 

10%, the database would have 30 cases with the grouped median dose and other 

variables if given and 3 patients would be assigned a value of 0, denoting that 

those cases were alive, and 27 would be assigned a value of 1, denoting that 

those cases were dead). The database was manually re-checked to ensure that 

all the data was correctly transcribed.  

Descriptive statistics and missing data analysis were performed on the final 

database. The dataset was subdivided into two subsets, one with the outcome 

variable of local control at two years and the other with overall survival at two 

years. Each subset was split by the median of the predictor variables and 

evaluated using 𝜒! or Fisher’s exact test as suggested in a recent primer on 

radiotherapy modelling187.  
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6.2.5.1 Data collection 

Cumulative doses were taken from the studies in EQD2. For studies that used 

carbon ions and protons, the relative biological effectiveness (or EQD2 dose) as 

quoted in the papers was used to correct for the difference in modality. The 

median retreatment dose (RT dose) in EQD2 was calculated from the studies 

using the linear/quadratic equation unless stated in the study. The rate of 

concurrent chemotherapy was taken from the studies only if explicitly stated. If 

no rate of concurrent chemotherapy was noted, this was ascribed as missing 

data. As studies reported different measures of tumour volume (e.g., some 

studies reported the GTV, whilst others reported the PTV), the reported tumour 

volume (RTV) included the quoted measurement of tumour volume (GTV, CTV, 

ITV or PTV) given in the study. 

6.2.5.2 Corrections for limited follow-up 

The outcome measures under investigation are the 2-year local control rate and 

the 2-year overall survival rate. For studies where the duration of follow-up is 

less than 2 years, the data would be incomplete and would lead to inaccurate 

predictions. This is because although the survival or overall control rate would 

be correct for that study, the raw number of patients reaching 2 years survival 

or local control would be overestimated. If these crude rates were used, this 

would result in an increase in the number of patients where the endpoint did not 

occur, and give undue prominence to that cohort inappropriately when fitting a 

model to the data. This was corrected for by making an estimate of the patients 

alive at 2 years (Neff) where the follow-up was shorter than 2 years. 

The following process was used to estimate the number of patients alive at 2 

years. For studies where the median follow-up was equal or greater than 2 

years, no correction was made. If the study quoted a 2 year OS rate and gave a 

95% CI, the effective number of patients alive at 2 years were calculated using 

the following equation: 

𝑁#.. =
𝑂𝑆(1 − 𝑂𝑆)

(95%	𝐶𝐼/3.92)! 
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where Neff = Effective number alive at 2 years, OS = the quoted 2 year survival 

probability, 95% CI = the quoted 95% CI, and 3.92 is derived from 1.96x2 to 

represent the 2 standard deviations which the 95% CI represents. For local 

control, the local control rate was used instead of the OS. 

If the study follow-up was less than 2 years, and had a Kaplan-Meier survival 

plot, the plot was digitised using an online graphics digitiser 

(https://apps.automeris.io/wpd/). The plot was traced and reconstituted into a 

life table using the method and R algorithm described by Guyot et al.262 The life 

table was then used to derive the 2 year survival and the associated 95% 

confidence intervals. The above equation was then used to determine the Neff.  

If the study quoted a 2 year OS rate but gave no confidence intervals and had no 

Kaplan-Meier plot, the Neff was estimated by multiplying the total number of 

patients in that study by the Neff/N of a similar study in the dataset with similar 

follow-up duration. The Neff values for each study were then multiplied by the 

quoted 2 years OS or LC rate to give the number of events. If the number of 

events were not integers, they were rounded to the nearest whole number. 

These cases were then used in the modelling process. 

6.2.5.3 Exploratory estimation of concurrent chemotherapy rates and PTV 

To improve the accuracy of the data, two exploratory analyses were performed. 

In studies where a measure of tumour volume other than PTV was given, the PTV 

was estimated from these values using the following process. The tumours were 

assumed to be spherical. The radius was calculated from the given 

ITV/CTV/GTV, then expanded using the data given in the methods sections of 

each study. The expanded radius was then used to generate the PTV. The results 

of the modelling using the reported target volumes (RTV) and the estimated PTV 

values are both presented. 

According to the UK and US SABR guidelines, the use of concurrent 

chemotherapy is not used with SABR and in stage I NSCLC263,264. Authors of 

studies that report re-irradiation using this technique or stage of disease may 

not explicitly mention that no chemotherapy was given, as it may be taken as 

obvious to the reader. Therefore, it could be assumed that patients having SABR 
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or treatment for stage I tumours did not have concurrent chemotherapy. 

Datasets and models with the estimated PTV and the assumed concurrent 

chemotherapy rates were created using the same technique as the unamended 

dataset and were reported in the results section. 

6.2.5.4 Model fitting and selection 

Logistic regression modelling was performed on each dataset using the maximum 

likelihood method. Univariable models were generated for each predictor. 

Univariable models which had a p-value<0.2 were included in multivariable 

models. Where multivariable models were formed, backwards variable selection 

was used to ensure that the most parsimonious model was used. The model that 

best balanced goodness-of-fit against parsimony was selected according to the 

lowest Akaike’s information criterion (AIC).  

In contrast to the dose/toxicity models in Chapter 5, the outcomes of local 

control and overall survival were calculated on an actuarial basis. As the 

difference in follow-up time was corrected, overdispersion of the data was likely 

to be less, and therefore it is more reasonable to use a more standard approach, 

of model selection using the AIC, rather than cross-validation. 

The models were plotted and used to predict the cumulative dose required to 

give 30% and 50% two-year local control and two year OS rates with a 95% 

confidence interval (CI). Both the LC and OS model datasets were bootstrapped 

2000 times and the 30% and 50% rates were recalculated. For these bootstrapped 

predictions, the 95% CI was calculated by removing the lowest and highest 2.5% 

of the predictions. The minimum dose that would ensure a 30% or 50% survival 

rate was calculated using the bootstrapped datasets. 

Assessment of model fit was performed by calculating the Hosmer Lemeshow 

goodness of fit test p-value using the model predictions against the complete 

dataset split into 10 deciles. To graphically demonstrate model performance, 

model predictions of 2 year local control or 2 year overall survival probability 

were generated using the predictor variables from each study that made up the 

dataset the models were derived from. These predictions were plotted against 
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the observed local control or overall survival rate of each study. These were 

then evaluated using a Pearson correlation coefficient.  

The model dose predictions for 30% and 50% were validated against doses in the 

collected dataset and against the Beatson cohort. These datasets were split by 

the dose predicted for a 30%/50% local control or overall survival rates and the 

outcome rate was calculated. All analyses were performed using R version 3.6.1 

(R Core Team (2013). R: A language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria). A p-value of <0.05 was 

used for significance for all tests. 

6.2.6 Dose escalation feasibility 

This feasibility study escalated the re-treatment dose until an OAR dose 

constraint was exceeded. The dose constraints used were the highest dose 

allowed by the expert consensus for each OAR (see Chapter 5). The local control 

and overall survival models then were used to predict the likely efficacy of the 

treatment, and the dose/toxicity models were used to predict the likely toxicity.  

The feasibility study used the patients with local recurrence data (n=13) from 

the Beatson cohort. The cumulative dose received by four OARs (cord, proximal 

bronchial tree, aorta and oesophagus) in the primary and re-irradiation courses 

were collated using the methods described in Chapter 4. In short, this involved 

converting the initial and re-irradiation plans into EQD2 dose maps using a dose 

conversion and image registration software (Velocity version 3.1, Varian Medical 

System, Palo, Alto, US). The CT images from the initial and re-irradiation were 

registered using deformable dose registration and the deformations was applied 

to the EQD2 dose maps. The initial, re-irradiation and cumulative doses in EQD2, 

for each OAR were recorded. 

The proportion of the cumulative dose attributable to the retreatment was 

calculated by subtracting the initial dose from the cumulative dose. It is 

assumed that the second dose overlaps to a degree with the first dose, which is 

likely for some but not all OARs. Doses were escalated using the following 

procedure. The maximum retreatment dose that could be delivered per patient 

per OAR was calculated by subtracting the OAR dose from the first treatment 
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from the maximum dose constraint for the OAR and dividing this by the 

proportion of the dose given by the second treatment. This was then divided by 

the proportion of the prescription dose to the OAR dose in the second 

treatment, to give a maximum retreatment prescription dose. 

The maximum retreatment doses for each OAR per patient were collated and the 

lowest dose selected (as this represented the maximum dose possible before a 

constraint was breached). The maximum retreatment dose was then applied to 

the other OARs to determine their cumulative dose at this prescription dose. The 

additional dose was added by increasing the number of fractions, not by 

changing the dose per fraction. No correction was made for the longer treatment 

duration of the higher dose treatments.  

Using the OAR dose toxicity models as described in Chapter 5, the predicted 

target dose cumulative OAR doses and the actual delivered cumulative OAR 

doses were entered into the model. Where the dose/toxicity model required 

additional variables (e.g. interval, use of concurrent chemotherapy), these were 

taken from the Beatson cohort. The model output therefore gave the original 

risk of toxicity to the OAR (from the delivered treatment) and the new risk if the 

maximum retreatment dose was used. The efficacy was also predicted of the 

maximum retreatment dose and the delivered dose using the LC and OS models.  
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6.3 Results 

6.3.1 Data collection 

The literature search identified 20 studies that had cumulative dose and 

outcome data suitable for use in dose/outcome modelling (Figure 6.1). These 21 

studies are summarised in Table 6.2 and Table 6.3.

 

Figure 6.1 PRISMA diagram. LC: local control, NSCLC: non-small cell lung cancer, OS: 
overall survival. *Some papers provided dose/outcome data for both 2-year local control 
and overall survival. 

 

Records identified 
through database 
searches: 5041  

Records from other 
sources: 16 

Records after 
duplicates 
removed: 

4151 

Records screened: 
4151 

Records excluded: 3885 (not 
cancer related, not radiotherapy 

related, editorials) 

Full text articles 
screened for 

eligibility: 266 

Full text articles excluded: 241 
(review articles, animal studies, 
brachytherapy, inadequate dose 

data, not mostly NSCLC) 
  

Studies included in 
quantitative 

synthesis: 25* 

Records excluded: 4 (outcome 
data given but not at 2 years) 

LC:14           OS: 19* 
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Table 6.2 List of studies used in the local control and overall survival dataset.  The total number of patients included is 693, from 21 studies. 3D-CRT: three 
dimension conformal radiotherapy, EQD2: equivalent dose in 2 Gray fractions, Fr: fractions, IMRT: intensity modulate radiotherapy, LR: Local recurrence, 
(1 – all local recurrence, 2 – local and non-local recurrence), NR: not recorded, NSCLC: non-small cell lung cancer, Re-RT: re-irradiation, SCLC: small cell 
lung cancer. 

Paper n Individual 
data/Grouped 

Treatment 
span 

Median initial 
prescription 
dose/fr 

Median re-RT prescription 
dose/fr 

Re-
treatment 
Technique 

Type of 
tumour 

All LR 
or not 

Wu120 23 Grouped 1999 - 2001 66 (30-78) Gy/1.8-
2Gy/fr 

51 (46-60) Gy/1.8-2Gy/fr 3D-CRT 69.5% 
NSCLC, 
30.5% SCLC 

1 

Tada121 19 Grouped 1992 - 2002 50 -69.6Gy/NR 50 (50-60) Gy/25fr (25-30) 3D-CRT 100% NSCLC 1 
Meijneke175 20 Grouped 2005 - 2012 median 60 (30-60) 

Gy/median 3 (1-
25) fr 

median 51 (20-60) 
Gy/median 5 (3-10) fr 

90% SABR, 
10% 
Conventiona
l  

75% NSCLC, 
10% SCLC, 
15% Mets 

1 

Ester265 13 Grouped 2006 - 2012 61.2 (12 - 70) Gy/ 
NR 

45 (45-50)/5 SABR 83.3% 
NSCLC, 8.3% 
SCLC, 8.3% 
Wilms 

1 

McAvoy122 33 Grouped 2006 - 2011 median 63 (40-74) 
Gy/median 33 (4-
59) fr 

median 66 (16.4–75) Gy 
RBE/median 32 (9–58) fr 

Proton 
(passive 
scatter) 

100% NSCLC 2 

Trovo129 17 Grouped NR (<2014) 50-60Gy/ 20-30 fr 30Gy/5-6 fr SABR 100% NSCLC 1 
Griffioen114/Tetar12
3 

30 Grouped 2004 - 2015 59.9 (24 - 70) 
Gy/25 (3-35) fr 

60 (39-66) Gy/30 (13-33) fr IMRT 100% NSCLC 2 

McAvoy258 10
2 

Grouped 2006 - 2013 70 EQD2 Gy (33-
276) 

60.5 EQD2 Gy (25.2 - 155) IMRT or 
Protons 

100% NSCLC 2 
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Owen219 18 Grouped 2006 - 2012 median 60 (39-70) 
Gy/median 30 (12-
35) fr 

median 50 (40-60) Gy/ 
median 4 (3-10) fr 

SABR 77.8% 
NSCLC, 5.5% 
SCLC, 16.7% 
mets 

2 

Kilburn130 33 Grouped 2001 - 2012 median 60 (22.5-
80.5) Gy/median 
30 (1-37) fr 

median 50 (20-70.2) 
Gy/median 10 (1-35) fr 

SABR in 91% 75.8% 
NSCLC, 
12.1% SCLC, 
12.1% mets 

1 

Patel131 26 Grouped 2008 - 2011 61.2 (30 - 74)/NR 30 (15-50)/5 (3-5) fr SABR 88.5% 
NSCLC, 
11.5% other 

1 

Binkley220 25 Grouped 2008-2014 median 50 (20-74) 
Gy/median 4.5 (1-
37) fr 

median 50 (20-177.5) 
Gy/median 4 (1-54) fr 
(including multiple re-RT 
courses) 

SABR 73.7%, 
Conventiona
l 26.3% 

100% NSCLC 1 

Karube225 29 Grouped 2007-2014 median 46 (34–
61.2) Gy 
RBE/median 1 (1–
9) fr 

median 60 (54-72) Gy/ 
median 12 (12) fr 

Carbon ion 100% NSCLC 1 

Ceylan266 28 Grouped 2005 - 2015 54 (40 - 57) Gy/ NR 30 (20-60) Gy/5 (3-9) fr SABR 100% NSCLC 2 
Caivano267 22 Grouped 2011 - 2016 81 EQD2 Gy (32.5 - 

100) 
93.8 EQD2 Gy (40 - 126) SABR 54.5% 

NSCLC, 4.5% 
SCLC, 40.9% 
Mets 

2 

Hayashi268 95 Grouped 2006 - 2016 52.8 (28 - 76Gy)/1-
16 fr 

66 (48 - 72) Gy/ 12-16 fr Carbon ion 76.8% 
NSCLC, 
23.2% mets 

1 
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Hong222 31 Grouped 2005 - 2016 EQD2 median 66 
(43.13-125) Gy 

EQD2 median 57.2 (36-110) 
Gy 

IMRT 67.7%, 
SABR 32.3% 

77.4% 
NSCLC, 
22.6% SCLC 

2 

Kelly257 36 Grouped 2004 - 2008 61.5 (30 - 79.2)/NR 50 (40-50) Gy/4 fr SABR 94.4% 
NSCLC, 5.6% 
other 

2 

Liu149 72 Grouped 2004 - 2010 63 (30 - 79.2)/NR 50Gy/4fr SABR 79.2% 
NSCLC, 6.9% 
SCLC, 13.9% 
other 

2 

Kennedy136 21 Grouped 2008-2017 median 54 (50-54) 
Gy/ median 3 (3-5) 
fr 

median 50 (50-54) Gy/ 
median 5 (3-5) fr 

SABR 100% NSCLC 1 
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Table 6.3 Further details of studies used in the local control and overall survival dataset. CTV: clinical target volume, cumEQD2: cumulative dose in 
equivalent dose in 2-Gray fractions, f/u: follow-up, GTV: gross tumour volume, ITV: internal target volume, LC: local control, NR: not recorded, OS: overall 
survival, PTV: planning target volume, Re-RT: re-irradiation. 

Paper Median 
cumEQD2 
to 
tumour 
(α/β =10) 

Median 
re-
irradiatio
n dose 
(EQD2, 
α/β =10) 

Median 
interval 
(months, 
range) 

Chemo 
% rate 
with re-
RT 

2-yr 
LC (%) 

2-yr 
OS (%) 

PTV size F/u post re-RT 
(months, 
range) 

Neff 

LC OS 

Wu120 117 51 13 (6-42) 0 42 42 . 15 (2-37) 10 16 
Tada121 110 50 16 (5-60) 89 . 11 64 (30 - 204) All patients 

had died at 
time of 
reporting 

N
R 

12 

Meijneke175 216 83 17 (2-33) 0 50 33 46 (4-1734) 12 (2-52) 14 14 
Ester265 132.45 71.25 19.7 (4.7 - 

84.7) 
0 92 36 37.9 (19.5-119.6) 11.4 (1.6 - 

38.3) 
9 9 

McAvoy122 128.86 66 36 (2-376) 24 24 33 . 11 (1.4-32.4) 14 28 
Trovo129 108 40 18 (1-60) 0 . 29 . 18 (4 - 57) N

R 
9 

Griffioen114/Tetar12

3 
122 60 29.7 (5 - 189) 6.67 . 23 237 (29 - 1140) 25 N

R 
21 

McAvoy258 130.48 60.48 17 (1 - 376) 33 34.2 32.6 94.2 (7.8-1356.3) 
ITV 

6.5 (0-72) 50 73 

Owen219 148 88 18.4 (1.5-
112.8) 

0 90 . 19.2 (6.4-79.6) 21.2 (3.4-50.2) 13 N
R 

Kilburn130 122.5 62.5 18 (6-61) 0 67 45 . 17 (NR) 15 24 
Patel131 101.2 40 8 (3 - 26) 0 65.5 37 . . 11 22 
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Binkley220 141.1 93.8 16 (1-71) 31.6 . 57.3 . 17 (3-57) N

R 
17 

Karube225 201.56 85.3 20 (8-99) 0 66.9 69 112 (27-304) 29 (4-88) 29 29 
Ceylan266 94 40 14 (4-56) 0 . 42 24.2 (2.3-156.3) 

(GTV) 
9 (3-93) N

R 
13 

Caivano267 174.8 93.8 18 (6-66) 0 54 63 30.8 (2.7 - 260.7) 
(GTV) 

13 (13 -65) 18 16 

Hayashi268 210.25 85.3 17 (6 - 139) . 54 61.9 79.5 (7.1 - 452.8) 
(CTV) 

18 (1-89) 58 70 

Hong222 123.33 57.4 15.1 (4.4-
56.3) 

61.3 43.7 39.4 51.3 (13-299.3) 17.4 (4.8-76.8) 24 26 

Kelly257 155.25 93.8 22 (0 - 92) 0 92 59 . 15 (4-45) 17 31 
Liu149 156.75 93.8 21 (0-106) 0 . 74.4 . 16 (4-56) N

R 
61 

Kennedy136 168.3 126 23 (7-52) 0 81 68 . 24 (3-60) 15 17 
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6.3.2 Dose/2-year local control model 

6.3.2.1 Dataset description and initial assessment 

There were 502 patients from 14 studies included in the dose/local control 

model. These studies only presented grouped data. The crude 2-year local 

control rate was 55.2%. Papers that reported only re-irradiation of local 

recurrences (i.e., in-field relapses) accounted for 51.8% of the cases. Local 

recurrences were also included in the remaining 48.2% of studies, but they also 

comprised data for second primary lung cancers and re-irradiation of metastatic 

disease. The grouped median follow-up for the local control dataset is 15 months 

(range 6.5 – 29 months). As the local control is measured at 2 years, the 

estimated effective number of patients (Neff) was used to account for censoring. 

This reduced the number of cases in the dataset from 502 to 297. This is 

summarised in Table 6.4.  

Table 6.4 Summary of the local control dataset. cumDmax: cumulative maximum dose to the 
organ at risk, EQD2: equivalent dose in 2-Gray fractions, LC: Local control, PTV: planning 
target volume, RTV: reported target volume. 

  Missing values 
Number of trials:  14  
Number of patients: 502  
Effective number of patients 
at 2 years: 

297  

LC at 2 years (%) 166 (55.9) 0 
Local recurrence (%) 131 (44.1) 0 
Median interval from initial 
treatment and re-irradiation 
(months, range) 

17 (8 – 36) 
 

0 

Concurrent chemotherapy 
rate 

0.33 (0 – 0.613) 186 

Median cumDmax to PTV 
(EQD2 Gy, range) 

155.2 (101.2 – 216) 0 

Median initial treatment 
dose (EQD2 Gy, range) 

70 (42.3 – 133) 0 

Median retreatment dose 
(EQD2 Gy, range) 

85.3 (40 – 126) 0 

Median RTV size (cc, range) 79.5 (19.2 – 112) 67 
Median estimated PTV size 
(cc, range) 

112 (19.2 – 234.5) 67 
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The dataset was divided into a group with concurrent chemotherapy data 

(n=111), and with missing/excluded data (n=186). The missing data group had a 

significantly higher mean cumulative dose (180.2Gy compared to 129.6Gy in the 

complete group, t-test p-value <0.001). The missing data group also had a 

significantly higher rate of local control at two years (64.5% vs 41.4%, p-

value<0.001). There were 67 cases that had missing target volume data. The 

mean cumulative dose was significantly lower in the missing target volume data 

group (127.8Gy compared with 171.0Gy in the complete group, t-test p-

value<0.001). However, there was no significant difference in the rate of local 

control at two years between the two groups (59.7% in the missing group and 

45.2% in the group with PTV data, p-value 0.57). Four studies out of 14 studies 

gave non-PTV measurements of tumour volume258,266-268. These studies were 

modelled as reported target volumes. Subsequently, they were expanded using 

the technique outlined in the methods to form the estimated PTV.  

When the dataset was split according to the median values of the other 

predictor variables (cumulative dose, interval and target volumes), there was a 

statistically significant difference between the low and high cumulative dose and 

target volume groups (see Table 6.5). There was no significant difference in the 

rate of local control in patients who had concurrent chemotherapy and those 

who did not.  

Table 6.5 Results of χ2 tests when local control dataset split using median values. 
cumDmax: cumulative maximum dose to the organ at risk, EQD2: equivalent dose in 2-Gray 
fractions, PTV: planning target volume, RT: retreatment, RTV: reported target volume. 

 Local control Progression P-value 
Median cumDmax 
(EQD2 Gy) 

   

≤155.2 71 75  
>155.2 95 56  
  n=297 0.018* 
Median initial dose 
(EQD2 Gy) 

   

≤70 82 46  
>70 84 85  
  n=297 0.018* 
Median RT dose 
(EQD2 Gy) 

   

≤85.3 66 81  
>85.3 100 50  
  n=297 <0.001* 



239 
 
Median interval 
(months) 

   

≤17 21 24  
>17 145 107  
  n=297 0.234 
Median RTV (cc)    
≤79.5 59 34  
>79.5 67 70  
  n=230 0.041* 
Median estimated 
PTV (cc) 

   

≤112 59 34  
>112 67 70  
  n=230 0.041* 
Median concurrent chemotherapy rate   
≤0.33 19 18  
>0.33 27 47  
  n=111 0.196 
 
 
6.3.2.2 Local control logistic regression modelling using estimated PTV 

On univariable modelling, the retreatment dose, PTV size and concurrent 

chemotherapy rate had p-values <0.2. On multivariable modelling, 210 cases had 

to be removed from the model as they missed either PTV or concurrent 

chemotherapy data, and the model that used all three terms was significant for 

retreatment dose only (based on 87 cases). As the concurrent chemotherapy 

data had the largest amount of missing data (186 cases), a model was built using 

only the PTV and retreatment dose variables thereby using more of the data 

available (based on 230 cases). Both variables were significant in the 

multivariable model. Backward variable selection confirmed that the model with 

the lowest AIC included both the estimated PTV size and retreatment dose as 

predictors (Table 6.6). 

Table 6.6 Univariable and multivariable modelling of the local control dataset. Predictions 
made using estimated PTV. AIC: Akaike’s information criterion, LC: local control, NA: not 
applicable, PTV: planning target volume, RT: retreatment. 

Predictor Local control n P-value AIC 
 Univariable modelling results 
Initial dose 2-year LC 297 0.421 410.95 
RT dose 2-year LC 297 <0.001* 396.3 
Interval 2-year LC  297 0.852    411.56 
PTV size 2-year LC  230 <0.001* NA 
Concurrent 
chemo rate 

2-year LC 111 0.077 NA 
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 Multivariable modelling results 
PTV size 2-year LC 230 0.030* NA 
RT dose 2-year LC 230 0.052 

 

The multivariable model expression is: 

P(2 year local control|X1,X2) = Φ(-0.7542 - 0.0048X1 + 0.0190X2) 

Where X1 = estimated PTV size and X2 = retreatment dose. 

Using the median retreatment dose at 85.3Gy EQD2, the model predicted a 50% 

rate of 2-year local control for a PTV of 181.55cc (95%CI 88.40 – 274.70), and a 

30% rate of 2 year local control for a PTV of 358.46cc (95% CI 120.2 – 596.72). 

The RT dose predicted to give a 50% 2 year local control rate (assuming the 

median PTV of 112cc) was 67.8Gy (95% CI 49.43, 86.16). This was bootstrapped 

2000 times and the 95% CI was (-404.91, 569.94Gy). For 30% local rate, the 

predicted RT dose was 23.29 (95% CI -34.91, 81.49) and the bootstrapped 95% CI 

was (-508.97, 857.24). The predicted 2 year local control rate and the 

bootstrapped 95% confidence intervals are shown in Table 6.7, using the median 

PTV size. The model is plotted in Figure 6.2 with the source data and standard 

error of the regression.  

Table 6.7 Predicted 2 year local control rate by increasing retreatment dose. CI: Confidence 
interval, EQD2: equivalent dose in 2 Gray fractions, Gy: Gray, LCR: local control rate, PTV: 
planning target volume. Median PTV of 112cc used for all predictions. 

Retreatment dose 
(Gy, EQD2)  

Maximum 
likelihood 
prediction 2-year 
LCR (%) 

95% CI lower limit 
(%) 

95% CI upper limit 
(%) 

30 32.7 14.4 57.6 
40 37.1 19.8 57.7 
50 41.6 26.9 57.8 
60 46.3 35.4 57.9 
70 51.0 43.4 59.1 
80 55.8 49.1 62.5 
90 60.4 51.9 68.8 
100 64.9 53.4 75.8 

 



241 
 

 

Figure 6.2 Plot of the local control multivariable model (estimated PTV and re-treatment 
dose). The blue line is the fitted regression model, black dotted lines represent the standard 
error of the regression, the red dotted line indicates the 50% local control rate. The dots 
represent the toxicity rate from each individual paper coded by colour, with the size of the 
dots proportional to the number of patients in the study, vertical bars are the 68% binomial 
confidence interval. There are only 9 data points included in the plot five of the 14 studies 
lacked PTV data and were excluded from the multivariable model. This model uses the 
median PTV of 112cc. 
 

6.3.2.3 Reported target volumes and estimated PTV 

The reported target volumes were used instead of the estimated PTV values to 

explore if this resulted in a difference in the modelling results. The RTV 

modelling resulted in a similar multivariable model including both the target 

volume and the RT dose. The predicted RT dose for 30 and 50% local control 

using the model was slightly higher. The RTV model a 50% 2-year rate of local 

control (using the median RTV) at 73.9Gy (95% CI 62.88 – 84.93) and a 30% rate 

at 40.92Gy (95% CI 13.60 – 68.23).  



242 
 
6.3.2.4 Estimated concurrent chemotherapy models 

The modelling process was repeated using the dataset with the assumption that 

the rate of concurrent chemotherapy for patients treated with SABR and with 

stage I disease was zero. The modelling results are summarised in Table 6.8. The 

retreatment dose, PTV size and concurrent chemotherapy were significant on 

univariable modelling. On multivariable modelling PTV size and the estimated 

concurrent chemotherapy rate had p<0.2. A subsequent model was made using 

only the PTV size and concurrent chemotherapy and both were significant. 

Table 6.8 Univariable and multivariable modelling of the local control dataset. Model 
prediction using estimated PTV. AIC: Akaike’s information criterion, LC: local control, PTV: 
planning target volume, RT dose: retreatment dose. 

Predictor Local control n P-value AIC 
 Univariable modelling results 
Initial dose 2-year LC 297 0.421 410.95 
RT dose 2-year LC 297 <0.001* 396.3 
Interval 2-year LC  297 0.852    411.56 
PTV size 2-year LC  230 <0.001* n/a 
Est. 
Concurrent 
chemo rate 

2-year LC 297 <0.001* 394.44 

 Multivariable modelling results 
PTV size 2-year LC 230 0.014* 304.44 
RT dose 2-year LC 230 0.946 
Est. 
Concurrent 
chemo rate 

2-year LC 230 0.143 

 Final multivariable model 
PTV size 2-year LC 230 0.003* 302.45 
Est. 
Concurrent 
chemo rate 

2-year LC 230 0.014* 

 

The multivariable model expression is: 

P(2 year local control|X1,X2) = Φ(1.1005 - 0.0059X1 - 1.6191X2) 

Where X1 = estimated PTV size and X2 = concurrent chemotherapy rate. 

This model was used to predict the PTV size to give the 30% and 50% 2-year local 

control rates. The concurrent chemotherapy rate used was the median value 

median value (0). The model predicted a 50% 2 year local control rate with a 
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PTV size of 187.9cc (95% CI 110.38, 245.41) and a 30% 2 year local control rate 

with PTV 332.56cc (95% CI 171.48, 493.65). This model was plotted in Figure 6.3. 

 

Figure 6.3 Plot of the local control multivariable model (PTV and assumed concurrent 
chemotherapy). The blue line is the fitted regression model, black dotted lines represent the 
standard error of the regression, the red dotted line indicates the 50% local control rate. The 
dots represent the toxicity rate from each individual paper coded by colour, with the size of 
the dots proportional to the number of patients in the study, vertical bars are the 68% 
binomial confidence interval. The median concurrent chemotherapy rate of zero was used. 
 

6.3.2.5 Multivariable model validation 

The multivariable model from the unadjusted dataset (with retreatment dose 

and PTV size as the predictors) had a Hosmer Lemeshow p-value of 0.758, 

suggesting a reasonable fit to the data. The expected and observed 2-year local 

control rates by model prediction decile is plotted in Figure 6.4. The Pearson 

correlation coefficient was 0.69 (p-value 0.041) suggesting that the line of best 

fit correlates reasonably with the observed local control rates. The multivariable 

model from the dataset with the assumed concurrent chemotherapy rate also 
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had a non-significant Hosmer Lemeshow test p-value (0.613) and the expected 

and observed plot is shown in Figure 6.5. Both models had similar performance, 

albeit the predictions from the assumed model had better correlation with the 

observed values with a Pearson correlation coefficient of 0.79 (p-value 0.011). 

However, the model with most clinical utility is the unadjusted model as it 

included the retreatment dose, which is the major modifiable factor when 

planning re-irradiation. 

 

Figure 6.4 Predicted and observed 2 year local control rate by decile of model prediction 
(unadjusted multivariable model using PTV and retreatment dose). The blue line is the line 
of best fit and the black dotted line is the line of unity, n=230.  
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Figure 6.5 Predicted and observed 2 year local control rate by decile of model prediction 
(chemo-assumed and PTV multivariable model). The blue line is the line of best fit and the 
black dotted line is the line of unity, n=230. 
 

The unadjusted model results for the 50% local control for PTV and RT dose were 

tested on the dataset. The model prediction for 50% local control is a PTV of 

181.6cc (with the median RT dose of 85.3Gy). This cut-off was applied to the 

dataset and there was a statically significant difference, with a higher rate of 

local control below PTV size of 181.6cc compared to above (60.6% and 34.0% 

respectively, p-value 0.001, Table 6.9). If the assumed concurrent chemotherapy 

model was used with a PTV cut-off of 187.9cc, the local control and local 

failures rates are the same. However, there was only one study that reported a 

higher PTV size (234.5cc) than either of the 50% predictions, limiting the 

strength of the conclusions that can be drawn. 
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Table 6.9 Testing maximum-likelihood PTV cut-off for 50% 2-year local control. LC: local 
control, LCR: local control rate, LF: local failure,  

 
LC LF LCR at 2yr 

(%) 
P-value 

≤181.6cc 109 71 60.6  
>181.6cc 17 33 34.0     

n=230 0.001* 
 

The unadjusted model predicted a 2-year rate of local control at a RT dose 

67.8Gy (with a median PTV of 112cc). This dose was used as a cut-off, and there 

was a statistically significant higher rate of local control with patients treated 

above compared to below this dose (63.5% and 36.5% respectively, p<0.001, 

Table 6.10). 

 
Table 6.10 Testing maximum-likelihood RT dose cut-off for 50% 2 year local control. LC: 
local control, LCR: local control rate, LF: local failure, 

 
LC LF LCR at 2yr 

(%) 
P-value 

≤67.8Gy 27 47 36.5  
>67.8Gy 99 57 63.5     

n=230 <0.001* 
 

6.3.3 Dose/overall survival model 

6.3.3.1 Dataset description and initial assessment 

There were 675 cases from 19 studies included in the overall survival dataset. 

These studies only presented grouped data. The crude 2-year overall survival 

rate was 48%. Papers that reported only re-irradiation of local recurrences (i.e., 

in-field relapses) accounted for 47.6% of the cases. Local recurrences were also 

included in the rest of the cases, but this subset of the data also included second 

primary lung cancers and re-irradiation of metastatic disease. The rate of 

concurrent chemotherapy and the target volume sizes were calculated as per 

the local control dataset. The grouped median follow-up for the local control 

dataset is 16 months (range 6.5 – 29 months). As the overall survival rate is 
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measured at 2 years, the estimated effective number of patients (Neff) was used 

to account for censoring. This reduced the number of cases in the dataset from 

675 to 506. This is summarised in Table 6.11. 

Table 6.11 Summary of the overall survival dataset. cumDmax: cumulative maximum dose 
to the organ at risk, EQD2: equivalent dose in 2-Gray fractions, PTV: planning target 
volume, RT: retreatment, RTV: reported target volume. 

  Missing values 
Number of trials  19  
Number of patients 675  
Effective number of patients 
at 2 years 

506  

OS at 2 years (%) 245 (48.4) 0 
Death rate at 2 years (%) 261 (51.6) 0 
Median interval from initial 
treatment and re-irradiation 
(months, range) 

17 (8 – 36) 
 

0 

Median concurrent 
chemotherapy rate 

0.33 (0 – 0.613) 315 

Median cumulative Dmax 
(EQD2 Gy, range) 

141.1 (94 – 216) 0 

Median initial dose Dmax 
(EQD2 Gy, range) 

65.9 (42.3 – 133) 0 

Median retreatment dose 
Dmax (EQD2 Gy, range) 

83 (40 – 126) 0 

Median RTV size (cc, range) 79.5 (24 – 237) 208 
Median estimated PTV size 
(cc, range) 

133.1 (24 – 237) 208 

 

There were 315 cases that had missing concurrent chemotherapy. The mean 

cumulative dose in the group with concurrent chemotherapy data was 

significantly lower in the missing group (127.0Gy vs 166.0Gy in the complete 

data subset, p-value <0.001). The two-year overall survival rate was also 

significantly lower in the missing group (32.3% vs 58.4% in the complete group, 

p-value<0.001).  

There were 208 cases that had no target volume data. The mean cumulative 

dose was again significantly lower in the missing target volume group (136.6Gy 

vs 161.4Gy in the complete group, p-value<0.001). There was no significant 

difference in the rate of two year overall survival between the missing and 

complete target volume group (51.7% vs 46.3% respectively, p-value 0.272).  
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When the variables of the dataset were split by the median values, there was a 

significant difference between the higher and lower interval, and the 

retreatment and cumulative dose to the target volumes groups (Table 6.12).  

Table 6.12 Results of χ2 tests when overall survival dataset split using median values. PTV: 
planning target volume, RTV: reported target volume. 

 Alive Dead P-value 
Median cumulative 
dose 

   

≤141.1 82 168  
>141.1 164 92  
  n=506 <0.001* 
Median 
retreatment dose 

   

≤83 82 168  
>83 164 92  
  n=506 <0.001* 
Median initial dose    
≤65.9 127 126  
>65.9 119 134  
  n=506 0.506 
Median concurrent 
chemotherapy rate 

 

≤ 0.33 52 114  
>0.33 16 9  
  n=191 0.003* 
Median interval    
≤17 27 60  
>17 218 201  
  n=506 <0.001* 
Median RTV     
≤79.5 45 59  
>79.5 93 101  
  n=298 0.517 
Median estimated 
PTV 

   

≤133.1 65 68  
>133.1 73 92  
  n=298 0.497 

 

6.3.3.2 Logistic regression modelling 

PTV size, concurrent chemotherapy rate, retreatment dose and initial dose to 

the PTV had p-values <0.2 on univariable modelling and were included in the 

multivariable model. A multivariable model including concurrent chemotherapy 

rate was non-significant as only 191 cases could be included due to missing data. 
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Therefore, concurrent chemotherapy was removed from the model. The 

subsequent multivariable analysis found the initial and retreatment dose to have 

p-values <0.2 and the RTV size was non-significant with a p-value of 0.506 (Table 

6.13). RTV was removed to form a model using the initial dose and retreatment 

dose. With this model, the retreatment dose was significant (p-value <0.001) and 

the initial dose not significant (p-value 0.404). Removal of the initial dose from 

the model improved the AIC from 662.49 to 661.2, therefore the final model 

included only the retreatment dose.  

Table 6.13 Univariable and multivariable modelling of the overall survival dataset. AIC: 
Akaike’s information criterion, OS: overall survival, RTV: reported target volume *Not 
comparable to cumDmax, retreatment dose and interval due to missing data 

Predictor OS n P-value AIC 
 Univariable modelling results 
Initial dose  2-year OS 506 0.029* 701.58 
Retreatment 
dose 

2-year OS 506 <0.001* 661.19 

Interval 2-year OS  506 0.824 706.36 
RTV size 2-year OS  298 0.084 n/a 
Concurrent 
chemotherapy 
rate 

2-year OS 191 0.047 n/a 

 Multivariable modelling results 
Initial dose 2-year OS  298 0.079 n/a 
Retreatment 
dose 

2-year OS 298 <0.001* 

RTV size 2-year OS  298 0.506 
 Final multivariable modelling results 
Initial dose 2-year OS 506 0.404 n/a 
Retreatment 
dose 

2-year OS 506 0.044* 

 

The final univariable model expression is: 

P(2-year OS |X1) = Φ(-2.5929 + 0.0318X1) 

Where X1 = retreatment dose. 

The model was used to predict the initial dose and retreatment dose required 

for 30% and 50% 2-year overall survival. For a 30% 2 year OS rate, the model 

predicted the necessary retreatment dose at 49.84Gy (95% CI 40.28, 59.39). The 

retreatment dose for a 50% OS rate was 76.47Gy (95% CI 70.71, 82.22). The 
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dataset was bootstrapped 2000 times and the 95% CI using the bootstrapped 

samples for the 30% and 50% OS 2 year rate were 36.40 to 58.03Gy and 70.76 to 

82.69Gy respectively. The model is plotted in Figure 6.6 with the source data 

and the standard error of the regression. 

 

 

Figure 6.6 Plot of the 2 year overall survival univariable model by retreatment dose. The blue 
line is the fitted regression model, black dotted lines represent the standard error of the 
regression, the red dotted line indicates the 50% 2 year overall survival rate. The dots 
represent the toxicity rate from each individual paper coded by colour, with the size of the 
dots proportional to the number of patients in the study, vertical bars are the 68% binomial 
confidence interval.  
 

6.3.3.3 OS Modelling using estimated PTV and assumed concurrent 
chemotherapy rate 

The modelling process was repeated using a dataset that used the estimated PTV 

and the assumed concurrent chemotherapy rate. Only re-treatment dose was 

included in the final model. Therefore, as the concurrent chemo rate and the 
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PTV were not included, the model predictions remained the same as when using 

the unadjusted dataset. 

6.3.3.4 Model validation 

The unadjusted univariable model has a Hosmer Lemeshow test p-value of 0.385, 

suggesting a reasonable fit to the data. The plot of predicted vs observed 2-year 

overall survival rates by each study (Figure 6.7) has a Pearson correlation 

coefficient of 0.78 (p-value <0.001) which indicates the line of best fit correlates 

well with the observed data. 

 

 

Figure 6.7 Predicted and observed 2 year overall survival rate by study using the  
unadjusted model. The blue line is the line of best fit, the blue dotted line is the extrapolated 
line, and the black dotted line is the line of unity, n=506. 
 

To recap, the maximum-likelihood model predictions for the 30% and 50% overall 

survival rate at 2 years with 95% CIs (expressed as survival rates) are 49.84Gy 

(24.0, 36.7%) and 76.47Gy (45.4, 54.6%) respectively. These doses were 
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validated on data from the collected dataset (Table 6.14). This demonstrated 

that patients who had a retreatment dose of greater than 76.47Gy had a 

statistically significant higher rate of 2 year overall survival at 64.1%, compared 

to patients who received less than 76.47Gy. There was a smaller non-significant 

difference between the groups when divided using the 30% 2 year OS target 

dose, with an OS rate of 37.2% below 49.84Gy and 49.7% above (p=0.16). 

Although the observed OS rate below 49.8Gy is slightly higher than the 30% 

predicted rate, this is based on 43 patients and is likely to be within the 95% 

confidence interval for this prediction. The target doses could not be assessed 

on the external Beatson cohort because only one patient had a dose higher than 

76.47Gy and no patients had a dose less than 49.8Gy therefore dividing them 

using the suggested doses would be non-contributory. 

Table 6.14 Testing maximum likelihood retreatment dose on the overall survival dataset. OS: 
Overall survival. 

50% 2 
year OS 
dose (Gy) 

   

 
Alive Dead OS rate at 2 years 

(%) 
≤76.47 82 168 32.8 
>76.47 164 92 64.1   

n=506 p<0.01*     

30% 2-
year OS 
dose (Gy) 

   

 
Alive Dead OS rate at 2 years 

(%) 
≤49.84 16 27 37.2 
>49.84 230 233 49.7 
  n=506 p=0.16 

 

6.3.4 Feasibility of dose escalation 

Thirteen patients with locally recurrent disease were selected from the Beatson 

re-irradiation cohort. The median prescription dose for the initial treatment and 

at re-irradiation was 58.44Gy (EQD2). For the initial treatment, 10 patients were 

treated with 55Gy in 20 fractions and three with 54Gy in 36 fractions. At re-

irradiation, nine patients were treated with 55Gy in 20 fractions, three with 
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54Gy in 36 fractions, and one with 50Gy in 5 fractions. The median PTV size was 

179.78cc (range: 52.75 – 417.45cc). The location of the tumours at initial 

radiotherapy and at re-irradiation are listed in Table 6.15. The median 2-year LC 

and OS rate predicted from the efficacy models were 37.69% (range: 14.57 – 

64.09) and 36.04% (range: 31.29 – 55.44%) respectively (Table 6.16).  

Table 6.15 Location and PTV size of the locally recurrent Beatson re-irradiation cases.  UC: 
ultracentral, C: central, LUL/LLL: left upper/lower lobe, P: peripheral, PTV: planning target 
volume, RUL/RML/RLL: right upper/middle/lower lobe.  

Trial number Initial tumour 
location  

Re-irradiation 
tumour location 

PTV size (cc) 

1 Right hilum (UC) RLL (P) 179.78 
6 Right hilum (UC) Right hilum (UC) 155.46 
8 LUL (UC) LUL (UC) 244.09 
11 LLL (P) RML (C) 217.47 
12 LUL (UC) LUL (UC) 417.45 
15 RUL (UC) RUL (P) 66.49 
20 LUL (UC) LUL (C) 84.84 
23 LLL (UC) LLL (UC) 223.9 
27 LUL (P) LUL (UC) 374.7 
28 RUL (P) RLL (P) 52.75 
29 LUL (UC) LUL (UC) 254.58 
41 RUL (UC) RUL (P) 61.5 
44 LUL (UC) LUL (P) 135.13 
Median 
(range) 

  179.78 (52.75 – 
417.45) 

 

Table 6.16 Predicted 2-year overall survival and local control rates using delivered dose. 
EQD2: equivalent dose in 2-Gray fractions, LC: local control, OS: overall survival 

Trial 
number 

Max 
retreatment 
dose (EQD2 Gy) 

Predicted 2-
year LC rate 
(%) 

Predicted 2-
year OS rate 
(%) 

1 58.44 37.69 36.04 
6 58.44 40.46 36.04 
8 51.75 28.13 31.29 
11 58.44 33.55 36.04 
12 51.75 14.57 31.29 
15 58.44 50.99 36.04 
20 58.44 48.80 36.04 
23 58.44 32.87 36.04 
27 58.44 19.21 36.04 
28 83.33 64.09 55.44 
29 58.44 29.71 36.04 
41 51.75 48.41 31.29 
44 58.44 42.83 36.04 
Median 58.44 37.69 36.04 
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Range 51.75 – 83.33 14.57 – 64.09 31.29 – 55.44 

 

6.3.4.1 Efficacy 

When the prescription doses were recalculated to give the maximum dose 

possible before exceeding an OAR constraint, six plans had a higher dose than 

originally delivered (patients 1, 15, 20, 28, 41 and 44). The other seven patients 

had dose reductions to keep within the dose constraints. The proximal bronchial 

tree was the most common OAR to limit dose (76.9% of patients). For the six 

patients where dose escalation was possible, the re-irradiation area was in a less 

central location compared to the initial radiotherapy plan. The maximum dose 

that could be escalated to was 348.17 Gy. However, this dose only considers the 

four serial OARs and is unlikely to be deliverable. The predicted 2-year LC and 

OS rates from the maximum retreatment dose group were 36.7% (range: 13.43 – 

99.47%) and 33.14% (range: 21.42 – 99.98%) respectively (Table 6.17). There 

were no significant differences in predicted 2 year LC or OS between the 

delivered dose and maximum retreatment dose (Student’s t-test 0.11 and 0.12 

respectively). However, in the six patients where dose was increased, there was 

a significant difference in predicted outcomes when compared to the delivered 

dose (2 year LC rate 73.73% vs 48.8%, t-test p-value 0.03, and 2 year OS rate 

73.45% vs 38.48%, t-test p-value 0.02). 

Table 6.17 Maximum retreatment doses and predicted 2 year local control and overall 
survival rates. EQD2: equivalent dose in 2 Gray fractions, LC: local control, OAR: organ at 
risk, OS: overall survival, PBrT: proximal bronchial tree 
 

Trial 
number 

Max retreatment 
dose (EQD2 Gy) 

Predicted 2-year 
LC rate (%) 

Predicted 2-year 
OS rate (%) 

Dose 
limiting 
OAR 

1 68.22 42.15 43.48 PBrT 
6 50.11 36.70 30.18 PBrT 
8 46.08 26.00 27.55 PBrT 
11 38.53 25.69 23.03 PBrT 
12 46.76 13.43 27.99 PBrT 
15 68.06 55.55 43.36 Cord 
20 155.53 85.82 92.52 PBrT 
23 51.07 29.85 30.83 PBrT 
27 54.41 18.05 33.14 PBrT 
28 169.10 90.13 95.01 PBrT 
29 35.61 21.49 21.42 PBrT 
41 97.80 69.27 66.35 Aorta 
44 348.17 99.47 99.98 Aorta 
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Median 54.41 36.7 33.14  
Range 35.61 – 348.17 13.43 – 99.47 21.42 – 99.98  

 

6.3.4.2 Safety 

The OAR dose/toxicity models from Chapter 5 were used to determine the 

toxicity rates from the delivered treatment and from the maximum retreatment 

doses. The mean doses by OAR are summarised in Table 6.18. There was no 

significant difference in the risk of OAR toxicity between the delivered dose and 

the maximum retreatment dose groups. In a sub-group analysis of the six 

patients who had an increased dose in the maximum retreatment group, there 

also was no significant difference in toxicity seen (Table 6.19). 

Table 6.18 Comparison of the mean predicted toxicity risk between the delivered dose and 
maximum retreatment dose groups.  G3: grade 3, PBrT: proximal bronchial tree. 

 Cord ³G3 
toxicity risk 
(%) 

Oesophagus 
³G3 toxicity 
risk (%) 

PBrT ³G3 
toxicity risk 
(%) 

Aorta ³G3 
toxicity risk 
(%) 

Delivered 
dose group 
mean risk 0.55 3.66 5.26 1.88 
Maximum 
retreatment 
dose group 
mean risk 0.79 3.17 5.16 1.86 
t-test p-value 0.18 0.49 0.56 0.93 

 

Table 6.19 Comparison of predicted toxicity between the delivered dose and maximum 
retreatment dose. Dose escalated sub-group only. G3: grade 3, PBrT: proximal bronchial 
tree. 

 Cord ³G3 
toxicity risk 
(%) 

Oesophagus 
³G3 toxicity 
risk (%) 

PBrT ³G3 
toxicity risk 
(%) 

Aorta ³G3 
toxicity risk 
(%) 

Delivered 
dose group 0.88 1.83 5.98 1.14 
Maximum 
retreatment 
dose group 1.46 2.85 6.36 1.89 
t-test p-value 0.13 0.10 0.07 0.08 
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The cumulative doses from the delivered treatment and the predicted doses if 

the maximum retreatment dose was used to the four OARs are summarised in 

Table 6.20 and Table 6.21 respectively. 
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Table 6.20 Summary of dose and predicted risk to the cord, oesophagus, proximal bronchial tree and aorta from the delivered treatment. Oes: oesophagus, 
PBrT: proximal bronchial tree. 

 

 

 

 

 

 

 

 

 

Trial number Cord Oes PBrT Aorta 

Dose (Gy) Tox (%) Dose (Gy) Tox (%) Dose (Gy) Tox (%) Dose (Gy) Tox (%) 
1 48.52 0.53 76.08 2.35 104.09 1.38 96.89 1.67 
6 37.86 0.31 99.93 6.30 119.73 3.56 86.75 1.31 
8 26.79 0.12 75.45 2.29 115.50 2.50 99.97 1.80 
11 22.78 0.10 118.66 13.11 132.11 3.63 134.53 4.14 
12 35.09 0.40 71.17 1.91 114.31 11.71 100.26 1.82 
15 62.62 4.12 86.84 3.69 78.90 18.29 89.31 1.39 
20 31.8 0.16 76.02 2.34 83.80 1.31 81.84 1.16 
23 38.26 0.29 103.54 7.29 118.32 2.68 124.55 3.26 
27 32.88 0.21 75.49 2.29 115.67 3.01 79.47 1.09 
28 19.23 0.08 15.75 0.18 68.85 1.88 18.08 0.24 
29 41.27 0.44 84.95 3.41 135.96 5.41 135.43 4.23 
41 28.96 0.30 71.39 1.93 69.54 11.54 95.58 1.62 
44 22.49 0.10 39.86 0.50 50.83 1.45 64.77 0.76 
Median 32.88 0.29 76.02 2.34 114.31 3.01 95.58 1.62 

Range 
19.23 – 
62.62 0.08 – 4.12 

15.75 – 
118.66 

0.18 – 
13.11 

50.83 – 
135.96 

1.31 – 
18.29 

18.08 – 
135.43 0.24 – 4.23 
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Table 6.21 Summary of dose and predicted risk to the cord, oesophagus, proximal bronchial tree and aorta from the maximum retreatment dose. Oes: 
oesophagus, PBrT: proximal bronchial tree. 

 

 

 

 

 

Trial number Cord Oes PBrT Aorta 

Dose (Gy) Tox (%) Dose Tox Dose Tox Dose Tox 
1 50.25 0.60 77.23 2.47 110 1.48 101.32 1.86 
6 35.60 0.26 93.43 4.84 110 3.19 80.93 1.13 
8 25.75 0.11 74.30 2.18 110 2.35 96.50 1.66 
11 21.38 0.09 96.92 5.58 110 2.83 111.76 2.40 
12 34.82 0.39 70.87 1.89 110 11.20 97.40 1.69 
15 67.50 5.83 90.60 4.31 81.47 18.74 92.37 1.50 
20 42.35 0.36 94.39 5.03 110 1.77 101.53 1.87 
23 35.80 0.24 96.00 5.37 110 2.44 115.72 2.64 
27 31.22 0.18 71.20 1.91 110 2.82 74.91 0.98 
28 21.70 0.09 16.21 0.18 110 3.00 17.44 0.24 
29 33.16 0.24 75.62 2.30 110 4.06 109.95 2.30 
41 29.04 0.30 73.02 2.07 70.62 11.67 120 2.93 
44 60.22 1.58 82.05 3.02 52.07 1.47 120 2.93 
Median 34.82 0.26 77.23 2.47 110 2.83 101.32 1.86 

Range 
21.38 - 
67.5 0.09 – 5.83 

16.21 – 
96.92 0.18 – 5.58 52.07 - 110 1.47 – 18.74 17.44 - 120 0.24 – 2.93 
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6.3.4.3 Summary of dose feasibility  

A dose escalation strategy was applied to 13 patient plans who had been re-

irradiated for locally recurrent disease, to increase the retreatment dose to the 

maximum possible before an OAR constraint was breached. Six plans were able 

to receive an increased dose, and seven had a dose reduction. The main OAR 

that limited dose escalation was the PBrT. The dose escalated plans had a 

significantly higher 2-year LC and OS rate with no increase in predicted grade 3 

or above toxicity. The patients who were suitable for dose escalation all had 

tumours that had recurred such that the re-irradiation PTV was further away 

from the patients’ midline structures. Therefore, dose escalation may be 

feasible in this group, although other OARs must be considered (e.g. lung dose) 

to further evaluate this strategy. 

6.4 Discussion 

6.4.1 Main findings 

Models were created to predict local control and overall survival after re-

irradiation. In the local control model, the significant variables were the PTV 

and RT dose (or only the PTV size in the exploratory model). In the OS model, RT 

dose was the only significant variable. The 50% 2 year local control and overall 

survival rates were predicted at RT doses of 67.8 Gy (assuming a PTV of 112cc) 

and 76.5 Gy respectively. A feasibility study assessing if retreatment dose could 

be increased identified six patients out of a cohort of 13 who could have had a 

higher retreatment dose with no significant increase in toxicity of the OARs 

evaluated. 

6.4.2 Local control models 

6.4.2.1 Summary of data 

Fourteen studies were included in the local control dataset, but five were 

excluded as they had no PTV data (three SABR studies, one CFRT study and one 

proton study). The local control models are based on nine papers. The re-

irradiation techniques used in these studies were SABR (5), carbon ion (2), a 

combination of IMRT and SABR (1), and protons (1).  
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The five SABR studies included 94 patients, had a range of cumulative EQD2 to 

the PTV of 97.3 – 216Gy and a 2-year local control rate between 50-

92%136,175,219,265,267. Interestingly, the two studies with the highest local control 

rates (of 90 and 92%) used a strategy of CFRT followed by SABR. Accordingly, the 

cumulative doses in those two studies were 132Gy and 148Gy. The two carbon 

ion studies included 124 patients, had a range of cumulative EQD2 to the PTV of 

201.6 – 210Gy, and two year local control rates of 54-66.9%225,268. One paper 

examined carbon ion re-irradiation for stage I NSCLC and the other had broader 

inclusion criteria of locoregional recurrence, second lung primaries or metastatic 

lung lesions, albeit with all in-field or marginal field failures. Both studies used a 

re-irradiation fraction size of approximately 4Gy RBE. This suggests that even 

with high hypofractionation and high cumulative dose, local control is difficult to 

achieve. 

The proton study reported a local control rate of 34.2% in 102 patients with a 

median cumulative dose of 130.5Gy258. In this study, the use of concurrent 

chemotherapy was associated with better overall survival and having an in-field 

recurrence was also associated with worse local control, suggesting an element 

of radioresistance when using a similar fractionation scheme to the initial 

radiotherapy. The final study included reported a two year local control rate of 

43.7% from 31 patients, treated with a median cumulative dose of 123Gy222. This 

study also reported that patients treated over an EQD2 of 121Gy10 had 

statistically significant longer OS. Although not included in the final model due 

to lack of PTV data, the lowest local control rates of 24% and 34% were seen in 

two studies that used conventional fractionation, one with photons and the 

other with protons120,122. The source data for the model therefore is more 

reflective of patients retreated with SABR, hypofractionated carbon ion or 

proton treatments rather than with conventional photon 2Gy fractionation. 

6.4.2.2 Model results 

The unadjusted LC model found that PTV and the RT dose are significant on 

multivariable modelling. The bootstrapped confidence intervals were very wide 

indicating a large amount of overdispersion, and this is expected given the 

relatively small number of patients after correction for short follow-up. The 

assumed LC model (that made assumptions regarding concurrent chemotherapy) 
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found that PTV and concurrent chemotherapy were the only significant 

predictors, but both were negative predictors (where any increase in the rate of 

chemotherapy or the size of PTV reduced the likelihood of local control. The 

former finding is unexpected, given that concurrent chemotherapy is a 

radiosensitiser. Chemotherapy was probably associated with lower control 

because the patients who received concurrent chemotherapy would have had 

more advanced disease therefore would have worse outcomes. In addition, 

smaller tumours were more likely to be treated with SABR, which were assumed 

to have no chemotherapy. Therefore, there is likely to be some collinearity 

between PTV and concurrent chemotherapy making this model unreliable. 

Moreover, the unadjusted model seems biologically plausible, is based on less 

assumptions and is more clinically useful as the RT dose is a controllable variable 

for clinicians. In conclusion, the RT dose and PTV model, despite the large 

uncertainties, is the more useful model. 

The biological rationale for PTV being a factor in re-irradiation is that larger 

tumours may be more hypoxic and therefore less likely to respond to radiation. 

The models predicted that the smaller the PTV, the higher the rate of local 

control. The significance of RT dose is consistent with the earlier studies169,222. 

Interestingly, the cumulative dose was not significant in the multivariable 

model. This could be due to the data used in the model was not from exclusively 

locally recurrent disease. In disease where the is no overlap between the initial 

and the re-irradiation PTV, the cumulative dose would not be a factor. Another 

radiobiological explanation is that recurrent tumours have recovered after the 

initial course of radiation, and “forgotten” the previous dose from the first 

treatment. 

The RT dose is of great interest, as it is a variable that a treating clinician can 

influence when planning re-irradiation. The median split of the RT dose 

suggested a significant increase in local control in patients who had RT doses 

above 85.3Gy EQD2. The model prediction is lower than this with a RT dose of 

67.8 Gy for a 50% 2-year local control rate. However, the model prediction is 

comparable to the 2-year local control rate seen in RTOG 0617. This study of de 

novo radiotherapy had a local control rate of 61.4% with 74Gy in 2Gy fractions58. 

One possible implication is that tumours retain most of their radiosensitivity 
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after an initial course of radiotherapy. This conclusion may be incorrect as in the 

modelling dataset, it is difficult to separate the influence of radiotherapy 

technique on the dose delivered. Smaller tumours are likely to be treated with 

SABR, which gives a higher dose in EQD2 than CFRT, and works in a different way 

to fractionated radiotherapy. The model prediction is based on a PTV of 112cc, 

and RTOG 0617 included patients with stage III lung cancer, which would likely 

have a much larger PTV than this. Another reason why the modelling data may 

be incorrect is that the data was not exclusively local recurrences, thereby any 

comment made on the radiosensitivity of re-irradiated tumour may be 

inaccurate.  

The objective of the local control modelling was to provide some guidance to a 

target re-irradiation dose. The multivariable model predicted a 50% local control 

rate at 67.8Gy but with wide 95% bootstrapped confidence intervals (-404.91, 

569.94Gy). This may be due to the unavailability of variables which may 

influence local control to include in the model such as degree of PTV overlap. 

Additionally, there was a large amount of missing data pertaining to the PTV 

size, and concurrent chemotherapy which reduced the number of cases that 

could be included in the modelling. The missing concurrent chemotherapy data 

had a significantly higher cumulative dose, which would suggest that a 

treatment like SABR was used more often in this group, and by indication, would 

have smaller tumour sizes than the group with concurrent chemotherapy data.  

To improve the quality of the target volume data, the estimated PTVs were 

calculated where target volumes were non-PTVs. This did not significantly 

change the modelling results. This supports the use of this approach and the 

assumptions made to estimate the PTV seem plausible. However, the use of 

assumed concurrent chemotherapy data formed a model that excluded the RT 

dose in favour of the concurrent chemotherapy variable. This may be due to 

some collinearity with low concurrent chemotherapy rates seen with SABR/stage 

I disease and high doses, and higher concurrent chemotherapy rates with higher 

stage disease and CFRT. Therefore, the unadjusted model is more clinically 

useful. For further investigation of the role of concurrent chemotherapy in 

tumour control, focusing the dataset on a given stage (e.g., stage III disease 

only) may give more accurate results. The result of the local control modelling 
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implied that to achieve a 50% rate of 2 year local control, a dose above 67.8Gy 

EQD2 was required and small PTVs responded better. This is higher than the 

doses usually given with CFRT but is readily achievable with SABR. Therefore, 

the results of these models suggest that early detection of recurrent disease (to 

identify low volume recurrence) and use of hypofractionated SABR may be result 

in better local control rates.  

6.4.3 Overall survival 

6.4.3.1 Summary of data 

The overall survival model used the RT dose. The 19 papers that were used to 

develop the model used the following re-irradiation techniques: SABR (11), CFRT 

with photons (4), Carbon-ion (2), and protons (2)  

The 11 SABR studies included 313 patients and reported a 2-year OS rate 

between 29 and 74.4% using a RT dose between 40-126Gy175,265-267. The paper 

which had a two year local control rate of 90% had a corresponding 2 year OS 

rate of 36%265. The deaths were due to metastatic disease, demonstrating the 

efficacy of SABR at local control may not translate to an OS benefit. The four 

CFRT with photon studies analysed 103 patients, treated with a RT dose EQD2 of 

50-60Gy with a 2 year OS rate of 11-42%114,121,123. The carbon ion and proton 

studies were the same as described in the local control section, with a 2 year OS 

rate of 32.6-69%. As with the local control model, the dataset used for the OS 

model is based largely on outcomes from carbon ions, protons, and SABR. The 

data from the studies using photon CFRT was a minority of the dataset and had 

the lowest 2 year OS rates. 

6.4.3.2 Model results 

The median split analysis of OS dataset suggested that the higher cumulative 

dose, higher RT dose and the longer the interval, were associated with a higher 

2 year OS rate. At logistic regression, only the RT dose was associated with a 

higher 2 year OS rate. The model predicted a 2 year overall survival rate of 30% 

and 50% at 49.84Gy and 76.47Gy respectively. The 95% bootstrapped CI for the 

50% OS rate was 70.76 to 82.69Gy, which is narrower than the LC model. This is 

due to there being more data in the OS model, resulting in more precise 
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predictions. Nevertheless, as with the local control model, the RT doses for a 2 

year OS of 50% are difficult to attain using CFRT only. Therefore, two courses of 

SABR or CFRT followed by SABR would be most commonly available technique to 

achieve this re-treatment dose. 

The model has good performance, with the Hosmer Lemeshow test suggesting a 

reasonable fit to the data, and a significant line of best fit when plotted with an 

R-value of 0.78. The observed vs predicted plot (Figure 6.7) demonstrates that 

most rates observed from the studies are close to the model predicted line. The 

50% OS prediction dose provided reasonable dose discrimination, with a 

significant difference in 2 year OS above the target dose of 76.47Gy (Figure 6.6). 

Therefore, the OS model does seem to predict outcomes accurately.  

The 50% dose for 2 year OS is similar to the dose for local control (76.47Gy and 

67.8Gy respectively). Conceptually, as radical re-irradiation is mostly given in 

the context of no distant disease, both doses should be similar. They are slightly 

different, possibly due to the different datasets they models have been built 

from. There are two technical reasons why the local control model is less 

accurate than the overall survival model. For the overall survival data, the 

endpoint of death is definitive. For the local control data, local failure after 

radiotherapy is difficult to diagnose and often needs serial CT scans or biopsies, 

making it a less clear endpoint, more so in the absence of a robust post-re-

irradiation surveillance schedule.  

The second reason why the overall survival model is superior is that the local 

control model would censor deaths from other causes, thereby limiting the 

sample size of cases that could be included for local control. The overall survival 

data would count all deaths as events, and therefore have a larger sample size 

compared to the local control model.  

In conclusion, the modelling and analysis of the OS after re-irradiation 

demonstrate that higher RT doses are associated with a higher 2 year OS rate. 

The target RT dose to achieve a 2 year OS rate of 50% is 76.47Gy and this would 

necessitate the use of SABR as the re-treatment technique. 
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6.4.4 Feasibility study 

The feasibility study demonstrated that dose escalation was possible in six of the 

13 patients (46.2%) with local recurrence from the Beatson cohort, without 

exceeding the published cumulative dose constraints. The technique chosen to 

explore dose escalation used pre-existing plans and multiplied the dose to the 

OARs as a ratio of the prescription dose. This is not a comprehensive replanning 

study (due to resource constraints) and therefore should be considered as 

preliminary data only.  

The six plans that had an increased dose did not have a statistically significantly 

larger amount of overlap than those that did not (average percentage PTV 

overlap 36.07% vs 46.38%, t-test p-value 0.64). However, the direction of 

recurrence was different. All six patients had recurrent disease that had moved 

peripherally away from midline structures. For example, trial patient 1 had 

central disease initially, then had a relapse in the right upper lobe. There was 

overlap in PTV, but much of the re-irradiation dose was superior to the original 

field. While this spares the dose to the central organs, this increases the volume 

of lung retreated, and could result in higher lung toxicity.  

The conclusion that dose escalation is feasible in these patients should be taken 

with significant caution. If the recurrent disease is further away from the central 

OARs in the mediastinum, then it is likely that lung will be the dose limiting 

OAR. Lung toxicity was not calculated in this preliminary study as it was 

impossible to calculate accurately how dose escalation would change a 

volumetric dose using the proportions of a dose. This would require replanning 

the 13 studies completely, and then converting the doses to EQD2s and 

summating the doses to predict the risk in the context of a robust re-planning 

study. Therefore, the maximum retreatment dose (which was up to 348Gy in one 

patient) is clearly impractical as the lung dose would be far exceeded. Indeed, 

the results of all the re-plans may fail the lung (or other) constraints other than 

the four OARs analysed. However, this feasibility study does demonstrate that 

for a sub-group of patients, dose escalation may be an option, but needs further 

evaluation. 
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The OARs chosen (proximal bronchial tree, oesophagus, aorta and spinal cord) 

are all serial organs and were selected as the Dmax would increase 

proportionately as the prescription dose was increased. A limitation of this 

feasibility study methodology is the assumption that the Dmax of the initial and 

re-irradiation plans overlap exactly. This allows the cumulative dose to be 

summed from the first and second treatment. This is unlikely to be the case, 

even in local recurrences, as the Dmax of one plan may be in a different 

location. This makes the results of this study conservative, and it may be 

possible that dose escalation is possible for more of the patients.  

The safety of re-irradiation was assessed using the dose/toxicity models. It is 

interesting that seven of the 13 patients exceeded an OAR constraint in the 

actual treatment that was delivered. However, the models predicted a generally 

low rate of ³G3 toxicity whichever dose solution was used. The delivered dose 

risk ranged between 0.5 and 5.2% and the maximum retreatment dose risk was 

between 1 to 6.4%. It is unclear what risks patients may be willing to accept, 

and this is likely to be an individualised decision. The dose/toxicity models also 

fail to determine whether it is an early toxicity (and may be temporary) or a late 

toxicity (which would likely be permanent). This would be important as this 

would shape patients’ attitude to retreatment. Chapter 8 of this thesis explores 

this issue through patient interviews. 

In conclusion, the retreatment feasibility study implies that a subgroup of 

patients where the disease recurrence grows peripherally may be suitable for 

dose escalation. This result requires verification with a complete re-planning 

study to assess the effects on the lung doses. 

6.4.5 Data limitations  

There are several issues with the data that may affect the validity of the results. 

The dataset incorporated data from patients who had local recurrence of NSCLC 

and patients who had second primaries, re-irradiation for metastatic disease and 

for different histologies (e.g., small cell lung cancer). This mixture of 

pathologies means that interpreting the dose predictions from the models is 

difficult for an individual patient. However, 88.6% of the tumours included in the 

reports are NSCLC. The remaining 11.4% consist of small cell lung cancer and 
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metastatic lesions. Local recurrence is the main indication of re-irradiation in 

73.9% of cases, with 26.1% of cases representing outcomes from second 

primaries and re-irradiation of metastases. Therefore, although most of the 

cases are local recurrence from NSCLC, there is a significant amount of data 

which reflect outcomes from other histologies and out-of-field recurrences or 

second primaries. This can affect the models if these groups have a significantly 

better or worse response to re-irradiation. Unfortunately, the studies do not 

provide enough information to analyse this. 

The dataset contains only grouped data. The modelling used median values for 

the doses delivered and for the PTV size. This is a potential source of inaccuracy 

as it assumes that the local failure happened at the median dose, when it may 

be that local failure occurred at lower doses. Without individual patient level 

data, more accurate exploration of the dose/outcome relationship is not 

possible. In addition, four studies quoted GTV, CTV and ITV sizes, and these 

were used to calculate the PTV, assuming the tumour was spherical. The 

methods sections of the four papers described the expansions used and these 

were applied to predict the PTV. However, there may be unforeseen errors and 

the estimated PTVs may vary from the actual PTV.  

The dataset collected information from patients using a variety of radiotherapy 

techniques including protons, carbon ions, and SABR conventionally fractionated 

radiotherapy. The models did not include treatment technique as factors in the 

logistic regression model as the sequence of the radiotherapy (e.g., SABR 

followed by SABR, or CFRT followed by SABR, or CFRT followed by protons) was 

not possible to derive from the studies accurately., but further exploration of 

the optimal technique was not possible. 

There were missing data regarding concurrent chemotherapy and PTV size in 

both the local control and overall survival datasets. The missing data group with 

concurrent chemotherapy had a significantly lower dose and worse outcomes 

(possibly reflecting the use of CFRT, as concurrent chemotherapy is unlikely to 

be used with SABR). Additionally, a grouped rate of concurrent chemotherapy 

was used as it was not possible to attribute local control with the use of 

chemotherapy on a patient-by-patient basis. This is a source of inaccuracy, 

especially given that some studies had heterogenous patient groups where for 
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individual patients, concurrent chemotherapy would not have been an option 

e.g. studies that reported both SABR and CFRT. Interestingly, the concurrent 

chemotherapy rate may have some collinearity with both the PTV size and the 

dose (with concurrent chemotherapy being used for small lesions, and not being 

used with SABR treatments). This compromises any conclusions that can be 

drawn about the use of concurrent chemotherapy with re-irradiation.  

The group missing PTV data also had a significantly lower cumulative dose 

compared to the complete data group, but there was no significant difference in 

the local control or overall survival rates. This missing data was excluded in the 

multivariable modelling. The effect of these missing data on the local control 

and overall survival models would have removed some lower doses from the 

dataset, therefore both models may overestimate the dose required for a given 

effect.  

The choice of endpoints was constrained by the availability of data. Five studies 

reported the one-year local control and overall survival rates but did not report 

the rates at two years. These studies were excluded from the dataset but would 

have provided useful additional data. In addition, the predictor variable was the 

maximum cumulative dose to the PTV. However, the minimum cumulative dose 

to the PTV is a more useful measurement, as it is the minimum dose that defines 

the tumour control probability. The local control rate is dependent on the post-

re-irradiation surveillance CT scan schedule. The details of these were not 

consistently reported and may be prone to error as most of the studies used 

retrospectively collected data. However, local control is the outcome that best 

reflects the effect of the radiotherapy as it is less prone to confounding by other 

factors. In addition, the detection of local recurrence is difficult. Fibrosed tissue 

can surround the re-irradiated volume and the diagnosis of recurrence on CT 

alone may require a combination of serial scans, metabolic imaging or a biopsy. 

The overall survival model is a less precise endpoint when assessing tumour 

control probability. Many factors can influence overall survival, such as disease 

stage at re-irradiation, patient comorbidities, and further treatment. None of 

these factors were included in the modelling due to lack of data. An alternative 

explanation for why there is increased survival with higher doses is that to 

deliver such a high dose implies that either one of two courses of SABR were 
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used in those patients’ re-irradiation. SABR treatments can only be given to 

patients whose tumours are relatively low volume and with no nodal 

involvement. Therefore, SABR is a likely confounder in the dose/response 

relationship. SABR (and therefore higher dose) is only given to patients with 

lower disease stages and lower volume recurrences. In addition, much of the 

data used to build the models are from SABR studies. This is a crucial potential 

source of error of the dose/outcome models. 

6.4.6 Conclusions 

Using logistic regression modelling, models were developed to predict the local 

control and OS rates at two years post-re-irradiation. The OS model found that 

RT dose was a significant factor, while the PTV and the RT dose were the 

significant factors for local control. Interval between treatments was not 

significant. Concurrent chemotherapy was unable to be modelled successfully. 

The OS survival model predicted a 50% two-year OS rate with RT doses above 

76.47Gy. The OS model validated well against an external cohort and had a high 

Pearson correlation coefficient of 0.79. Dose escalation may be possible in a sub-

group of patients but needs further investigation in a planning study. These 

models suggest that patients have better outcomes when their tumours are low 

volume and at high doses, indicating that frequent surveillance and use of SABR 

for re-irradiation is a strategy which may improve outcomes. 
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7 Re-irradiation planning 

7.1 Introduction 

Historically, re-irradiation was planned with photons, bespoke dose constraints 

and fixed fields. The dose to the cord was prioritised and the dose to other OARs 

was kept low as possible. This was due to the relatively robust pre-clinical and 

clinical data on re-irradiation of the spinal cord, and the relatively sparse data 

on re-irradiation tolerance for other organs. For example, in the prospective 

phase I/II re-irradiation study using 3D conformal radiotherapy by Wu et al., the 

only constraint was the spinal cord dose at retreatment (limited to 25Gy) and 

the V20Gy dose was minimised120. 

Radiotherapy technology has advanced significantly over the last 20 years. 

Simulation has moved from 2D X-rays to CT simulation, with 4D-CT scans now 

commonplace. Radiotherapy planning techniques have become more conformal, 

from 3D-CRT to IMRT and SABR. The modality of re-irradiation was mainly 

photons, but now may include carbon ion or protons. Treatment delivery with 

cone beam computed tomography (CBCT) ensures that the radiation treatment is 

more likely to be accurately delivered.  

Radiotherapy planning has become more advanced with the use of inverse 

planning, and new technologies such as multi-criteria optimisation (MCO). MCO is 

a planning algorithm that attempts to find the optimum compromise between 

competing dose objectives, e.g. low dose to OARs and high dose to PTV93. It aims 

to solve the issue of several iterations of treatment plans where the planner 

does not know the best compromise dose. MCO generates several plans for each 

OAR constraint thereby allowing the planner to modify the dose to a given OAR, 

whilst seeing in real-time the effect this has on the other OARs of concern. It has 

been shown to reduce the time taken to generate suitable plans and produce 

plans with better OAR dose sparing in NSCLC and other tumour sites94,269.  

Photon dose calculations methods have also improved. The gold standard of dose 

calculation has been the Monte Carlo method, but this method is 

computationally demanding and time-consuming to be in regular clinical use. 

The Analytical Aniostropic Algorithm (AAA), which was used in the Beatson until 



271 
 
2018, is a ‘type b’ algorithm which models electron transport (unlike ‘type a’ 

algorithms)270. This was superseded by Acuros XB, which has been shown to 

better match the dose predictions from the Monte Carlo method than AAA, 

especially in areas where there are changes in the density of tissue, e.g. 

lung/bone interfaces271.  

These advances in technology may help when planning re-irradiation, as there 

are often multiple competing dose objectives, with a need for highly accurate 

treatment. The recent development and publication of dose constraints now give 

radiotherapy planners objectives for OARs112,146,160. However, there remains 

uncertainty in how to best apply the constraints and technology to generate 

optimal re-irradiation plans. 

There are three main areas of uncertainty in thoracic re-irradiation planning. 

Firstly, there is no widely available methodology to account for previous 

delivered dose using image and dose registration techniques. McVicar et al. 

developed and tested an in-house Matlab solution to convert the dose from an 

initial treatment to EQD2 and use this as a base plan when planning a 

retreatment272. This gives an anatomical map of dose distribution, rather than a 

simple Dmax value for an organ (as this value would not describe where the area 

of high dose is from the initial treatment, which is required for accurate re-

irradiation planning). However, this technique is not yet commercially available. 

Secondly, there is a dose conversion issue. Radiotherapy is planned using 

physical dose measured in Gray. The cumulative dose constraints are in EQD2 Gy 

or BED (as they have to account for the different doses and fractionations 

between two treatments). There is no standard calculation method to convert 

remaining dose from EQD2 to physical dose. Most calculations are based on the 

LQ formulation. Paradis et al. used a ‘discount’ method, where assumed 

recovery depended on the time between initial radiotherapy and re-irradiation 

when calculating the dose constraints at their institution, however this is not a 

robustly proven strategy112. Finally, the optimal radiation planning technique or 

modality for re-irradiation has yet to be determined. Troost et al. compared 

photons and protons for re-irradiation of NSCLC146. Highly conformal treatments 

(VMAT, Cyberknife or Intensity modulated proton therapy) were found to reduce 

the dose to OARs compared to 3D conventionally planned photons and maintain a 
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high dose to the target volume. MCO was not assessed in this study. As with any 

planning study, the location of the tumours was not disclosed and therefore it 

was difficult to relate the findings to clinical practice. 

The aim of this re-irradiation planning exercise is to assess a potential re-

irradiation workflow for non-small cell lung cancer. The objectives are to apply 

the recently published dose constraints to the Beatson cohort of patients (who 

would have been planned using a cord constraint and attempting to keep other 

OAR doses as low as possible). The patients who failed the dose constraints will 

be replanned using the dose registration technique outlined in Chapter 4, and a 

comparison will be made between VMAT and VMAT+MCO plans, to investigate the 

utility of MCO in this setting. Different strategies to treat patients who did not 

meet the dose constraints will be attempted, and the optimal re-plans will be 

verified and assessed using the models in Chapters 5 and 6 to determine the 

clinical significance of the replans.  

7.2 Methods 

7.2.1 Ethics and data collection 

The NHS GGC Caldicott Guardian approved the use of patient data for this 

project. The search strategy, contouring, creating of EQD2 and deformable dose 

registration was the same as described in Chapters 4.2.2 to 4.2.5. To summarise 

this, patients who received two or more courses of radical thoracic radiation 

between 01/01/2014 and 02/11/2020 in the Beatson West of Scotland Cancer 

Centre were identified by a search of the radiotherapy database.  

7.2.2 Identification of patients that passed or failed the 
cumulative dose constraints 

These patient scans (both the initial and re-irradiation) had a complete set of 

OARs contoured by the researcher (RR) and verified by a consultant clinical 

oncologist with a specialist interest in thoracic malignancies (SH) for accuracy. A 

complete set of OARs consisted of lungs, heart, brachial plexus, spinal cord, 

heart and cardiac substructures, aorta, proximal bronchial tree and oesophagus. 
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Each primary and re-irradiation plan had the dose recalculated using the same 

plan parameters but using Acuros XB (as some of the older plans used AAA). The 

updated plans were exported to an image registration, EQD2 dose converter and 

dose summation programme (Velocity AI version 3.2, Varian Medical Systems, 

Palo Alto, California, US). The primary and re-irradiation plans underwent dose 

conversion from physical dose in Gray to EQD2. The EQD2 dose maps and co-

registered images from the primary and re-irradiation plan then underwent 

deformable image registration (DIR). The total cumulative dose in EQD2 was 

determined by summation of the two dose maps using the deformable image 

registration. The region of interest for all deformable registrations were 

determined as the whole lung, based on the evaluation in Chapter 4. 

The published dose constraints used were divided into desirable, moderate and 

essential. The desirable constraints were the lowest dose constraints, the 

essential were the highest dose constraints (or in the event that there was no 

value, then as low as reasonably achievable) and the moderate constraints were 

values in between the essential and desirable constraints. The dose constraints 

used in this study are summarised in Table 7.1.  

Table 7.1 Dose constraints split into desirable, moderate and essential criteria. ALARA, as 
low as reasonably achievable, ARS: American Radium Society, Dxcc: maximum dose to an 
organ at risk to a volume of xcc, EQD2 Gy: equivalent dose in 2-Gray fractions, MLD: mean 
lung dose, PBrT: proximal bronchial tree, Vx: cumulative volume receiving at least x Gray 

Desirable α/β Metric EQD2 Gy Source of constraint 
Spinal cord 2 D0.1cc< 57 ARS 
Brachial plexus 2 D0.1cc< 80 Delphi 
Skin/Chest wall 2.5 D0.1cc< 116 Paradis 
Heart 2.5 D0.1cc< 86.1 Paradis 
Lung 3 V20< 30 ARS 
Lung 3 MLD< 22 Troost 
PBrT 3 D0.1cc< 85.8 Paradis 
Oesophagus 3 D0.1cc< 87.5 Paradis 
Great vessels 3 D0.1cc< 110 Troost  

 
   

 
 

   

Moderate  
 

EQD2 Gy Source of constraint 
Spinal cord 2 D0.1cc< 61.6 Paradis 
Brachial plexus 2 D0.1cc< 85 Paradis/ARS/Troost 
Skin/Chest wall 2.5 D0.1cc< ALARA Delphi 
Heart 2.5 D0.1cc< ALARA Delphi 
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Lung 3 V20< 40 ARS 
Lung 3 MLD< 22 Troost 
PBrT 3 D0.1cc< 105 Hunter 
Oesophagus 3 D0.1cc< 100 Troost 
Great vessels 3 D0.1cc< 116.5 Paradis  

 
   

 
 

   

Essential  
 

EQD2 Gy  Source of constraint 
Spinal cord 2 D0.1cc< 67.5 Hunter 
Brachial plexus 2 D0.1cc< 95 Chen et al. 2017 
Skin/Chest wall 2.5 D0.1cc< ALARA Paradis 
Heart 2.5 D0.1cc< ALARA Paradis 
Lung 3 V20< ALARA ARS 
Lung 3 MLD< ALARA Troost 
PBrT 3 D0.1cc< 110 ARS/Troost 
Oesophagus 3 D0.1cc< 110 ARS 
Great vessels 3 D0.1cc< 120 ARS 

 

The cumulative dose data for each patient was compared to the desirable (i.e., 

most conservative) cumulative dose constraints. Patients who breached the 

desirable dose constraints were selected for re-planning. 

7.2.3 Re-irradiation re-plan 

7.2.3.1 Remaining dose calculation 

This planning study assumed that the initial radical radiation course is 

unalterable. Therefore, the remaining dose that an OAR can receive at re-

irradiation was calculated by converting the initial dose into EQD2, subtracting 

this from the constraint, and then converting this to a physical dose to use as an 

optimisation objective at re-irradiation planning. No discount for recovery in 

OAR dose was made. The physical dose takes into account the fractionation 

scheme of the re-irradiation. This mathematical process is outlined below. 

1. Calculate delivered dose from first course of radiation 

𝐵𝐸𝐷% =	𝐷%. [1 +		
𝑑%
𝛼/𝛽\ 

Or: 
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𝐸𝑄𝐷2% =	𝐷%. [
𝑑% + 	𝛼/𝛽
2 + 𝛼/𝛽 \ 

BED1 = Biological effective dose for treatment 1 

EQD21 = Equivalent dose in 2-Gray fractions for treatment 1 

D1 = Total dose received by the OAR in treatment 1 

d1 = Dose per fraction received by the OAR in treatment 1 

α/β = alpha/beta ratio for the OAR 

2. Subtract EQD21 from selected dose constraint then convert remaining dose 

into BED (BEDrem) 

3. Convert BEDrem into physical dose using the chosen re-irradiation dose and 

fractionation 

𝐵𝐸𝐷/#0 =	𝐷!. [1 +		
𝑑!
𝛼/𝛽\ 

D2 = Total dose received by the OAR in treatment 2 

d2 = Dose per fraction received by the OAR in treatment 2 

D2 can be written as n2.d2 where n2 is the number of fractions planned for re-

irradiation 

𝐵𝐸𝐷/#0 =	𝑛!. 𝑑!. [1 +		
𝑑!
𝛼/𝛽\ 

This can be re-arranged into: 

𝐵𝐸𝐷/#0 =	𝑛!𝑑! +	
𝑛!𝑑!!

𝛼/𝛽  

This is then re-arranged into a quadratic equation: 
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𝑛!𝑑!! + 𝛼/𝛽(𝑛!𝑑!) − 𝛼/𝛽(𝐵𝐸𝐷/#0) = 	0 

d2 is found by entering the known values (BEDrem, n2, α/β) and taking the positive 

solution from this equation 

𝑥 = 	
−𝑏	 ± √𝑏! − 4𝑎𝑐

2𝑎  

 

7.2.3.2 Initial re-planning approach 

The initial replanning approach used the same dose and fractionation as 

delivered but the calculated dose constraints in IMRT optimisation. Once an IMRT 

plan had been developed, the plan was re-optimised using MCO. In all re-

planning, the OARs and PTV were unchanged from the original re-irradiation 

plan. The first stage of this process took all the patients that failed the desirable 

dose constraints and re-planned them using IMRT or IMRT+MCO using the same 

desirable dose constraints. As the original plans pre-dated the cumulative dose 

constraints and were planned with bespoke clinician determined values, this 

tested whether the desirable dose constraints were achievable if they had been 

applied. Re-planning was successful if the doses to all OARs were under the 

physical dose constraints, the D95% of the PTV was 95%, and in non-SABR plans, 

the PTV D0.1cc was <107% of the prescription dose. 

If the patients were unable to be replanned successfully with the desirable dose 

constraints, the plans would be re-attempted using the moderate constraints. 

For moderate cumulative constraints which are ALARA (e.g., chest wall, heart) 

the desirable constraints were kept in the optimisation algorithm, but had the 

priority reduced sequentially until the other OARs or PTV objectives were met. If 

this was unsuccessful, the remaining patients would be re-planned using the 

essential constraints, using the same principles where OAR constraints became 

ALARA. This process is summarised in Figure 7.1. The generated ideal plans were 

checked by two physicists experienced in thoracic radiotherapy. 
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Figure 7.1 Re-irradiation planning process. MCO: multi-criteria optimisation, PTV D95%: 
dose to 95% of the planning target volume, VMAT: volumetric arc therapy. 
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7.2.3.3 Replanning approach if failed essential constraints 

Where re-irradiation plans were unable to be successfully re-planned to meet 

the essential constraints, four strategies were employed to deliver a radical 

dose. The dose and fractionation were changed from the original schedule to a 

lower dose per fraction e.g., from 55Gy/20fr, to 60Gy/30fr or 54Gy/36fr. If this 

was not successful, the PTV was altered as per the Delphi recommendations in 

Chapter 3 (grow CTV by 0.5cm). If this failed, the PTV was cropped from any 

intersecting OARs. The final method was an adaptive approach, where half the 

dose was delivered to the planned PTV, then replanned for the remaining dose 

assuming that the tumour volume had shrunk by 10%. This process is summarised 

in Figure 7.2. 

7.2.4  Cumulative dose verification 

Once a re-plan met the criteria for success, this was nominated as the optimal 

re-irradiation re-plan. The optimal re-plans were then exported to VelocityAI 

and the dose was converted to EQD2. The replan was then deformably dose 

registered with each patients’ primary radiotherapy plan, and the cumulative 

EQD2 dose was summed. This cumulative dose volume was then compared 

against the dose constraints to confirm if the cumulative dose constraints were 

met. 

7.2.5  Outcome risk calculation 

The cumulative doses from the re-plans and from the actual cumulative dose for 

each OAR, were entered into the dose/toxicity models from Chapter 5 (lungs, 

PBrT, oesophagus, aorta and spinal cord). The predicted 2-year overall survival 

and local control rates were calculated from the models from Chapter 6. This 

allowed a risk profile to be created for each patient, comparing the probability 

of toxicity and efficacy of the delivered dose, and the re-plan. When an OAR 

model required another variable for prediction other than dose (e.g. the interval 

with the spinal cord model), the value was taken from each patients’ data in the 

Beatson cohort database. 
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Figure 7.2 Replanning process for plans that failed essential constraints. 
CTV: clinical target volume, Fr: fractions, OAR: organ at risk, PTV D95%: dose to 95% of the 
planning target volume.   
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7.2.6 Statistical analysis 

The mean replanned doses to the OAR and the PTV were compared to the 

cumulative delivered re-irradiation dose using a paired student’s t-test. The 

dose and risk differences between the delivered dose and the replanned dose 

were plotted to illustrate the change between the treatments for each patient.  

7.3 Results 

7.3.1 Desirable dose constraints and cumulative doses delivered 
in the Beatson cohort 

Thirty-nine patients were identified who had radical dose thoracic re-irradiation. 

Two courses were given to 37 patients, and two patients had three courses of 

radical radiotherapy. Thirteen patients (33.3%) had local recurrence, as defined 

as overlapping PTVs on rigid registration. The characteristics of the patients, 

delivered re-irradiation plans, and the mean doses to each OAR are reported in 

Chapter 4 (Table 4.1 and 4.4). 

The cumulative delivered doses to each OAR for each patient were calculated 

and compared to the desirable dose constraints detailed in Table 7.1. Eleven 

plans met the desirable dose constraints, 13 breached the chest wall constraint 

only, and 15 breached a non-chest wall constraint or more than one constraint 

(Figure 7.3). The mean PTV overlap was significantly higher in the non-chest 

wall/³2 fails group, compared to the chest wall only fails or no fails (34% against 

1.3% and 0.7% respectively, p<0.05). Most of the patients who met the desirable 

dose constraints had second primary lung cancers (90.9%), whereas 66% of the 

multiple failure group had local recurrences. Most of the patients in the group 

that failed the chest wall constraints had SABR re-irradiation (76.9%). 
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Figure 7.3 Beatson cohort and compliance with desirable dose constraints. CW: chest wall, 
EQD2: equivalent dose in 2-Gray fractions 

The OAR breached the most often was the chest wall (20 plans, 40% of all 

breaches, Figure 7.4), followed by the proximal bronchial tree (7 plans, 16%) and 

the heart (6 plans, 12%).  

 

Figure 7.4 Number of breached desirable organ at risk constraints. BP: brachial plexus, CW: 
chest wall, Dmax: maximum dose, GV: great vessels, PBT: proximal bronchial tree, MLD: 
mean lung dose, V20Gy: volume of lung receiving at least 20Gy. 
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The rate of toxicity in those patients where the desirable dose constraint was 

breached is presented in Table 7.2. For the chest wall constraint and proximal 

bronchial tree, there was an associated risk of organ specific observed toxicity 

³5%, suggesting that the desirable constraints in this cohort may have some 

utility at discriminating patients who may develop toxicity. Interestingly, the 

cumulative lung constraints (V20 and MLD) did not discriminate for toxicity, with 

higher rates of organ specific toxicity seen (mostly lung infections) in patients 

who met the lung constraints. 

Table 7.2 Rate of observed toxicity in relation to desirable constraints breached. BP: 
brachial plexus, CW: chest wall, Dmax: maximum dose, GV: great vessels, PBrT: proximal 
bronchial tree, MLD: mean lung dose, V20Gy: volume of lung receiving at least 20Gy. 

 
Number 
breached 

Any ³Grade 3 
tox rate (%) 

Organ specific 
toxicity rate (%) 

Dmax CW 20 40 5 
 19 31.6 0 
Dmax PBrT 8 37.5 12.5 
 31 35.5 0 
Dmax Heart 6 33.3 0 
 33 36.4 0 
V20Gy (%) 6 16.7 16.7 
 33 39.4 30.3 
Dmax BP 3 0 0 
 36 38.9 0 
Dmax Oes 3 66.7 0 
 36 33.3 0 
Dmax GV 3 33.3 0 
 36 36.1 0 
Dmax Cord 1 0 0 
 38 36.8 0 
MLD 0 0 0 
 39 35.8 28.2 

 

7.3.2 Re-planning cohort 

7.3.2.1 Replanned with desirable constraints 

There were 28 patients who did not meet the retrospectively applied cumulative 

dose constraints. The 13 patients who had failed only the chest wall constraint 

were reviewed. Most patients were peripherally located (n=11, 84.6%) and 10 
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were re-treated with SABR. Two patients had centrally located tumours which 

were re-treated with CHART. The tumours in the chest wall failure group were 

all close to the chest wall. As the moderate dose constraints recommend the 

dose to the chest wall to be as low as reasonably achievable, these 13 plans 

would have all passed using the moderate constraints. Therefore, these were not 

replanned, as significant improvements would not be possible due to the tumour 

location, and that they would have met moderate (and therefore clinically 

acceptable) dose constraints. 

Fifteen re-irradiation plans failed either a dose constraint other than the chest 

wall or failed two or more constraints. These plans were selected for replanning. 

The tumour locations, dose and fractionations and overlap of PTV are 

summarised in Table 7.3. The initial replanning process used the desirable dose 

constraints and attempted to re-plan the re-irradiation treatments to these 

retrospectively applied limits. None of the 15 plans were able to be re-planned 

to meet the desirable criteria (meets dose constraints, PTV D95>95%, PTV 

Dmax<107% for CFRT plans) with VMAT or with VMAT and MCO. Most of the re-

treatments could be planned to meet the cumulative dose constraints (n=13, 

86.7%), but none were able to meet the D95>95% target. There was a 

significantly lower mean dose to the OARs with the VMAT and VMAT+MCO replans 

for the chest wall, heart, lung V20, proximal bronchial tree, oesophagus and 

great vessels. There was no statistically significant difference for the cord, 

brachial plexus or mean lung dose. There was a significantly lower dose to the 

OARs with VMAT+MCO compared to VMAT alone, except for the brachial plexus 

dose and the MLD (Table 7.4 and Table 7.5).  

Table 7.3 Patient and tumour details for the patients that failed the desirable dose 
constraints. C: central, LUL/LLL: left upper/lower lobe, P: peripheral, PTV: planning target 
volume, RUL/RML/RLL: right upper/middle/lower lobe, UC: ultracentral. 

Patient 
number 

Age Sex Location and 
prescription dose of 
first treatment 

Location and 
prescriptions dose of 
second treatment 

Overlap 
of first 
PTV and 
second 
PTV (%) 

1 66.8 M 
right 
hilum UC 55/20 RLL P 55/20 9.8 

6 65.8 M 
right 
hilum UC 54/36 

Right 
hilum UC 55/20 97.5 

8 84.6 M LUL UC 55/20 LUL UC 54/36 51.0 
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11 64.0 F LLL P 55/20 RML C 55/20 34.9 
12 63.7 M LUL UC 55/20 LUL UC 54/36 10.6 
15 74.8 F RUL UC 55/20 RUL P 55/20 85.1 
20 71.2 M LUL UC 55/20 LUL C 55/20 97.4 
21 67.2 M RUL C 50/5 LUL C 50/5 0.0 
23 80.7 F LLL UC 54/36 LLL UC 55/20 72.9 
24 78.0 F LUL P 55/20 RML P 50/5 0.0 
25 67.7 M RLL UC 55/20 LUL UC 54/36 0.0 
27 71.9 M LUL P 55/20 LUL UC 55/20 9.8 
29 79.0 M LUL UC 55/20 LUL UC 55/20 47.8 
34 65.7 F LUL UC 55/20 RUL C 54/36 0.0 
46 56.9 F RUL UC 55/20 LLL P 54/36 0.0 

 

Table 7.4 Mean delivered and replanned OAR doses. Fifteen patients included. Dxcc: 
maximum dose to an organ at risk to a volume of xcc, Oes: oesophagus, PBrT: proximal 
bronchial tree, MCO: multi-criteria optimisation, MLD: mean lung dose, V20Gy: volume of 
lung receiving at least 20Gy, VMAT: volumetric arc therapy. 

 
Mean 
delivered 
dose 

Mean 
VMAT 
replan 
dose 

Mean 
VMAT+MCO 
replan dose 

D0.1cc Cord 15.36 15.10 14.05 
D0.1cc brachial 
plexus 

8.97 6.94 6.37 

D0.1cc chest wall 51.81 36.48 35.67 
D0.1cc Heart 33.69 16.70 15.09 
V20-PTV% 9.66 4.91 4.48 
MLD 7.13 4.47 4.21 
D0.1cc PBrT 40.13 22.60 21.32 
D0.1cc Oes 30.40 20.45 18.45 
D0.1cc Great 
vessels 

45.33 33.71 32.33 

 
Table 7.5 Differences between delivered and replanned OAR doses. Fifteen patients 
included. Dxcc: maximum dose to an organ at risk to a volume of xcc, Oes: oesophagus, 
PBrT: proximal bronchial tree, MCO: multi-criteria optimisation, MLD: mean lung dose, 
V20Gy: volume of lung receiving at least 20Gy, VMAT: volumetric arc therapy. 

 
Mean 
difference 
between 
delivered 
dose and 
VMAT 
replan 

Paire
d t-
test p-
value 

Difference 
between 
delivered 
dose and 
VMAT+MCO 
replan 

Paire
d t-
test p-
value 

Difference 
between VMAT 
and 
VMAT+MCO 
replans 

Paired 
t-test 
p-
value 

D0.1cc 
Cord 

0.26 0.90 1.31 0.52 1.05 0.01 

D0.1cc 
brachia
l plexus 

2.03 0.14 2.60 0.11 0.57 0.08 
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D0.1cc 
chest 
wall 

15.33 0.00 16.13 0.00 0.81 0.03 

D0.1cc 
Heart 

16.98 0.00 18.59 0.00 1.61 0.01 

V20-
PTV% 

4.75 0.03 5.18 0.02 0.43 0.00 

MLD 2.66 0.08 2.92 0.06 0.26 0.12 
D0.1cc 
PBrT 

17.53 0.00 18.81 0.00 1.28 0.03 

D0.1cc 
Oes 

9.95 0.02 11.95 0.01 2.00 0.00 

D0.1cc 
Great 
vessels 

11.61 0.01 12.99 0.00 1.38 0.05 

 

The replans using VMAT and VMAT+MCO had significantly lower doses to the PTV 

D95, D99 and Dmax compared to the delivered dose. The replanned PTVs had a 

D95 around 41-43% less than the delivered dose (Table 7.6 and Table 7.7).  

Table 7.6 Delivered and replanned PTV doses. Dx%: maximum dose to the planning target 
volume to x% of that volume, Dmax: maximum dose, MCO: multi-criteria optimisation, Pt: 
Patient, PTV: planning target volume, VMAT: volumetric arc therapy. 

 

 

Pt Delivered PTV dose VMAT replan PTV dose VMAT+MCO replan PTV 
dose 

D95(%) D99(%) Dmax D95(%) D99(%) Dmax D95(%) D99(%) Dmax 
1 95.5 90.1 111.3 90.8 89.4 105.1 90.1 84.4 110.2 
6 81.1 73 109.5 63.1 47.1 106.1 57.9 44.4 105.9 
8 96.6 92.2 108.7 39 31.3 65.6 39.8 34.5 65.3 
11 95.6 91.7 107.7 35.6 33 82.1 36.6 34.7 89.6 
12 96.5 93.5 109.6 73.2 42.6 109.4 70.8 40.9 108.8 
15 94.5 90.7 108.6 65.3 53.5 104.3 59.9 52.5 103.3 
20 94 89.4 108.0 57.1 42.1 110.6 56.5 42.7 110.3 
21 76.1 71.2 125.5 9.2 8.3 21.6 9.3 8.5 21 
23 92.3 86.7 108.1 56.3 45.2 95.2 58.5 46.3 100.8 
24 88.5 84.9 122.3 39.4 32.4 85.8 36 32.2 81.4 
25 93.9 90.7 109.4 12.9 7.7 52.5 12.2 7.4 52.5 
27 96.2 93.6 111.5 31.2 17.2 113.2 27.9 16.9 110.1 
29 97.9 94 112.5 42.4 36.8 70.9 44.6 36.6 74.4 
34 96 90.4 110.6 61.7 39.1 98.4 54 34.4 100.8 
46 91.9 87.4 105.5 85.3 70.9 107 82.6 70.7 108.3 
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Table 7.7 Differences between the delivered and replanned PTV doses. Dx%: maximum dose 
to the planning target volume to x% of that volume, Dmax: maximum dose, MCO: multi-
criteria optimisation, PTV: planning target volume, VMAT: volumetric arc therapy. 

Pt Difference between 
PTV D95% delivered 
dose and VMAT 
replan 

Difference between 
PTV D95% 
delivered dose and 
VMAT+MCO replan 

Difference between 
PTV D95%VMAT and 
VMAT+MCO replans 

1 -4.7 -5.4 0.7 
6 -18 -23.2 5.2 
8 -57.6 -56.8 -0.8 
11 -60 -59 -1 
12 -23.3 -25.7 2.4 
15 -29.2 -34.6 5.4 
20 -36.9 -37.5 0.6 
21 -66.9 -66.8 -0.1 
23 -36 -33.8 -2.2 
24 -49.1 -52.5 3.4 
25 -81 -81.7 0.7 
27 -65 -68.3 3.3 
29 -55.5 -53.3 -2.2 
34 -34.3 -42 7.7 
46 -6.6 -9.3 2.7 

 

This demonstrates that clinically acceptable plans could not be created using the 

desirable dose constraints despite use of modern planning techniques. VMAT in 

combination with MCO may have a benefit in reducing doses to the OARs, but not 

to the extent required to make the re-plans meet the PTV constraints. 

7.3.2.2 Replanned with moderate constraints 

All 15 patients were replanned using the moderate dose constraints. No replans 

met the acceptable plan criteria (PTV D95%>95%, all OAR constraints met) when 

planned with VMAT. However, when MCO was added to the plans, seven plans 

became acceptable. The moderate dose constraints were met in 14 cases 

(93.3%). The case where the dose constraints could not be met was a central re-

treatment where the dose to the aorta and the PBrT were close to the 

constraint. 

Compared to the delivered dose, the VMAT replans delivered a lower dose to the 

OARs in general but did not have significantly different mean OAR doses (Table 

7.8 and Table 7.9). The exception was the heart dose, which had a significantly 
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lower dose (33.7% vs 24.8%, p-value 0.01). This analysis did not consider the 

base of heart dose, high dose to which has been associated with higher mortality 

rates. Similarly to the VMAT replans, the VMAT+MCO replans had a lower dose to 

the OARs, meeting statistically significant dose reductions for the heart, PBrT 

and great vessels. Both VMAT and VMAT+MCO had a non-significantly higher dose 

to the cord than the mean delivered dose. When VMAT re-plans were compared 

to the VMAT+MCO re-plans, the latter had significantly lower OAR doses to the 

cord, PBrT and oesophagus. 

 
Table 7.8 Mean delivered and replanned OAR doses. Fifteen patients included. Dxcc: 
maximum dose to an organ at risk to a volume of xcc, Oes: oesophagus, PBrT: proximal 
bronchial tree, MCO: multi-criteria optimisation, MLD: mean lung dose, V20Gy: volume of 
lung receiving at least 20Gy, VMAT: volumetric arc therapy. 

 
Mean 
delivered 
dose 

Mean VMAT 
replan dose 

Mean 
VMAT+MCO 
replan dose 

D0.1cc Cord 15.36 19.24 17.51 
D0.1cc brachial 
plexus 

8.97 7.76 6.88 

D0.1cc chest wall 51.81 48.17 49.02 
D0.1cc Heart 33.69 24.77 25.98 
V20-PTV% 9.66 7.01 6.92 
MLD 7.13 5.57 5.20 
D0.1cc PBrT 40.13 34.83 33.05 
D0.1cc Oes 30.40 27.86 24.55 
D0.1cc Great 
vessels 

45.33 38.89 39.67 

 

 
Table 7.9 Differences between the delivered and replanned OAR doses. Dxcc: maximum 
dose to an organ at risk to a volume of xcc, Oes: oesophagus, PBrT: proximal bronchial 
tree, MCO: multi-criteria optimisation, MLD: mean lung dose, V20Gy: volume of lung 
receiving at least 20Gy, VMAT: volumetric arc therapy. 

 
Mean 
difference 
between 
delivered 
dose and 
VMAT 
replan 

Paire
d t-
test p-
value 

Difference 
between 
delivered dose 
and 
VMAT+MCO 
replan 

Paire
d t-
test p-
value 

Difference 
between 
VMAT and 
VMAT+MC
O replans 

Paire
d t-
test p-
value 

D0.1cc 
Cord 

-3.88 0.08 -2.15 0.34 1.73 0.01 
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D0.1cc 
brachial 
plexus 

1.21 0.18 2.09 0.12 0.88 0.08 

D0.1cc 
chest 
wall 

3.64 0.07 2.78 0.14 -0.85 0.42 

D0.1cc 
Heart 

8.92 0.01 7.70 0.02 -1.22 0.41 

V20-
PTV% 

2.65 0.19 2.74 0.18 0.09 0.57 

MLD 1.56 0.30 1.92 0.20 0.37 0.09 
D0.1cc 
PBrT 

5.30 0.07 7.07 0.01 1.77 0.04 

D0.1cc 
Oes 

2.55 0.44 5.86 0.06 3.31 0.03 

D0.1cc 
Great 
vessels 

6.43 0.08 5.66 0.02 -0.78 0.78 

 

The re-plans with either VMAT or VMAT+MCO had a D95% approximately 8-10% 

lower than the delivered dose. The mean D95% and D99% values were higher by 

about 2-4% in the VMAT+MCO group compared with the VMAT group, but was not 

statistically significant (Table 7.10 and Table 7.11). 

 
Table 7.10 Mean delivered and replanned PTV doses to moderate constraints. Dx%: 
maximum dose to the planning target volume to x% of that volume, Dmax: maximum dose, 
MCO: multi-criteria optimisation, PTV: planning target volume, VMAT: volumetric arc 
therapy. 

 
Mean delivered 
dose 

Mean VMAT replan 
dose 

Mean 
VMAT+MCO 
replan dose 

D95% PTV (%) 92.44 82.66 84.64 
D99% PTV (%) 87.97 75.58 79.60 
Dmax PTV (%) 111.26 107.47 105.69 
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Table 7.11 Differences between the delivered and replanned PTV doses using moderate 
constraints. Dx%: maximum dose to the planning target volume to x% of that volume, 
Dmax: maximum dose, MCO: multi-criteria optimisation, PTV: planning target volume, 
VMAT: volumetric arc therapy. 

 

Mean 
difference 
between 
delivered 
dose and 
VMAT 
replan 

Paired 
t-test 
p-
value 

Difference 
between 
delivered 
dose and 
VMAT+MCO 
replan 

Paired 
t-test 
p-
value 

Difference 
between 
VMAT and 
VMAT+MCO 
replans 

Paired 
t-test 
p-
value 

D95% 
PTV 
(%) 9.78 0.13 7.80 0.24 -1.98 0.12 
D99% 
PTV 
(%) 12.39 0.08 8.37 0.23 -4.02 0.06 
Dmax 
PTV 
(%) 3.79 0.40 5.57 0.16 1.78 0.41 

 

7.3.2.3 Replanned with essential constraints 

The eight patients who did not meet either the desirable or moderate 

constraints were replanned using the essential dose constraints. The VMAT and 

VMAT+MCO replans all met the essential dose constraints. However, no re-plans 

met the acceptable PTV criteria of D95>95% and Dmax<107%. Five VMAT+MCO re-

plans had D95% >90% but <95%. Six plans had PTV Dmax >107%.  

The VMAT and VMAT+MCO plans generally had lower mean doses to the OARs 

compared to the delivered dose plans (Table 7.12 and Table 7.13). However, the 

mean cord dose was higher in the replans than in the delivered dose; this 

difference was only statistically significant for the VMAT replans. The heart, 

PBrT and great vessels doses were significantly lower in both the VMAT and 

VMAT+MCO replans. There was no significant difference in VMAT and VMAT+MCO 

replan doses, except for the cord dose, which was significantly lower with 

VMAT+MCO. 
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Table 7.12 Mean delivered and replanned OAR doses. Eight patients included. Dxcc: 
maximum dose to an organ at risk to a volume of xcc, Oes: oesophagus, PBrT: proximal 
bronchial tree, MCO: multi-criteria optimisation, MLD: mean lung dose, V20: volume of lung 
receiving at least 20Gy, VMAT: volumetric arc therapy. 

 
Mean 
delivered 
dose 

Mean 
VMAT 
replan 
dose 

Mean 
VMAT+MCO 
replan dose 

D0.1cc Cord 19.08 26.97 24.34 
D0.1cc brachial 
plexus 

11.26 10.79 9.78 

D0.1cc chest 
wall 

48.86 48.42 48.22 

D0.1cc Heart 44.01 34.20 36.38 
V20-PTV% 13.46 12.30 12.49 
MLD 9.53 7.81 7.81 
D0.1cc PBrT 53.98 47.51 46.83 
D0.1cc Oes 40.15 40.05 38.71 
D0.1cc Great 
vessels 

57.58 53.38 53.41 

 

Table 7.13 Differences between the delivered and replanned OAR doses. Dxcc: maximum 
dose to an organ at risk to a volume of xcc, Oes: oesophagus, PBrT: proximal bronchial 
tree, MCO: multi-criteria optimisation, MLD: mean lung dose, V20: volume of lung receiving 
at least 20Gy, VMAT: volumetric arc therapy. 

 
Mean 
difference 
between 
delivered 
dose and 
VMAT 
replan 

Paire
d t-
test p-
value 

Difference 
between 
delivered 
dose and 
VMAT+MC
O replan 

Paire
d t-
test p-
value 

Difference 
between 
VMAT and 
VMAT+MC
O replans 

Paire
d t-
test p-
value 

D0.1cc Cord -7.89 0.01 -5.25 0.08 2.63 0.01 
D0.1cc 
brachial 
plexus 

0.46 0.62 1.48 0.32 1.02 0.20 

D0.1cc chest 
wall 

0.44 0.74 0.64 0.60 0.21 0.60 

D0.1cc Heart 9.80 0.01 7.63 0.01 -2.17 0.34 
V20-PTV% 1.16 0.20 0.98 0.18 -0.19 0.40 
MLD 1.71 0.38 1.72 0.34 0.01 0.96 
D0.1cc PBrT 6.47 0.02 7.15 0.01 0.68 0.24 
D0.1cc Oes 0.09 0.98 1.44 0.65 1.35 0.32 
D0.1cc Great 
vessels 

4.19 0.04 4.17 0.03 -0.02 0.95 

 

The VMAT and VMAT+MCO replans had lower PTV D95 values (Table 7.14 and 

Table 7.15) compared to the delivered plans. The differences were not 



291 
 
statistically significant, but the mean difference in the delivered PTV D95 dose 

and the VMAT and VMAT+MCO replans were 9.6% and 7% respectively. VMAT+MCO 

delivered higher mean PTV D95 and PTV D99 (by 2.6% and 6.9% respectively) and 

were close to statistical significance (p-value 0.07 and 0.05). 

Table 7.14 Mean delivered and replanned PTV doses. Dx%: maximum dose to the planning 
target volume to x% of that volume, Dmax: maximum dose, MCO: multi-criteria optimisation, 
PTV: planning target volume, VMAT: volumetric arc therapy. 

 
Mean 
delivered 
dose (%) 

Mean VMAT 
replan dose 
(%) 

Mean 
VMAT+MCO 
replan dose (%) 

D95% 
PTV 

93.74 83.89 86.74 

D99% 
PTV  

89.03 70.98 77.89 

Dmax PTV  109.52 109.49 109.24 
 

Table 7.15 Differences between the delivered and replanned PTV doses. Dx%: maximum 
dose to the planning target volume to x% of that volume, Dmax: maximum dose, MCO: 
multi-criteria optimisation, PTV: planning target volume, VMAT: volumetric arc therapy. 

 
Mean 
difference 
between 
delivered 
dose and 
VMAT 
replan 

Paired 
t-test 
p-
value 

Difference 
between 
delivered 
dose and 
VMAT+MCO 
replan 

Paired 
t-test 
p-
value 

Difference 
between 
VMAT and 
VMAT+MC
O replans 

Paire
d t-
test p-
value 

D95% 
PTV 

9.85 0.10 7.00 0.20 -2.85 0.07 

D99% 
PTV 

18.05 0.06 11.14 0.13 -6.91 0.05 

Dmax 
PTV 

0.03 0.98 0.28 0.82 0.25 0.85 

 

7.3.3 Unable to meet essential constraints group 

Acceptable plans were unable to be made for eight patients using VMAT or 

VMAT+MCO, despite using the essential (highest cumulative dose constraints). 

The characteristics of this group are summarised in Table 7.16. These re-plans 

are either ultracentral retreatments (n=7) or central retreatments (n=1). By 

contrast, the seven patients that were able to be replanned successfully had 

relapsed disease that was in a direction away from the mediastinum e.g., 
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patient 15 had ultracentral disease at first treatment, but the location of 

relapse was peripheral to the initial PTV, despite having an 85.1% overlap. Two 

patients (patients 25 and 34) in the group that were unable to be replanned had 

no overlap with the original PTV but high levels of dosimetric overlap with the 

PBrT or great vessels. 

These plans were replanned using different strategies to aim to meet dose 

constraints. The results of this process are summarised in Figure 7.5. 

Table 7.16 Characteristics of re-plans unable to meet essential dose constraints. Eight 
patients included. C: Central, GV: Great vessels, OAR: Organ at risk, Oes: Oesophagus, 
PBrT: Proximal bronchial tree, PTV: Planning target volume, UC: Ultracentral. 

Patient 
number 

Limiting OAR 
(within 1Gy of 
constraint) 

Location of 
retreatment 

Planned 
retreatment 
dose and 
fractionation 

Overlap of 
first PTV and 
second PTV (%) 

6 PBrT, GV UC 55/20 97.5 
8 PBrT UC 54/36 51 
11 GV, V20 C 55/20 34.9 
12 Oes, GV UC 54/36 10.6 
23 PBrT UC 55/20 72.9 
25 PBrT UC 54/36 0 
29 GV UC 55/20 47.8 
34 GV UC 54/36 0 

 

7.3.3.1 Dose and fractionation change 

Three dose/fractionation schemes were tested: 55Gy/20 fractions (EQD2 = 

63.3Gy using an α/β of 3), 60Gy/30 fractions (EQD2 = 60Gy), and 54Gy/36 

fractions (EQD2 = 48.6Gy). Patients 6, 11, 23 and 29 were suitable for replanning 

with a prescription dose with a lower EQD2 to normal tissue (as the other 

patients were already treated with the most conservative fractionation of 

54Gy/36fr). 

Patients 6 and 23 when planned with 54Gy/36 fractions were able to meet the 

dose constraints and the PTV targets. The change in dose fractionation to 60/30 

or 54/36 did not result in acceptable plans for patients 11 and 29. 
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Figure 7.5 Outline of replanning using alternative strategies. CTV: clinical target volume, Fr: 
fractions, OAR: organ at risk, PTV: planning target volume. 

  

8 patients that did not meet essential 
dose constraints 

Acceptable replan using 60Gy/30fr or 
54Gy/36fr? 

Yes 
Re-plan complete 

(pts 6, 23) 

No (or already was treated with 54Gy/36fr) 

Acceptable replan changing CTV to PTV 
margin to 5mm? 

No 

Yes 
Re-plan complete 
(pts 12, 25, 34) 

Radical re-irradiation not possible (pts 
11 and 29) 

Acceptable replan with a PTV cropped 
off overlapping OARs 

Yes Re-plan complete 
(pt 8) 

Acceptable replan using an adaptive 
PTV? 

No 

No 
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7.3.3.2 Delphi PTV 

The PTV growth recommended by the Delphi consensus on re-irradiation 

suggested a growth from CTV to PTV of 5mm. This is less than the standard 

growth of 10mm in the Beatson (before 4D-CT and VMAT planning). The 

retreatment CTVs were re-grown by 5mm isotropically to form Delphi PTVs for 

the six patients where the change is dose/fractionation did not result in an 

acceptable plan (patients 8, 11, 12, 25, 29 and 34). The Delphi PTVs were a 

median of 23.4% smaller (range 7.2 – 44.6%, Table 7.17). Some patients (12 and 

25) had a relatively minor reduction in PTV volume suggesting that a smaller 

expansion than 10mm had been used when forming the original PTV (which had 

not been documented originally). 

Table 7.17 Original and Delphi PTV volumes. CTV: Clinical target volume, PTV: Planning 
target volume. 

Patient 
number CTV (cc) Original 

PTV (cc) 
Delphi 
PTV (cc) 

% 
reduction 

8 86.3 244.1 188.1 22.9 
11 41.5 217.5 120.4 44.6 
12 199.4 417.4 352.9 15.5 
25 182.3 365.9 339.6 7.2 
29 82.7 254.6 193.9 23.8 
34 95.2 251.1 157.5 37.3 

 

These six patients were replanned using the smaller Delphi PTV, and patients 12, 

25 and 34 had re-plans that met the acceptable plan criteria. 

7.3.3.3 Cropped PTV 

The Delphi consensus process also suggested that the dose to the OARs should be 

prioritised over the dose to the PTV. This approach was tested on the remaining 

patients that did not meet dose constraints (patients 8, 11 and 29). These 

patients had original PTVs that overlapped with OARs (PBrT for patient 8 and 

great vessels for patients 11 and 29). The original PTVs were cropped to exclude 

these OARs and the changes in volume are summarised in Table 7.18. 
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Table 7.18 Original and cropped PTV volumes. CTV: Clinical target volume, PTV: Planning 
target volume. 

Patient 
number CTV (cc) PTV (cc) 

Cropped 
PTV (cc) 

% 
reduction 

8 86.3 244.1 233.2 4.5 
11 41.5 217.5 194.5 10.6 
29 82.7 254.6 223.5 12.2 

 

Patient 8 was replanned using the cropped PTV and met the acceptable plan 

criteria, but the replans for patients 11 and 29 did not. 

7.3.3.4 Adaptive PTV 

For the remaining two patients (11 and 29), an exploratory strategy was used 

where the treatment was split with a mandated replan after half of the 

prescription dose was delivered. This assumed that the original GTV responded 

to treatment, and the GTV along its longest plane had shrunk by 1mm. This 

adaptive GTV was expanded using institutional expansions (GTV to CTV by 5mm, 

CTV to PTV 5mm circumferentially and 10mm in the superior and inferior 

directions) to form the adaptive PTV. The second half of the treatment used this 

smaller adaptive PTV to attempt to reduce dose to the OARs. This process 

reduced the PTV for the second half of treatment substantially (by 55.5 and 

34.6%, Table 7.19). 

Table 7.19 Initial and adaptive PTV volumes. GTV: gross tumour volume, PTV: Planning 
target volume. 

Patient 
number 

Initial 
GTV 
(cc) 

Adaptive 
GTV (cc) 

Initial 
PTV 
(cc) 

Adaptive 
PTV (cc) 

% 
reduction 

11 11.9 7.1 217.5 96.9 55.5 
29 35.6 23.2 254.6 166.4 34.6 

 

Despite the large reductions in volume, the adaptive PTVs for both patients still 

overlapped with the great vessels. Both replans still did not meet the acceptable 

plan criteria.   
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7.3.4 Verification 

The OAR dose limits used in the replans were physical doses, calculated using 

the method outlined in section 7.2.3.1. This accounted for the previous dose 

delivered in the first treatment and was subtracted from the cumulative dose 

constraint. As this is a calculation-based process, the final dose needs to be 

verified anatomically. Therefore, the best retreatment plans of the 15 patients 

that did not meet the desirable dose constraints were transferred to Velocity, 

converted into EQD2 and summed with the dose from the initial treatment (also 

converted into EQD2). This process would confirm if the physical planning 

process correlated with the cumulative dose delivered, as measured in EQD2 Gy. 

The cumulative doses (formed from the initial treatment and the best re-plan) 

met the expected cumulative dose constraints (moderate or essential depending 

on the patient) for all OARs except the proximal bronchial tree (Table 7.20). 

Five of the 15 plans exceeded the planned cumulative dose constraint. This was 

expected in two patients (11 and 29) as these were known to not have 

acceptable plans. However, the cumulative physical plans for patients 1, 12 and 

27 should have met the planned cumulative dose constraints, as they appeared 

to have met the physical dose criteria. Patients 1 and 12 exceeded the 

cumulative dose constraint by approximately 1 Gy EQD2 however patient 27 

exceeded the constraint by over 10Gy EQD2 (Table 7.21). 

Table 7.20 Summary of verification of cumulative EQD2 doses using the re-plans.  GV: great 
vessels, Oes: oesophagus, PBrT: proximal bronchial tree, MLD: mean lung dose, V20: 
volume of lung receiving at least 20Gy. 

Trial 
number 

Acceptable re-plan 
and constraints used Cord MLD V20 PBrT Oes GV 

1 Yes - moderate Y Y Y N Y Y 
6 Yes - essential Y Y Y Y Y Y 
8 Yes - essential Y Y Y Y Y Y 
11 No - essential Y Y Y N Y Y 
12 Yes - essential Y Y Y N Y Y 
15 Yes - moderate Y Y Y Y Y Y 
20 Yes - moderate Y Y Y Y Y Y 
21 Yes - moderate Y Y Y Y Y Y 
23 Yes - essential Y Y Y Y Y Y 
24 Yes - moderate Y Y Y Y Y Y 
25 Yes - essential Y Y Y Y Y Y 



297 
 
27 Yes - moderate Y Y Y N Y Y 
29 No - essential Y Y Y N Y Y 
34 Yes - essential Y Y Y Y Y Y 
46 Yes - moderate Y Y Y Y Y Y 

 

For these three patients, the image registration/dose accumulation process was 

reviewed. Patient 27 was initially treated with a 3-field plan (Figure 7.6). The 

proximal bronchial tree was not in the high dose area of this treatment, 

although it was very close. This patient then had the delivered re-irradiation 

replanned to meet the moderate dose constraints (Figure 7.7). Importantly, 

there is significant fibrosis and contraction of the left lung field from the first 

course of radiation. These two plans were subsequently combined using the 

deformable registration to form the cumulative plan (Figure 7.8). This image 

shows that the proximal bronchial tree appears to have been pulled into the high 

dose field where there is overlap between the initial and the re-irradiation 

treatment. This is likely to represent an error in image registration, as the 

proximal bronchial tree was not in the high dose area at initial radiotherapy. 

This error was exacerbated because the PBrT was at the field edge of a three-

field plan. Therefore, a small registration error, increased the predicted dose 

significantly by pulling the PBrT into the field, when previously it was not in it. 

Similar errors occurred for patients 1 and 12. However, as they both had VMAT 

plans at initial treatment and at re-irradiation, they did not have areas with 

such rapid fall off in dose and so the difference was not as marked. 

Table 7.21 Proximal bronchial tree cumulative dose from the delivered and replanned 
treatments that exceeded the dose constraints. EQD2: equivalent dose in 2-Gray fractions. 

Patient number 
Delivered 
cumulative EQD2 

Replanned 
EQD2 Difference 

1 104.09 106.34 2.25 

12 114.31 111.68 -2.63 
27 115.67 126.05 10.38 
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Figure 7.6 Patient 27 initial 3-field radiotherapy plan. 
 

 

Figure 7.7 Patient 27 re-irradiation re-plan. 
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Figure 7.8 Patient 27 cumulative dose plan in EQD2 Gy. EQD2 Gy: equivalent dose in 2-Gray 
fractions. 

7.3.5 Changes in risk compared to delivered dose 

The cumulative doses from the 15 replanned courses of re-irradiation were 

entered into the dose/toxicity models from Chapter 5. The best available re-

irradiation plans were combined with the dose from the initial course of 

radiation. Table 7.22 details the median change of the doses to the cord, lung 

V20, lung MLD, proximal bronchial tree, oesophagus and aorta. Grouping all the 

plans together, there was an increase in doses to the lung MLD and V20 which 

were statistically significant. This indicated that the trade-off from using 

VMAT+MCO is better avoidance of the serial OARs, at the cost of a small but 

statistically significant increase in the lung dose. The OAR doses on a per patient 

basis were analysed to identify individual changes in risk. 
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Table 7.22 Comparison of delivered and replanned dose to organs at risk. EQD2: equivalent 
dose in 2-Gray fractions, OAR: organs at risk, PBrT: proximal bronchial tree, MLD: mean 
lung dose, V20: volume of lung receiving at least 20Gy. 

OAR Median cumulative 
delivered dose  

Median cumulative 
replan dose  

T-test p-value 

Cord (EQD2, Gy) 34.9 37.5 0.86 
Lung V20 (%) 19.44 20.22 0.05* 
Lung MLD (EQD2, 
Gy) 

12.63 13.06 0.02* 

PBrT (EQD2, Gy) 104.09 97.47 0.52 
Oesophagus 
(EQD2, Gy) 

76.02 76.29 0.22 

Aorta (EQD2, Gy) 81.84 79.69 0.15 
 

7.3.5.1 Delivered and replanned cord doses 

Figure 7.9 outlines the cumulative dose change for each patient using the 

delivered dose and the replanned dose to the spinal cord. Five patients had 

lower doses to the cord and 10 patients had higher doses using the optimal 

replans. However, as Figure 7.10 demonstrates, despite increased dose, the 

individual risk of cord toxicity remained below 1%. Patient 20 had a reduction of 

cord risk from 4% to 0.8% after the replan. The models used the actual interval 

between initial radiation and re-irradiation as recorded for each patient. 
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Figure 7.9 Change in cumulative dose to spinal cord between delivered and re-irradiation 
replan. The green, amber and red lines denote the desirable, acceptable, and essential 
cumulative dose constraints respectively  
 

 

 

Figure 7.10 Change in cumulative risk to spinal cord between delivered and re-irradiation 
replans. 
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7.3.5.2 Delivered and replanned lung V20Gy doses 

Figure 7.11 describes the change in lung V20Gy from the delivered dose and the 

optimal replans. Nine patients have an increase in dose, although only one 

patient is above the V20<40% constraint. The predicted toxicity rate of patients 

was above 20% in six patients (patients 11,15, 25, 29, 34 and 46, Figure 7.12). 

The patient with the highest risk of grade 3 toxicity at initial treatment had an 

even higher replan risk (patient 25, risk increased from 77 to 82%). Two other 

patients (15 and 34) had increased risk of toxicity from the replan (13 to 25% and 

35% to 52% respectively). The other 6 patients who had higher V20Gy doses at 

replan had a small increase in risk, but their risk remained below 7%. 

 

Figure 7.11 Change in cumulative lung V20Gy between delivered and re-irradiation replans. 
The green and amber lines denote the desirable and acceptable cumulative dose 
constraints respectively 
 



303 
 

 

Figure 7.12 Change in cumulative risk for grade 3 lung toxicity between delivered and re-
irradiation replans. 
 
 

7.3.5.3 Delivered and replanned mean lung doses 

Figure 7.13illustrates the changes in cumulative MLD between the delivered 

treatments and the replanned treatments. The acceptable dose constraint used 

is 22Gy. Patient 25 exceeded this constraint, with a delivered MLD of 20.8Gy, 

which increased to 24Gy on the replan. The predicted risk for each treatment is 

shown in Figure 7.14. Again, Patient 25 has a significant increase in risk of grade 

3 toxicity, with the delivered risk of 23% rising to 53.6% with the replan. Patients 

15, 29 and 34 had nearly double their delivered risk with the replan, although all 

three patients had risks less than 15%. 
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Figure 7.13 Change in cumulative mean lung dose between delivered and re-irradiation 
replans. The amber lines denote the acceptable cumulative dose constraint. 

 

Figure 7.14 Change in cumulative risk for grade 3 lung toxicity between delivered and re-
irradiation replans. 
 

7.3.5.4 Delivered and replanned proximal bronchial tree doses 

Figure 7.15 demonstrates the change in cumulative dose between the delivered 

plans and the replans.  Five patients (6, 24, 27, 34, 46) had an increased dose to 

the PBrT, which the other 10 patients had a reduction in dose. Six patients had a 
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cumulative dose that exceeded the essential dose constraint, and three patients 

had dose reductions at replan that put the dose below that constraint. Two 

other patients had reductions that were close to, but not below the constraint. 

The predicted risk for the delivered and the replanned treatments are shown in 

Figure 7.16. Interestingly, only three patients exceeded the dose constraints 

(patients 12, 15, 34). This is likely to be due to the interval for these patients 

being longer than the median (intervals between treatments for each patient in 

months 38, 51 and 35 respectively). Although patient 27 had an increased dose 

to the PBrT at replan, the predicted risk from the replan was still less than 5%. 

 

 

Figure 7.15 Change in cumulative dose to the proximal bronchial tree between delivered and 
re-irradiation replans. The green, amber and red lines denote the desirable, acceptable, and 
essential cumulative dose constraints respectively 
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Figure 7.16 Change in cumulative risk for grade 3 proximal bronchial tree toxicity between 
delivered and re-irradiation replans. 
 

7.3.5.5 Delivered and replanned oesophageal doses 

Figure 7.17 and Figure 7.18show the cumulative doses and predicted risk of 

grade 3 or higher oesophageal toxicity respectively. The replans all met the 

acceptable dose constraints except for patient 6, where there was no change in 

dose or risk. This remained the patient with the highest risk of oesophageal 

toxicity at replan with a risk of 6.3%. Patients 11 and 23 had a reduction in risk 

from 13.1 and 7.3% to 3.8% and 3.8% respectively. 
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Figure 7.17 Change in cumulative dose to the oesophagus between delivered and re-
irradiation replans. The green, amber and red lines denote the desirable, acceptable, and 
essential cumulative dose constraints respectively 
 

 
Figure 7.18 Change in cumulative risk for grade 3 oesophageal toxicity between delivered 
and re-irradiation replans. 
 

7.3.5.6 Delivered and replanned aorta doses 

Figure 7.19 and Figure 7.20show the cumulative dose and predicted risk of grade 

3 or above aortic toxicity of the delivered and replanned treatments 
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respectively. Three patients (11, 23 and 29) had doses exceeding the essential 

dose constraint and all three were reduced on replanning to below it. For 

example, patient 29 had the highest delivered dose at 135.4Gy (EQD2) and this 

was reduced to 115.8Gy by the replan, with a corresponding reduction in risk 

from 4.2% to 2.6%. All patients had a risk of toxicity less than 5% with both 

delivered dose and at replans.  

 

Figure 7.19 Change in cumulative dose to the aorta between delivered and re-irradiation 
replans. The green, amber and red lines denote the desirable, acceptable, and essential 
cumulative dose constraints respectively 
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Figure 7.20 Change in cumulative risk for grade 3 or above aortic toxicity between delivered 
and re-irradiation replans. 
 

7.3.6 Changes in tumour control 

In Chapter 6, local control and overall survival models were formulated using 

data from the literature search. These models were applied to the 10 patients 

with locally recurrent disease and did not meet the desirable dose constraints 

initially. The delivered and the re-irradiation PTV doses in EQD2 Gy were used in 

the modelling. The median delivered PTV Dmax was statistically higher than the 

replan PTV Dmax (both calculated using EQD2 Gy using α/β  10) at 64.10 and 

61.84 respectively (t-test p-value <0.01). The 2-year local control rates per 

patient were predicted from the doses to the PTV from the delivered treatment 

and the optimal replan (Figure 7.21). The mean 2-year LCRs were 36.1% and 

35.0% in the delivered and the replanned treatments (paired t-test, p-

value<0.01). For most patients, the local control rate was predicted to be less 

than the delivered treatment with a median reduction of 0.99% (range -0.14, 

3.17%). 
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Figure 7.21 Predicted 2-year local control rate between the delivered plans and the re-plans. 
 

The predicted mean 2 year overall survival rate was higher in the delivered dose 

compared to the replanned group at 39.76% and 37.69% respectively, t-test p-

value <0.01, see Figure 7.22. The median reduction in the predicted two year 

overall survival rate was 2.05% (range -0.26, 5.56). 

The lower 2 year local control and overall survival rates in the replans were 

assessed against the changes in risk to the OARs of each of the 10 patients in this 

group (Table 7.23). There are some patients where the reduction in dose and 

predicted efficacy comes with marginal improvements to the risk of toxicity. For 

example, patient 1 if treated with the replan, would have a 2.9% reduction in 

the chance of 2 year overall survival, with little improvement in the predicted 

rate of toxicity in any of the assessed OARs. In contrast, Patient 11 had a 3.7% 

reduction in the 2 year OS rate, but also had a 9.3% reduction in the risk of a 

grade 3 or worse oesophageal toxicity. However, both patients 11 and 29 were 

unable to be safely replanned to meet the dose constraints. Therefore, a more 

significant reduction in PTV dose (e.g. changing to a high dose palliative regime 

such as 39Gy in 13 fractions) may make these plans compliant with the dose 

constraints.  



311 
 

 

Figure 7.22 Predicted 2-year overall survival rate between the delivered plans and the re-
plans. 
 

Table 7.23 Change in predicted efficacy and toxicity between the delivered dose and the 
replanned treatments. Diff: difference, MLD: mean lung dose, Oes: oesophagus, OS: overall 
survival, PBrT: proximal bronchial tree, V20Gy: volume of lung receiving at least 20Gy. 

Patient 
2-yr OS 
diff 

Cord 
diff (%) 

MLD 
risk (%) 

V20 risk 
diff (%) 

PBrT 
risk diff 
(%) 

Oes 
risk 
diff (%) 

Aorta risk 
diff (%) 

1 -2.93 -0.19 0.02 -0.04 0.04 -0.03 -0.11 
6 -2.38 0.06 -0.31 -1.04 -0.79 -0.01 -0.32 
8 0.26 0.05 0.22 0.46 -0.16 -0.44 0.12 
11 -3.70 0.06 0.79 -6.69 -0.68 -9.28 -1.36 
12 -1.35 0.08 0.38 1.11 -0.31 0.64 -0.02 
15 -0.18 -3.25 4.67 11.88 -0.93 -1.31 -0.12 
20 -0.81 -0.02 -0.04 -0.08 -0.07 -0.83 0.01 
23 -5.56 0.06 1.09 1.78 -0.50 -3.48 -1.11 
27 -1.93 0.37 -0.14 0.05 0.37 0.21 0.01 
29 -2.17 -0.22 5.91 -1.09 -1.16 -1.36 -1.58 
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7.4 Discussion 

This planning study can be divided into three sections: identification of patients 

that breached dose constraints and are considered high risk; replanning the re-

irradiations to reduce the risk of toxicity using novel techniques and estimation 

of the clinical benefit of the re-plans using novel models.  

7.4.1 Identification of high-risk patients 

Fifteen high-risk radical re-irradiation plans from the Beatson cohort were 

identified. These 15 patients were unable to meet one or more of the desirable 

cumulative dose constraints. The dose constraints were taken from a range of 

five published sources, which all used a consensus or expert opinion to suggest a 

constraint112,146,160,161,174. These sources provided a range of dose constraints, and 

these were grouped together and divided into the conservative, moderate and 

aggressive limits. The reason why moderate dose constraints were added rather 

than simply having two dose categories (optimal (conservative) and critical 

(most aggressive) constraints) was to allow the heart and chest wall limits to be 

ALARA, whilst maintaining some limits on the lung dose. These constraints were 

the first to be relaxed as chest wall toxicity, whilst potentially having a 

significant effect on patients’ quality of life, is unlikely to result in fatal 

toxicity. Conversely, the data for cumulative heart doses is extremely limited 

and limiting a possibly radical treatment based on such sparse information is 

difficult to justify. 

The cumulative dose of the initial and re-irradiation used an image registration 

and dose conversion/summation process. There are significant sources of 

potential error in this process. Deformable image registration attempts to 

transform a set of images (in this case, a planning CT scan) to a common 

coordinate system. This process is dependent on a good initial rigid registration 

and how the region of interest is set (i.e. is the algorithm asked to deform the 

whole lung, or a small volume around the PTV)163. As the initial treatment and 

the re-irradiation planning CTs are often years apart, there is often change to 

the anatomy, typically lung fibrosis resulting in large changes in the anatomy. 

The patient position is also sometimes different. Patients for three-field 

conformal radiotherapy were treated with their arms up, whilst for VMAT 
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treatments, they usually had their arms down by their sides in a beam 

directional shell. These large differences add significant uncertainty to the 

image registration.  

Another source of error are the algorithms used for dose registration. The 

Velocity AI algorithm was tested against other DIR software using a deformable 

phantom. The phantom provided a ground truth to compare the image 

registrations from each program. The mean error of the VelocityAI algorithm was 

1mm, which was the lowest than other comparable programs, and had the lower 

number of errors >3mm273. Despite this, as shown when investigating the high 

PBrT doses for one of the patients, in areas where there is a high dose fall-off 

such as the edge of a field, this small error can yield dramatically different 

results. In addition, quality assurance and calibration had not been performed on 

the VelocityAI in use at the Beatson therefore there is no local data to verify 

that the software performs this well in practice. In addition, with the image 

registration using treated patients, there is no ground truth to confirm the 

performance of the image deformation. The assessment of how accurate a 

registration is performed by the user, rather than a specific calculation. The 

deformation map is visually assessed to see if the way the algorithm has change 

the image is biologically feasible. This can be prone to subjective error.  

Despite these uncertainties, one of the strengths of this study is the 

recalculation of every plan using Acuros XB. This ensured that the physical doses 

for each treatment are consistently calculated and as accurate as possible. 

Another strength is the use of use of image registration software (Velocity AI) 

that compares favourably to other programs. This planning study protocolised 

the setting of the ROI. This reduces a potential variable when performing the 

image registration, which makes the subsequent dose registration based on the 

image transformation more reliable. This is consistent with best practice in DIR 

as suggested in a consensus meeting274.  

The patients that did not meet the desirable dose constraints had a higher PTV 

overlap (34%) and 66% were local recurrences. This is consistent with what would 

be expected. In situations where there is significant overlap between the initial 

and re-irradiation PTV (e.g., local recurrence), the same OARs are likely to get a 

significant dose and therefore are higher risk re-treatments. Conversely, if the 
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recurrence is away from the mediastinal organs, the risk shifts from high dose to 

the serial organs (cord, oesophagus) to the lung dose. This is demonstrated by 

how the patients who could be replanned to the moderate constraints tended to 

have a recurrence pattern away from the mediastinum. 

 

7.4.2 High risk re-irradiation planning  

Of the 15 high-risk re-irradiations, eight of those plans were unable to be 

successfully replanned and required modifications to the dose/fractionation or 

PTV. Ultimately two plans were unable to meet even the most aggressive dose 

constraints. The VMAT+MCO planning technique was superior to VMAT alone 

when planning re-treatment. This strategy did result in some OARs having higher 

doses than with the delivered plans, although in most cases, the increased dose 

did not result in a clinically significant change in risk of toxicity. The verification 

process checked that the physical doses used in the planning process correlated 

with the cumulative doses in EQD2. Most plans did meet the cumulative doses as 

expected although three cases did exceed the expected targets due to suspected 

registration error.  

The re-planning strategy used a calculation taking the Dmax of serial organs at 

initial radiotherapy, converted into EQD2, and subtracted it from the dose 

constraint to give the remaining cumulative dose in EQD2. This was then 

converted from EQD2 to the physical dose that can be used in the re-irradiation 

planning process. This assumes that the whole OAR was given the highest dose at 

initial treatment, which is unlikely and over cautious. An alternate approach is 

where the initial radiotherapy plan is used as a base plan272. The dose that has 

already been given to the OARs is incorporated in the re-irradiation planning 

process. This would provide anatomical information as well as dose information. 

This contrasts with the process used in this chapter, where the previous dose in 

EQD2 Gy was calculated manually. This identifies the highest dose the OAR 

received, but crucially not where that dose was delivered. Using a base plan 

could facilitate higher doses to certain parts of the OAR that received a lower 

dose at initial radiotherapy but would still meet the overall cumulative dose 

constraint. Despite being a less accurate process, as most of the patients re-



315 
 
planned in this planning study had local recurrences, the Dmax from the initial 

treatment was likely to be in the same radiotherapy field in re-irradiation. 

Therefore, this approach is still reasonable when re-planning this particular 

cohort. 

This re-irradiation study assumes no recovery for normal tissue and therefore 

made no corrections for this when calculating the remaining dose that can be 

delivered. Other planning studies applied a discount for previous dose. For 

example, Paradis et al. assumed a 50% discount for delivered dose after 1 year 

of treatment for the oesophagus, the spinal cord and the proximal bronchial 

tree112. Their dose constraints however are lower than used in this planning 

study, therefore the discount when applied, results in broadly similar 

constraints. To illustrate this, the Paradis constraint for oesophagus is an EQD2 

of 70 and the expert dose constraint is 100Gy EQD2. If an initial dose of 60Gy 

EQD2 was given hypothetically, after 1 year this would be reduced by 50% to 

30Gy EQD, and the maximum re-irradiation dose would be an additional 40Gy 

EQD2. The total dose, however, would be 100Gy, which is consistent with the 

constraints used in this study. There is an assumption that normal tissue 

recovery occurs, although there is a lack of pre-clinical or clinical data to 

describe the amount and timing of it. 

The choice of metric for the serial OARs is also conservative. The Dmax values 

from the initial radiotherapy could be up to 107% of the prescribed dose if 

conventional fractionation was used, or much higher with SABR. Using the Dmax 

values assumes that the volume of highest dose is clinically significant, whereas 

in practice, the highest dose (or dose hot spot) is often a very small area. An 

alternative would be to use a metric of D0.1cc which sets a pre-specified volume 

for the maximum dose and may be more clinically relevant. In contrast, this 

study did not use PRVs for any of the OARs. This was due to uncertainty of the 

size of the PRV and whether it would preclude central re-irradiation as many of 

the OARs in the mediastinum are close to each other. As such, the use of a 

potentially over cautious metric such as Dmax may be compensated by the 

absence of PRVs. 

The finding that VMAT+MCO is superior to VMAT planning is consistent with 

another study looking at MCO for primary radiotherapy for NSCLC. Kamran et al. 
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found that MCO had small but significant improvements in a variety of OARs 

(e.g., MLD was improved by 0.8Gy, oesophagus V60Gy was lower by 1.2%)269. The 

above data demonstrated a significant improvement in dose sparing especially 

for the serial OARs at re-irradiation. MCO is well suited to the challenge of re-

irradiation as there are often several competing OARs, and the ideal plan is a 

compromise between these objectives. This is found by generating several plans 

and allowing the planner to determine the allowable dose to each OAR to find 

the optimal trade-off.  

There are significant cautions when using MCO. There can be some discrepancies 

between the MCO predicted plan and the clinically deliverable plan. One study 

which analysed a Raystation (Raysearch Laboratories AB, Stockholm, Sweden) 

MCO tool found that the clinically deliverable lung plans were had up to 17.2% 

underdosing of the PTV compared to the predicted MCO plans275. One possible 

reason for this discrepancy is that the optimal plans depend on very small MLC 

apertures that are practically undeliverable. The Varian MCO optimiser has a 

minimum aperture setting that prevents the optimiser planning small MLC areas 

and therefore increasing the likelihood that an MCO plan is clinically deliverable.  

MCO plans also have very steep areas of dose fall off in situations where the 

optimiser is struggling to meet a dose constraint. This could lead to inadvertent 

under- or overdoses if the on-treatment verification is not accurate, as a small 

shift could result in a large change in dose to an OAR. Furthermore, there is a 

risk that MCO plans deposit dose in low penalty areas especially if there are 

OARs that are not contoured or included in the optimiser. This can be reduced 

by voluming the OARs extensively and rigorous plan review.  

Finally, MCO can find the optimal trade-off quickly using a resource intensive 

technique of generating several plans. However, an experienced planner would 

also be able to predict the necessary planning priorities. Therefore, the 

apparent improvement in the VMAT+MCO plans may be due to the limited 

experience of the planner for the VMAT plans. However, all the final plans were 

reviewed by experienced physicists, suggesting that there is a true beneficial 

effect of MCO over VMAT alone. 

 



317 
 
7.4.3 Re-planning failures 

Eight patients were unable to be replanned despite using the highest allowed 

consensus values as constraints. A range of different strategies were used to try 

to develop a radical treatment in these difficult plans. The option to change the 

dose/fractionation regime to the lowest radical dose in EQD2 allowed two 

patients to be replanned. The lowest radical dose in EQD2 is 54Gy in 36 fractions 

delivered three times a day (CHART regime), with an EQD2 of 48.6Gy EQD2 using 

an α/β ratio of 10. This is significantly less that the moderately hypofractionated 

regime of 55Gy in 20 fractions (63.3 Gy EQD2), but the reduced treatment time 

(12 days compared to 26 days) meant that the treatment did not have to 

compensate for repopulation after 21 days. CHART is a less suitable re-

irradiation regime partially because logistically it is difficult to deliver, with 

patients generally needing to be admitted for two weeks to complete their 

treatment. Also, the small fraction sizes may be inferior to a moderately 

hypofractionated regime if the unknown α/β ratio of recurrent disease is lower 

than the assumed value of 10.  

The reduction in CTV to PTV growth from the standard 10mm to 5mm as 

suggested in Chapter 4 from the Delphi consensus process led to three 

acceptable plans. The CTV to PTV margin accounts for the setup error, and 

internal organ motion. There is no published evidence to suggest that at re-

irradiation, either the setup error or organ motion is less than with de novo 

radiotherapy. Therefore, reducing the margin increases the risk of tumour 

underdosage. However, there are possible explanations why this expansion could 

be smaller in the re-irradiation setting. Firstly, patients would have already gone 

through radiotherapy and may be more relaxed when having treatment. This 

may result in better reproducibility of setup. Secondly, the initial course of 

radiotherapy may have caused fibrosis. This may reduce the movement of the 

tumour through the breathing cycle and minimising the change from organ 

movement. Thirdly, if the re-irradiation was delivered with daily CBCTs as also 

suggested in the Delphi consensus, this would increase the accuracy of the 

treatment. All three explanations lack any data to support them, and further 

work is required to investigate this. 
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One patient was successfully replanned by cropping the PTV away from the 

overlapping OAR, in this case the PBrT. The cropped PTV had D95% of 95%, 

although a lower D99% of 86.2%. However, the GTV D95% was 96.1 and the D99% 

was 95%, suggesting that the GTV dose was not compromised. This strategy was 

based on the Delphi consensus. Again, this increases the risk of tumour 

underdosage. However, this is a pragmatic planning decision to prioritise 

meeting the dose constraint (and therefore safety) overachieving high PTV 

doses. The final strategy for the two remaining patients was the use of an 

adaptive approach. This was based on a paper that demonstrated that 

approximately half of patients treated with radiotherapy for NSCLC had some 

shrinkage of the tumour276. In the adaptive plans made for re-irradiation, the 

PTV was reduced by approximately 10%, based on the observation from a study 

in adaptive radiotherapy for NSCLC that the GTV reduced by 1% per day, and the 

adapted plan for the smaller tumour would start after 10 days of treatment277. 

However, despite the reduction in PTV size by 34-55%, the overlap with the 

great vessels remained and the dose constraint could not be met. 

The re-irradiation re-plans highlighted that some patients may not meet the 

cumulative dose constraints. This planning study did not explore reducing the 

dose from a radical dose to a high dose palliative dose, such as 39Gy in 13 

fractions. This fractionation is associated with a modest two-month 

improvement in overall survival and the lower dose may reduce the risk of 

toxicity278. An alternate dose strategy would be an isotoxic approach, where the 

dose to the PTV is escalated until a dose constraint is breached. This process is 

feasible in de novo radiotherapy for NSCLC although in the re-irradiation setting, 

given the uncertainty regarding some dose constraints, this could be high risk279. 

This re-irradiation study also did not consider the use of protons. Intensity 

modulated proton therapy, when compared to VMAT, had significantly higher 

doses to the target volume and lower OAR doses in a 24 patient planning 

study146. Protons may reduce normal lung tissue dose due to the rapid dose fall-

off beyond the PTV. However, protons may not be able to achieve a reduction is 

dose to OARs where they are within 1cm of the PTV. This is because of range 

uncertainty with protons and the need for a safety margin to ensure that the 

PTV receives a high dose. In the 15 re-planned patients, 14 had OARs abutting or 
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including the PTV. This cohort therefore may not benefit from protons but would 

need further investigation. However, peripheral relapses where the field does 

not need to cover the mediastinal OARs may benefit most from proton therapy. 

7.4.4 Dose verification 

Dose verification of the re-plans aimed to assess whether the re-irradiation 

planned in physical dose, matched the cumulative dose as measured in EQD2 Gy. 

For most patients, the re-plans did adhere to the dose constraints except five 

patients where the dose to the PBrT was too high. These errors were 

investigated and highlight the need for visual checking of the deformable dose 

registration, especially in areas of high dose fall off.  

However, the verification process did not model the robustness of the plans. One 

tool in Varian Eclipse (but not available in Velocity AI) can demonstrate the 

change in dose with small setup shifts. This would be very important in this 

study, as the dose gradients caused by the tight constraints and the use of MCO 

would lead to minor shifts having potentially large dose changes to the OARs or 

PTV. In addition, the cumulative doses are taken only from the planning scans 

and so represent an idealised situation. The true delivered dose would need to 

account for the shifts on CBCT across a course of treatment, which is beyond the 

scope of this study. Finally, the plan verification did not assess plan 

deliverability. For example, there is a metric called average leaf pair openings 

(ALPO) which can suggest if the optimiser has made deliverable plans or has 

unrealistically small MLC windows. The plans were not independently rechecked 

using another dose calculation engine or library (e.g., with Radcalc) to confirm 

that the re-plan dose was consistent. 

7.4.5 Risk prediction 

The final part of the planning study was to predict the clinical ramifications of 

the difference in dose from the delivered dose (i.e. the original initial and re-

irradiation plans) and the replanned dose (initial and re-planned to the expert 

dose constraints). The models predicted acceptable risks for the cord, 

oesophagus and aorta, with certain patients having a significant reduction in risk 

of grade 3 or above toxicity. The PBrT model predicted three patients had a risk 
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of ³5% of high grade toxicity. This was more due to the interval between 

treatments, rather than the modifiable factor of dose, as the interval in the 

multivariable model had large effect on the prediction. In these serial organs, 

there was an increase in dose in some plans, although the dose increases 

generally did not result in a change in predicted toxicity. 

The lung models however demonstrated some very high doses and predicted 

extremely high risk treatments. For the V20Gy prediction, six patients had a risk 

of grade 3 or worse toxicity greater than 20%. For three patients, the replan 

results in a significant increase in the risk of pneumonitis/fibrosis. The MLD 

model predictions was marginally better, with only one patient having an 

increased risk from 23% to 53.6% with the re-plan. These results are due to the 

use of ALARA as a dose constraint for lung, whilst other OARs had fixed values as 

constraints. Therefore, the optimiser and MCO would be penalised less for 

delivering a high lung dose, in preference to ensuring a low dose to the 

oesophagus or the aorta, and therefore more dose was passed through the lung.  

Despite this, only one plan exceeded the cumulative MLD of 22Gy and the V20Gy 

of 40%. There would be doubts about the safety of this treatment and should 

also be counted as a re-plan failure. However, the lung toxicity models did not 

correlate well with the observed toxicity rate in the Beatson data (Chapter 

5.3.5.7) and therefore the model predictions may be inaccurate. Predicting lung 

toxicity is difficult and is likely to be function of several factors (e.g. pre-

existing lung disease, cardiac dose). 

When predicting the efficacy of re-irradiation, the dose to the tumour was 

generally lower with the re-plans compared to the delivered dose, as the OARs 

had been planned to a stricter set of constraints, leading to a small reduction in 

the predicted rate of 2 year overall survival. This result is possibly because of 

the planning strategy to prioritise OARs first over the PTV. However, the 

patients’ attitude to risk of re-treatment must also be taken into consideration. 

Patients may be willing to accept riskier treatment if the chance of survival is 

higher. Conversely, patients may also be risk averse and wish to minimise side 

effects as much as possible. Therefore, a bespoke solution is required for every 

re-irradiation. 
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7.4.6 Conclusions 

This planning study outlines the steps required to safely plan radical dose re-

irradiation and highlights the areas of uncertainty and for future development. 

VMAT+MCO appears to be a superior technique when planning re-irradiation. 

Where a re-irradiation plan breaches the essential dose constraints, changing the 

fractionation, reducing the expansion from CTV to PTV to 5mm or cropping the 

PTV off OARs are reasonable strategies to form a clinically applicable plan. Dose 

verification using deformable image registration is prone to error, especially in 

areas of high dose fall off such as the edge of a radiotherapy field. Therefore, 

registrations should be visually checked for errors.  

Patients should be consulted when planning re-irradiation to determine their 

attitude to risk of toxicity in the context of changes to the efficacy of 

treatment. 
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8 Patient perspectives on re-irradiation 

8.1 Introduction 

Re-irradiation is a non-standard treatment option, used only in selected 

patients. Evidence for this comes from local data from the Beatson West of 

Scotland Cancer Centre where 6.7% of the expected number of patients who may 

be eligible for re-irradiation receive this treatment. Reasons for the low uptake 

of this treatment may include limited prospective trial data demonstrating 

efficacy, concerns about safety, unclear planning technique, no clear guidance 

on surveillance post-radical radiotherapy leading to variable detection of 

recurrence and patient refusal. A prospective clinical trial would provide 

important evidence of the safety and efficacy of contemporary radical re-

irradiation. In a survey of UK lung oncologists about re-irradiation, 76% of 

respondents supported further research in this field150. 

The benefits and risks of radical lung re-irradiation have been investigated in 

previous chapters. From retrospective reviews, radical re-irradiation was 

associated with a median overall survival of 17.7 months but with significant 

risks of toxicity (e.g. ³Grade 3 pneumonitis between 0-21%)144. The 

radiobiological modelling in Chapters 5 and 6 quantify the risk of severe toxicity 

and predict the necessary radiation dose associated with 2 year survival. These 

models are not validated and would need prospective data from a clinical trial to 

do so robustly. When considering a clinical trial, it is important to consider the 

patients perspective. However, the views of patients suffering relapsed disease 

after previous treatment with radiation have not been studied. There remain 

several unanswered questions about patients’ opinions of re-irradiation that 

need consideration prior to the design of a clinical trial. 

8.1.1 What are patients’ perspectives of re-irradiation? 

It is critical to involve patients in the design of any prospective study. Initial 

cancer treatment has enormous physical and psychological burdens. A quarter of 

all patients who are long-term lung cancer survivors suffering with depressive 

symptoms or physical limitations after one course of treatment280,281. There are 

no published data on lung cancer patients’ attitudes to re-irradiation, or any 
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data on potential barriers to re-irradiation clinical trial recruitment. Possible 

reasons why patients do not want to have re-irradiation could be anxiety and 

distress from reliving the initial course of radiation, ongoing or resolved side 

effects, perceived futility, logistical challenges or concern about going through 

diagnostic procedures again. These issues warrant further investigation before 

proceeding with a trial. 

8.1.2 Relationship of symptoms from initial radiotherapy and 
willingness for re-treatment 

Joseph et al., when reporting a re-irradiation workshop, stated that patients 

who tolerated initial radiotherapy poorly were unsuitable for re-irradiation282. 

This refers specifically to clinicians’ concerns of causing severe toxicity with re-

irradiation and may be a barrier to successful trial recruitment. Early toxicity 

could be reversible such as oesophagitis or breathlessness, which resolves after a 

short number of months. This would cause discomfort and may require 

hospitalization for a short period. Late toxicity, such as lung or oesophageal 

fibrosis may be permanent and would cause a significant impairment to the 

patients’ quality of life (e.g., needing oxygen at home or not being able to eat 

solid food). Clinicians would regard severe toxicity from initial radiotherapy as a 

risk factor for late (and potentially fatal) toxicity from re-irradiation. 

The rates of severe toxicity may be lower using the newly published cumulative 

dose constraints, although this needs validation. There are no prospective 

published data regarding whether patients who have toxicities are less likely to 

want further treatment. There is a need to identify if there is a relationship 

between the severity of patients’ symptoms (e.g., breathlessness, fatigue, 

oesophagitis) during initial treatment and their willingness for re-irradiation. If 

they are willing to proceed with re-irradiation, investigating what changes they 

would want to make their second course of radiotherapy more tolerable may 

help with any future trial. 

8.1.3 Alternative treatments 

Patients’ acceptance of alternative treatments (e.g., systemic treatment or a 

watch-and-wait strategy) in the locally relapsed setting may also be useful if 

considering a comparative trial design. It would make trial recruitment too 
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challenging if the comparator arm of a re-irradiation study had treatments that 

were not acceptable to patients. Again, no data has been published about 

patients’ choice of treatment in this clinical situation, although there are 

several studies about patients’ acceptance of chemotherapy in the metastatic 

setting. In a review by Blinmann et al. on attitudes to chemotherapy, they 

conclude that decisions on treatment are complex and difficult to predict from 

baseline characteristics283. Extrapolating from this study, accepting that it is a 

different clinical scenario, it is likely that patients will have individual reasons 

for choosing one treatment over another. It is unknown whether patients would 

opt to have radiotherapy again if they had a choice but is a crucial question that 

needs to be addressed in the early stages of trial design. 

8.1.4 Patient perspectives on risk and benefit 

The use of therapeutic radiation is a compromise between tumour control and 

damaging normal tissue. The higher the dose, the better the chance of tumour 

control, but the higher the risk of severe complications. In primary radiotherapy, 

clinicians have arbitrarily set a dose limit for normal tissue. For example, in the 

QUANTEC series of papers, the risk of grade 2 toxicity was set at 20%, and the 

dose constraints are calibrated to that226. However, the risk/benefit ratio may 

well be different in patients with locally relapsed disease. For metastatic 

chemotherapy, 73 – 78% of patients would accept an increase of the survival rate 

by 30% at a given time point as a threshold for treatment. However, some (7-

45%) would accept an increase by 1%, and some would never accept 

chemotherapy regardless of the suggested benefit283. Patients’ expectation of 

the outcomes of radical re-irradiation needs to be investigated in order to shape 

future clinical trials with regards to target dose, surrounding organ at risk dose 

and risk of toxicity. 

8.1.5 Patient perspectives on surveillance scans 

Any future prospective trial in recurrent lung cancer requires timely detection of 

local relapse. Recent guidelines have suggested surveillance CT scans every 6 

months to detect recurrent disease, although the strength of evidence 

supporting these recommendations are weak108. Most studies focus on the overall 

benefits that surveillance has on outcome and very few report on patient’s 



325 
 
quality of life, and none focus on the feeling patients have towards surveillance 

scans. As this is a key element of any study, identifying patients’ opinions of 

frequent CT scan is useful. 

8.1.6 Summary 

A clinical trial of radical re-irradiation would provide contemporary data on dose 

constraints and efficacy. The patients’ perspectives of re-irradiation are critical 

in the design of any such study. There are very few studies that assess the 

patients’ views to re-irradiation in terms of willingness to undergo treatment, 

attitude to risks and benefits, surveillance scans and opinions on alternative 

treatments. Therefore, a semi-structured qualitative interview study was 

performed to investigate the patients’ perspectives of re-irradiation. 
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8.2 Aims 

8.2.1 Primary objective 

• Explore patients’ perspectives about having a second course of 

radiotherapy for recurrent lung cancer 

8.2.2 Secondary Objectives 

• Identify factors that patients consider when deciding on potential 

treatments in the setting of locally recurrent lung cancer (including effect 

of COVID-19 on treatment choice) 

• Investigate how patients’ acceptance of side effects changes with the 

different projected outcomes of re-irradiation 

• Explore the relationship between the toxicities patients experienced 

during radiotherapy and their attitudes to a second course of radiotherapy 

• Investigate patients’ awareness of surveillance imaging after radical 

treatment and willingness for scans 
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8.3 Methods 

8.3.1 Design 

This study is a series of semi-structured qualitative interviews conducted by the 

researcher over the telephone or via teleconferencing facilities with patients 

who have completed a course of radical radiotherapy in Glasgow, Scotland.  

8.3.2 Ethics approval 

This study was given a favourable opinion by the South East Scotland Research 

Ethics Committee (21/SS/0015) on the 16th April 2021. The study was approved 

by the NHS GG&C Research and Innovation department on the 24th March 2021. 

The study opened for recruitment on the 17th April 2021 and closed on the 1st 

January 2022. 

8.3.3 Participants 

Patients must meet all the following inclusion criteria to be considered for this 

study: 

• Age 18 years old or above 

• Pathological or radiological diagnosis of non-small cell lung cancer 

• Undergoing radical radiotherapy to the thorax using the following 

fractionations (60-66Gy in 30-33 fractions, 55 Gray in 20 fractions, 54 

Gray in 36 fractions or any Stereotactic Ablative Body Radiotherapy 

(SABR) fractionation that delivers a biological effective dose of greater 

than 100Gy10) as part of their primary lung cancer treatment at time of 

study enrolment 

• Patients receiving concurrent and/or adjuvant systemic therapies are 

permitted 

• Radiotherapy is delivered in the Beatson West of Scotland Cancer Centre  
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• Signed, written informed consent  

• Willing and able to complete study processes  

Patients who meet any of the following exclusion criteria will not be enrolled on 

to the study: 

• Not fluent in English 

This exclusion criteria are due to the lack of funding for interpreter services. 

8.3.4 Recruitment and study process 

Patients who are eligible for the study were approached by the direct care team 

(clinician, nurse specialist or radiographer) in the first two weeks of 

radiotherapy and given a patient information sheet. They were reviewed one 

week later. If they wished to participate in the study, they were introduced to 

the research team and consented. The researcher called the patient 4 weeks 

after completing radiotherapy and re-checked consent. The recorded telephone 

interview was conducted 5 weeks after the completion of radiotherapy. The 

digital recording was saved on to secure NHS systems and transcribed for 

thematic analysis. This process is summarised in Figure 8.1. 

8.3.5 Interview topics 

The semi-structured interview had initial questions on the patient’s experience 

of primary radiotherapy and side effects from treatment. This primarily was to 

identify whether radiotherapy had been a positive or negative event and how 

their view on treatment was shaped by the toxicities they encountered. The 

prospect of re-irradiation was explained using the terms “in the hypothetical 

event of the cancer coming back, one possible treatment is another course of 

radiation to the chest”. Two scenarios were put to the patients, one where re-

irradiation controlled the disease for 12 months and another where the disease 

control was several years. 
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Figure 8.1 Study schema 
 

Participants were asked to consider what their perspectives were on the 

potential risks of early and late toxicity, and whether their willingness to accept 

these risks was influenced by the expected outcome of re-irradiation. 

Alternatives to re-irradiation (e.g., chemotherapy or a watch and wait strategy) 

were explained to the participants and they were asked to comment on these 
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options. The final part of the interview invited patients to comment on their 

perspectives on surveillance CT scanning and to describe the process they go 

through when deciding about treatments. 

8.3.6 Analysis 

The recordings were transcribed by the researcher. These were uploaded on to 

Nvivo (version 12, QSR International Pty Ltd., Doncaster, Australia). The 

interviews underwent thematic analysis, using the process outlined by Braun and 

Clarke284,285. Familiarisation with the source data was performed by the 

researcher conducting the interviews, transcribing the data, and re-reading the 

transcripts. The initial phase of coding the data was guided by the structure of 

the interview, with the questions acting as the primary way to group the 

participants’ responses. These were then subsequently coded using an inductive 

approach to determine common themes within the answers from the 

participants. This was revisited a third time to regroup some comments that 

were more pertinent to a particular theme, even if the comment came from a 

different question group. The transcriptions were re-reviewed to identify any 

further quotes from the participants that could be included in the same theme. 
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8.4 Results 

8.4.1 Recruitment 

Twenty patients were approached to take part in the study. Eight patients 

agreed to participate in the interviews. The median age was 73.5 and the 

majority were men. The demographics of the patients are summarised in Table 

8.1. No patients treated with CHART participated. The side effects experienced 

by each patient and demographics are detailed in Table 8.2, with most patients 

self-assessing the toxicity they experienced as moderate.  

Table 8.1 Demographics of trial participants Gy: Gray, fr: fractions, SABR: Stereotactic 
ablative radiotherapy  

Demographic   
Gender (%) Male 6 (75) 
 Female 2 (25) 
Median age (range)  73.5 (55-86) 
Treatment (%) SABR 3 (37.5) 
 Concurrent 

chemoradiotherapy 
3 (37.5) 

 55Gy in 20fr 2 (25) 
  

Table 8.2 Toxicity experienced by participants 
 

Participant 
number 

Age Gender Self-assessed 
severity score 

Toxicity experienced 

1 62 Male Moderate Fatigue, breathless, rash 
2 86 Female Severe Arm pain 
3 55 Male Moderate Oesophagitis, 

breathless, cough, pain 
4 74 Male Moderate Oesophagitis, fatigue 
5 76 Male Mild Nil 
6 68 Male Moderate Breathless, fatigue 
7 78 Male Moderate Oesophagitis, rash 
8 73 Female Moderate Fatigue, oesophagitis, 

cough, rash 
 

Inductive analysis of the transcriptions identified two major themes: fear and 

control. In each theme, different aspects of the participants responses on re-

irradiation have been categorised into sub-themes. These are outlined in Table 

8.3. 
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Table 8.3 Outline of themes and sub-themes 
 

Theme Main sub-themes Secondary sub-themes 
Fear Anxiety from first radiotherapy Fear of unknown new 

treatment (e.g., chemo) 
Reduced fear as familiar with 
radiotherapy, familiar with COVID 

 

Control Gain of control/agency Acceptance of re-irradiation 
Insistence on high efficacy 
Surveillance scans 

Loss of control/agency Loss of control due to side 
effects/symptoms  
Disease taking control  
Family’s advice 
Doctors’ advice 

 

8.4.2 Fear 

8.4.2.1 Anxiety from first radiotherapy 

Most patients commented on feelings of apprehension or fear when they started 

radiotherapy treatment. However, as they progressed through treatment, these 

feelings resolved, as they became more familiar with the process of radiotherapy 

and as staff explained how the radiotherapy machines worked. 

“The first time, it was a wee bit daunting.” [Patient 1, male, age 62]  

“It's scary, you know for the patient I think, you’re thinking what are they all 

doing and once it was explained to me, I felt a lot better.” [Patient 2, female, 

age 86] 

Patients had preconceptions of radiotherapy, such as it being painful, and by 

going through the process of treatment, patients had a much better sense of 

what treatment involved and it became routine. 

“The first two, three, four days especially, … getting the mask on, that was a 

wee bit daunting … at first, not knowing what to expect. And then once I 

started, I realised that there is no pain with this … And as I say, you fell into a 

routine, going to your radiotherapy, you got into a routine.” [Patient 4, male, 

age 74] 
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The corollary of already having experienced radiotherapy meant that when 

considering re-irradiation, patients were better able to understand the process 

and the side effect profile, and this reduced anxiety about re-treatment. They 

also had confidence that their body can withstand the side effects of 

radiotherapy. 

“I don't think I would be worried too much the second time round because I've 

already experienced it so I would know second time around what to be prepared 

for, what to expect side effect-wise, symptoms-wise you know that's the thing 

it wouldn't come as such a shock or such a surprise so I wouldn't have any 

fears.” [Patient 3, male, age 55] 

“I would hope that if I got it a second time it wouldn't be any worse. And I know 

what to expect, and I've handled it no bother, so I think I'll be able to handle it 

again if it came to it.” [Patient 6, male, age 68] 

This lack of fear also applies when considering if they would undergo any cancer 

treatment during another pandemic. This study was conducted during the 

coronavirus pandemic and participants had already been treated with the 

background risk of COVID infection. All participants felt that they would 

prioritise their cancer care over the risks of the COVID, and this implied that the 

concerns they had over contracting the virus did not affect their treatment 

choices. 

“No, no I had treatment during this. And I just wanted to get it over and done 

with, well hopefully over and done with. The virus doesn't come into the 

equation for me.” [Patient 2, female, age 86] 

However, when talking about the uncertainties of treatments they had not 

experienced before, such as chemotherapy, the participants again describe 

feelings of anxiety, fear and relied on preconceptions with their answers. Both 

patient 2 and patient 8 did not have chemotherapy with their initial course of 

radiotherapy. 

“I don't fancy the chemotherapy I really don't. I know so many people who've 

been on it some successful some not, but they just seem to be sick and ill, and 
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it's just awful. If possible, I'd rather stay away from that.” [Patient 2, female, 

age 86] 

“I'm not having chemotherapy. My hair will fall out for a start, and I've got nice 

hair.” [Patient 8, female, age 73] 

Conversely, Patient 3 had already had chemotherapy and his response is more 

accepting of it.   

“I'll just keep going until they say you know we cannot give you anymore 

treatments. I don't think there's any worse side effects than what I've already 

had, to be honest” [Patient 3, male, age 55] 

This highlights the importance of informing the patients of what to expect with 

treatment, as it clearly has an influence on their state of mind, and whether 

they would accept a new treatment. 

8.4.3 Control 

The second theme identified is that of control, or of having some sort of agency 

over the disease. This theme is sub-divided into ways of gaining control or losing 

control. 

8.4.3.1 Gain of control 

When asked if they would consider radical re-irradiation, all eight patients 

either agreed or would consider it. This could be interpreted as patients 

regaining control over recurrent disease, in both the medical sense of preventing 

cancer progression, but also regaining control over their quality and quantity of 

life, which cancer could remove from them. This is illustrated by how 

acceptance of re-irradiation was conditional for some patients (e.g., Patient 2) 

on factors such as age at relapse, stage of disease at relapse, interval between 

treatments and general fitness. 

“I was hoping that I wouldn’t need another dose of radiotherapy – but at the 

same time, I’d be quite prepared to go and have one if necessary.” [Patient 7, 

male, age 78] 



335 
 
“I think a lot would have to do with how much older I was and also how I felt 

physically so it's a wee bit difficult to answer  … but I would have no hesitation 

in doing it again if it was needed to be done….What I’d be worried about was 

how far gone was it, I mean if it was really maybe 80% wasn't going to help, you 

know if it was so far gone practically untreatable I don't think I would bother.” 

[Patient 2, female, age 86] 

“I might do if it was after five years. If it was 3 and a half years, I would think 

about it long and hard. As I said to you before, it takes five years for your body 

to heal on the inside.” [Patient 8, female, age 73] 

The importance of control was demonstrated in some of the participants 

responses to the efficacy of re-irradiation they would wish for before agreeing to 

re-irradiation. 

“I'd like the chances to be 99.1%, thank you very much. That's what I want. I 

want 100% if I've got to go through it. It would be 100% for me… I would want 

assurances that that it’s going to work. Because if it hasn't the first time, why 

should I go through it again, for it to not work again.” [Patient 8, female, age 

73] 

This patient justifies accepting a higher chance of success from re-irradiation 

because she is exposing herself to the side effects of the same treatment again. 

A different manifestation of control was by having a choice to take, or not take 

the treatment, regardless of how effective it may be. 

“Hypothetically I would quite willingly go along with it if I thought it was going 

to help me more if there was a possible chance, even if there was a slight 

chance that it was going to help then I would quite happily do it.” [Patient 3, 

male, age 55] 

This highlights the difference of controlling the disease, as opposed to being in 

control of one’s healthcare decisions. Another way of participants exerting 

control over their clinical situation is by assessment of tumours by way of 

surveillance scanning. 
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All the patients were keen for surveillance scanning. This may be because 

scanning is the principal method to assess whether the cancer is under control or 

not, and therefore, if the patient is under control of the disease or vice versa. 

The actual process of having the scan was not a significant issue, but the anxiety 

waiting for the results was frequently raised, linking back to the first theme of 

fear. Patient 6 spoke about the balance between knowing the state of the 

cancer and the stress of waiting for the results but on balance, preferred to have 

the scans rather than not. 

“I'm looking forward to it [a scan]. Then the doctors would know, and I would 

know, is there any further treatment needed or does it need to stop.” [Patient 

1, male, age 62] 

“It's the unknown, it's the waiting, that can take its toll on your mind.” [Patient 

4, male, age 74] 

“At the end of the day, I’d sooner be getting a scan because you think I need it 

and get proper treatment, whatever the outcome might be. Don't get me wrong 

I'm not saying I'm not scared of the outcome.” [Patient 6, male, age 68] 

8.4.3.2 Loss of control 

Losing control of their situation (either regarding the tumour, or in their general 

day to day life) was described in some of the answers from the participants. One 

source of concern was losing function from the side effects of re-irradiation. 

Several participants spoke of the need to maintain some quality of life, and not 

lose control over what they can do. 

Issues that were important to patients were freedom from breathlessness, 

independence and effect on family life. Several patients explained that they 

would refuse treatment should the risk of these complications be high. 

Conversely, if a short-term admission to hospital was required, that was 

generally acceptable. 

“I've heard that some people are more or less confined to the house because 

they need oxygen all the time. If it was a scenario like that - put it this way if 
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it was a 50/50 thing that I could end up that way I don't think I'd be willing to 

take it… to me, living would not be sitting in the house with oxygen.” [Patient 

2, female, age 86] 

“Interviewer: Would it be fair to say then, even if the radiotherapy was to 

control the tumour, at the cost of making you lose your independence -  

Patient: Then I would refuse it.” [Patient 5, male, age 76] 

“What makes my decision, how does it carry on with the family life? That’s the 

first and foremost thing. How it affects your family.” [Patient 5, male, age 76] 

“I don’t know how long I’ve got. I don’t want my last couple of years to be just 

surviving, if you know what I mean. If I’m going to go through this, I’d want 

some kind of quality of life. I’m not just keeping myself alive for the sake of 

keeping myself alive if you know what I mean.” [Patient 6, male, age 68] 

“The fact is if it’s going to give me another 4 years, 6 years, 10 years, 

truthfully I would have no qualms about going for a second dose of radiotherapy 

to be honest with you… if it means being hospitalised for a short time or 

whatever, but at the end of the day you come out and you walk away, to my 

mind it’s worth the risk.” [Patient 4, male, age 74] 

One participant expressed the view that being alive takes precedence over the 

quality of life, and this shows how individualised each patients’ concept of life is 

and how clinicians when considering radiotherapy should attempt to elucidate 

this. 

“It’ll give you a year. It's a year of life doctor. It's a year of time, isn't it?” 

[Patient 8, female, age 73] 

As a result of this, most patients expressed dissatisfaction with the watch and 

wait strategy in the hypothetical situation that they had a local relapse. Most 

patients wanted to be actively treated and felt that delaying treatment until 

symptomatic would mean that the cancer could progress rapidly. 
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“I think I would prefer getting the treatment rather than not.” [Patient 1, 

male, age 62] 

“Some people have the aggressive cancers … so I just think why wait if 

eventually you're going to have to have [treatment]” [Patient 2, female, age 86] 

“Help them immediately, not with watch and wait. The time you watch them 

and wait and see, the person would be dead.” [Patient 8, female, age 73] 

There were two sub-themes also related to loss of control: fatalism about 

outcomes in lung cancer and allowing family members or doctors to make 

decisions regarding re-irradiation. A minority of patients had a fatalistic 

approach to treatment and the outcome from it.  

“I'm quite a realist really, as I said. If I'm going to die, I'm going to die. I don't 

mean to be a doomster, I don't mean it in that way, but I realise I can die … 

Whether [treatment will] be any good for me is kind of irrelevant, just to see if 

it does what you want it to do.” [Patient 6, male, age 68] 

“I’m resigned to anything that comes to me. I’m resigned to it. If it comes back, 

it comes back.” [Patient 8, female, age 73] 

Some patients delegated the decision about re-irradiation to either family 

members or their doctor. Seeking the support of family members seemed to be 

due to the importance in their life, whereas the doctors’ treatment 

recommendation due to their expertise. Patients clearly had faith in their 

clinician’s opinion and seemed likely to do what was suggested to them. 

“I tend to put family first and if they say go ahead then I'll go ahead. Because 

that is the most important thing in my life, and as I say when this started, they 

said please do it.” [Patient 3, male, age 55] 

“I'm the kind of person that if the doctor says we think that this is the best 

possible course of action for you then I would agree - I wouldn't disagree if you 

know what I mean. You are the medical professionals. I would take your advice 

and go along with that.” [Patient 3, male, age 55] 
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“If I was told by the doctor that’s what to do, then I would do it. If that’s what 

I was advised to do, then I’d do what the doctor told me.” [Patient 5, male, age 

76] 

In one way, this is a pragmatic approach, to allow a person experienced in re-

irradiation to decide on whether to proceed with it, but it also could be 

interpreted as a way of participants opting out of making their own decision. 

Shared decision making with patients is essential to ensure that the patients’ 

views are acknowledged and acted upon, rather than simply the clinicians’ 

opinions, and doctors should ensure that they fully consent the patients when 

considering re-irradiation. 

8.5 Discussion 

8.5.1.1 Summary of results 

This semi-structured interview study provides the first data on the patient 

perspective of re-irradiation for lung cancer. The primary aim was to explore 

patients’ views on re-irradiation. Two themes emerged from thematic analysis: 

fear and control. These feelings could be associated with all the subsequent 

responses about re-irradiation. All eight patients would consider radical re-

irradiation, but not at any cost. The balance of the chances of success and of 

severe toxicity, enough to impair patients’ quality of life, are key factors in how 

patients decide whether to proceed with re-treatment. Other factors are the 

patients’ age, fitness, stage of disease at relapse and doctors’ recommendation. 

There was a wide range of opinions on what would constitute an acceptable 

chance of success – with one patient suggesting a virtual guarantee of tumour 

control, and others accepting even a slight benefit. Interestingly, some patients 

felt less fearful of and more confident they could get through treatment because 

they had experienced it beforehand. 

The interviews also provided insights on the secondary outcomes of the study. 

Patient assessed toxicity severity did not appear to have an impact on 

acceptance of re-irradiation. When discussing alternative treatments or a watch 

and wait strategy, most patients preferred active treatment of some sort while 

chemotherapy was dismissed by half of the patients immediately, and the rest 
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were more amenable to it. Patients were keen to have follow-up scans to assess 

the effects of treatment and ongoing disease control although disliked the 

anxiety of waiting for the results.  

8.5.1.2 Implications for practice 

This analysis suggests that there are two predominant attitudes to re-irradiation, 

fear and control. These could be generalisable to any medical treatment. Fear 

of treatment, which the participants mentioned frequently, is something that 

can potentially be reduced, by providing patients with detailed information 

about the treatment that they will receive. This may be informed by staff taking 

time to go through treatment in the necessary detail, patient leaflets, and past 

patients sharing their experience or videos shared online. Fear of recurrence was 

alluded to when discussing surveillance scans, and there is extensive work 

demonstrating that lung cancer patients are especially prone to this286. Further 

counselling of patients by the healthcare team and additional support groups 

may improve patients’ understanding and relieve some of their concerns. 

The theme of control demonstrated participants wishes to maintain some agency 

over their health and life. This may be important as they may be disempowered 

by their diagnosis of cancer. This manifests itself in attempting to take control 

of the tumour itself, by accepting treatment, or also by controlling the side 

effects and choosing their quality of life (which may mean to not accept 

treatment). Shared decision-making in healthcare facilitates discussion of 

patients’ and clinicians’ motivations. This analysis supports a detailed consent 

process for re-irradiation, with clear discussion about the likely efficacy of 

treatment and the side effects they will experience.  

Interviewer bias may have shaped the responses of the participants. The 

researcher was performing research on re-irradiation leading to a PhD and 

therefore had a significant interest in this treatment. In addition, the researcher 

was also a medical doctor. These factors may have subconsciously influenced 

patients to consider re-irradiation. However, the interview was semi-structured 

with a clear question structure to limit this bias. The choice of the researcher to 

perform the interviews was for two reasons. Firstly, the researcher had specific 

knowledge about radiotherapy and re-irradiation therefore could ask appropriate 
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questions to enhance the quality of the interviews. Secondly, there was no 

funding to recruit a specialist interviewer. Ultimately, this is a likely source of 

bias, but it was attempted to be controlled as much as possible through the 

study design. 

In the dual role of doctor and researcher, there were many learning points that 

will influence future practice. Fear of the diagnosis and treatment of cancer is 

prevalent. This study was designed to investigate re-irradiation in the context of 

a future study and was biased to more practical considerations (e.g., would 

patients consider this treatment). However, through the repeated analysis of 

these interviews, the emphasis has shifted from being trial-focused to more 

patient-centric (in that the themes raised are generalisable to any area of 

oncological practice). The thematic analysis has been influenced by the 

researcher’s background and it would be interesting to develop themes with a 

researcher without a medical background, to see if there are different 

interpretations of the data. 

8.5.1.3 Results in the context of a future clinical trial 

There are no previous data about patient attitudes to re-irradiation. A related 

study analysed the attitudes of patients to chemotherapy in the metastatic 

setting. This demonstrated, as with the current re-irradiation interviews, that 

each patient would accept a personalised chance of success. Some patients 

accepted one week of improved survival and another was unwilling to have 

chemotherapy even if it would lengthen prognosis by 24 months287. However, 

outcomes from re-irradiation in the locally advanced setting are difficult to 

predict compared to the chemotherapy in the metastatic setting, where there is 

negligible chance of survival of several years. Radical re-irradiation delivers long 

term disease control in a third of patients, but conversely some patients derive 

little benefit at all. This supports the highly individualised approach suggested in 

Chapter 4 in the Delphi consensus. The toxicity and tumour control models may 

also be useful in this context, to allow clinicians to better quantify the likely 

efficacy and side effects of treatment, and thereby better counsel patients. The 

practical extension of this is risk-based planning, where the clinician and the 

patient set target acceptable risks, which are translated using the models into a 
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planning normal tissue objective. However, the models need to be prospectively 

verified to have any utility in the clinic. 

The views on alternative treatments other than re-irradiation may have an 

influence on any comparator arm of a study. Patients generally wanted 

treatment, rather than a watch and wait strategy, but some had robust views 

about chemotherapy. If a study design randomised between re-irradiation or 

chemotherapy/observation, patients may be unwilling to proceed if they are 

randomised to the non-radiotherapy arm and leave the trial. A study design that 

randomised between radiotherapy and radiotherapy plus a systemic treatment 

(e.g. immunotherapy) may be more acceptable to patients, because in either 

arm, they would get some form of active treatment. 

The data from the interviews support surveillance scanning. However, 

surveillance scans have limited evidence of survival benefit. Empirically, 

treatment of a smaller lesion is likely to have a lower dose to OARs and may be 

suitable for SABR, which on retrospective evidence, is associated with a better 

rate of disease control. Therefore, another interesting trial would be devising a 

prospective surveillance schedule and re-irradiate at the first sign of relapse 

compared to standard treatment.  

8.5.1.4 Limitations and bias 

This study has several issues which affect the interpretation of the results. 

Firstly, only 8 patients were recruited out of 20 patients approached. The target 

recruitment was between 16 -32 with the intention of achieving data saturation. 

It is unlikely that all the possible issues that patients have with re-irradiation are 

discussed in these interviews. Each patient continued to contribute new 

concepts, and this may also be due to the interviewer developing greater insight 

into the issues as the number of interviews increased. Guest et al., after analysis 

of a series of interviews, calculated that approximately 97% of new themes have 

been found after 12 interviews, and this could be considered the minimum 

target for this study288.  

Conversely, Braun and Clarke argue against the need for numerical targets in 

data saturation, making the point that there are no set number of themes on any 
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one topic which the researcher needs to “excavate”. Rather, it is the 

interpretation of the data by the researcher which generates themes, and the 

subsequent development of meaning289. In addition, Vasileiou et al. highlight 

that the justification of sample sizes is methodologically difficult in qualitative 

research. They imply that rather than perform many interviews to achieve data 

saturation (which is difficult to define), a more applicable concept is data 

adequacy, which relates to whether the data and the meaning inferred from the 

sources, is sufficient to answer the relevant questions to the study290. Using data 

adequacy in this study, several key themes have been elucidated and conclusions 

can be made in how to shape a clinical trial, therefore the number of interviews 

may be enough.  

This study is affected by selection bias. Twenty patients were approach, which is 

approximately 10% of the patients who would have had radical radiotherapy 

during the duration of the study.  Twelve of the 20 patients approached declined 

involvement in the study. This is likely to be due to both bias from the clinical 

care team and from patients. The clinical care team may have deemed some 

patients unsuitable for this study. One possible reason is if patients were very 

anxious already about their treatment, clinicians may have felt that this study 

would be inappropriate and would not have approached them. The clinical team 

would likely have been under significant workload pressure and may not have 

had the time to introduce the study to patients. Additionally, they may have felt 

concerned about giving patients another task while they were undergoing 

arduous treatment.  

Another type of selection bias is that the patients who agreed to this study were 

pragmatic and accepted their condition and treatment. This is supported by two 

observations. Firstly, patients during the interviews seemed accepting of their 

treatment and the possible results, almost to the point of fatalism. Secondly, 

anecdotally, when the researcher asked if there was any reason why a patient 

declined to take part in the study, a common response was that they wanted to 

forget about their treatment once it was finished. This implies that there is a 

group of patients who may refuse re-irradiation, possibly due to the stress 

caused by the initial course of treatment. This category of patients may also be 

struggling with more severe side-effects compared to the participants in this 
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study. However, seven of the eight participants did have side effects, with one 

participant requiring hospitalisation. It is therefore not possible to draw a 

conclusion that the patients who declined the study had more toxicities. The 

overall effect of the selection bias is that the patients recruited to the study are 

more likely to accept re-irradiation. 

The inclusion criteria included patients receiving a range of treatments. Some 

treatments are likely to have more side effects (e.g., 6 weeks of chemo-

radiotherapy), less side effects (SABR), or involve admission to hospital (CHART). 

The type of treatment may have influenced the patients’ attitudes to re-

irradiation. The low number of patients recruited meant that it was not possible 

to analyse the patients according to what treatment they received. 

Nevertheless, the toxicity that patients experienced did not seem to affect 

whether they would consider re-irradiation. No patients treated with CHART 

(which involves a two week inpatient stay for thrice-daily radiotherapy) agreed 

to take part in the study, therefore the results from this study are 

unrepresentative of this group. 

There are also methodological flaws which make extrapolation of results 

difficult. The main objective of this study was to explore the attitudes to re-

irradiation with a view to launching a clinical re-irradiation study. Therefore, 

the best group to interview would be patients who would be eligible for a 

proposed study, i.e., with locally relapsed disease after radical radiotherapy. 

This group was not included because firstly it would be difficult to identify these 

patients in clinical practice, as surveillance scanning was not protocolised. In 

addition, it would be potentially distressing to discuss with a patient the option 

of radical re-irradiation (a non-standard treatment) when they may not be 

offered this by the treating clinician. 

As the ideal target group was unsuitable for interview, patients who had 

completed a course of radical radiotherapy were targeted. These patients were 

interviewed after 5 weeks of completion of treatment. This is two months before 

their routine end of radiotherapy CT scan. The interview timing was selected to 

avoid the bias introduced by the results of the scan. If it showed a reduction in 

size of the tumour, this may make patients more accepting of re-irradiation and 

skew the results of the study. By interviewing patients early, this effect is less. 
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However, it means that patients would have only experienced early side effects 

from the radiotherapy. Therefore, it was not possible for patients to comment 

on late side effects which may take years to manifest. Unless the study follow-

up period was at least 2 years, late effects would be under investigated, but 

such a long follow-up would make this study impractical to conduct. Finally, 

patients were asked to consider the hypothetical situation of relapse. As it is a 

hypothetical situation, patients may agree to re-irradiation more frequently, 

whereas if faced with the reality of the situation, they may make a different 

choice after more careful consideration. The overall effect of the timing of the 

interviews could have made patients less likely to consider radiotherapy as they 

were still experiencing the early side effects of treatment at interview. In 

addition, the short interval between completing radiotherapy and the interview 

would reduce the risk of recall bias. 

There are several limitations and biases of this study which may have influenced 

the results, possibly indicating that the patients interviewed may be more likely 

to consider re-irradiation. Nevertheless, this demonstrates that there is a group 

of patients who would consider treatment and have given their opinions on how 

to best shape a future clinical study. 

8.6 Conclusion 

The main themes that were determined from the interview analysis were fear 

and control. Clinicians should consider additional ways to prepare patients for 

treatment and focus on shared decision making when discussing re-irradiation. 

All patients interviewed would consider re-irradiation for lung cancer, with 

individualised balances of risks and benefits. Patients are keen for surveillance 

imaging. Patients would prefer an active treatment strategy over a policy of 

“watch and wait”. These data will be useful in planning a re-irradiation clinical 

trial for locally relapsed lung cancer.  
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9 Final Discussion 

The aim of this thesis was to investigate the safety of radical thoracic re-

irradiation and patients’ attitudes to it with a view to developing a prospective 

clinical trial. Three issues pertinent to a future study have arisen through the 

course of this research: the definition of re-irradiation, the rationale for re-

treatment and the management of the likely risks.  

9.1 Definition of radical thoracic re-irradiation 

The definition of re-irradiation is important as it defines the inclusion criteria 

for any future study and allows standardisation of treatment. The Delphi 

consensus process explored the uncertainties involved, with the group of lung 

oncologists unable to agree on a single definition of re-irradiation. The main 

areas of difference were whether to divide second courses of thoracic radiation 

by indication (i.e., for local recurrence or second primary lung cancers (SPLC)) 

or by dose to OARs (i.e., if the dose of a second course exceeds the dose 

constraint of a single course of radiation). 

Definition of re-irradiation by indication requires evidence to suggest that there 

is a difference between the two groups. The review of the Beatson cohort 

suggests that there may be a difference in survival, with longer median overall 

survival with SPLC than local recurrences (35.8 vs 13.8 months respectively, p-

value 0.15) although not statistically significant. The SPLC cohort however 

consisted of a greater proportion of stage I tumours treated with SABR. The 

difference in stage between SPLC and the local recurrence groups is probably 

due to easier diagnosis and treatment of a second primary, whereas locally 

recurrent disease may only become apparent after serial scans, and has no 

protocolised treatment. Additionally, a previously irradiated cancer is likely to 

have different biological characteristics than a non-irradiated tumour (see 

Chapter 9.2.1).  

The definition of re-irradiation based on the use of OAR dose has some important 

benefits but also flaws. It identifies a group of patients who would be at a higher 

risk of toxicity from re-irradiation. However, it may be over cautious because 

some OARs (e.g., spinal cord) have well-validated pre-clinical and clinical data 
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supporting tissue recovery, indicating that exceeding the dose form a single 

course of treatment may be safe. Conversely, the lung dose constraint is clearly 

unpredictable based on the modelling in Chapter 5, with toxicity seen at very 

low doses below what would be accepted dose constraints for a single course of 

radiation. Additionally, the definition would only be confirmed after a re-

irradiation plan had been generated. This process is prone to error, both with 

image registration (Chapter 4.3.2) and with dose accumulation (Chapter 7.3.4). 

Therefore, it would be practically difficult to use this definition for inclusion to 

a trial. 

Other groups have suggested definitions. The EORTC/ESTRO group have opened a 

study entitled ReCare. The goal of this registry is to collect real-world data on 

the second courses of radiotherapy anywhere in the body291,292. They define re-

irradiation as where the “summation of the first and second dose carries a risk of 

clinically relevant morbidity”. A Delphi consensus study on pelvic re-irradiation 

had similar issues encountered in the thoracic Delphi process293. However, this 

group was able to agree to define SABR re-irradiation in the pelvis as “where 

there is overlap of previously delivered dose with the new treatment that could 

result in excess dose to an OAR and/or significant toxicity”. This definition 

includes overlap, but this group were unable to reach consensus on how much 

overlap would constitute increased risk. Both these definitions refer to clinician 

judgement as to whether an OAR dose has a significant likelihood of toxicity 

that, without validated dose/toxicity models, is hard to predict.  

Ultimately, given that either a dose-based or an indication-based approach to a 

definition is imperfect, the choice of how to phrase the inclusion criteria for a 

future study depends on what is its primary objective. If it is to determine the 

safety of re-irradiation, then a dose-based approach may be more useful as used 

in the ReCare study. If the study is designed to assess the efficacy of re-

irradiation in a specific clinical scenario, then an indication-based approach is 

apt. Both definitions complement each other, and both are areas that the Delphi 

consensus process identified as where further data is required. 
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9.2 Rationale for radical re-irradiation 

The primary goals of any radical radiotherapy to the lung are twofold: to offer 

local control of the tumour to prevent development of respiratory symptoms and 

to provide long term disease control. Re-irradiation for local recurrence is 

empirically challenging to justify (as opposed to SPLC) as if the tumour has 

recurred in the same place after a course of radiation, then it could be 

considered radioresistant. Therefore, a second course of radiotherapy may be 

futile. However, it is worth reviewing the pre-clinical and clinical data regarding 

why initial radiotherapy fails, and if a second course of treatment can be 

clinically beneficial.  

9.2.1 The biology of tumour radioresistance 

There are several reasons why radiotherapy fails to control tumours. These can 

be divided into treatment factors (inadequate dose, extended treatment time 

resulting in repopulation, geographical miss), and biological factors (intrinsic to 

the tumour). Biological factors can be further subdivided into intrinsic to the 

tumour and acquired (i.e. changes made after radiation). There are several 

putative acquired changes in tumour genes and the tumour microenvironment 

(TME). Pre-clinical in vitro studies of NSCLC cell lines after irradiation 

demonstrate an increase in cancer stem cells and transcription factors 

associated with epithelial mesenchymal transition294,295. Radiotherapy may also 

exert a selection pressure for radioresistant clones. Kocakavuk et al. 

demonstrated an increase in DNA small deletions post-radiotherapy which 

interfere with the DNA damage response (DDR). This was seen across several 

tumour types including lung cancer. The increased number of small deletions in 

the surviving cells suggest that this is a marker for cell survival under 

radiotherapy stress, and therefore further radiotherapy without suppressing this 

mechanism may be futile296.  

Tumour hypoxia is a recognised cause for failure of radiotherapy. The DNA 

damage caused by ionising radiation is made permanent by oxygen. Hypoxic cells 

therefore have less DNA damage and are more likely to survive297. Trials 

targeting hypoxia in NSCLC have been unsuccessful and further research is 

ongoing298.  
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In addition, the metabolism of human NSCLC cell lines also has a role in 

radioresistance. NSCLC cells were irradiated and the surviving cells had 

increased levels of a redox regulatory protein called Nrf2 related to reactive 

oxygen species. Inhibition of Nrf2 led to decreased clonogenic survival299. 

Beyond the tumour cell itself, there is evidence to suggest that the TME also has 

some role in survival after radiotherapy. Radiotherapy can affect the vasculature 

of a tumour making the environment more hypoxic and may affect cancer-

associated fibroblasts. Radiotherapy has a mixed response to the immunology of 

the tumour, causing inflammation and immune stimulation, but also an increase 

in radioresistant macrophages and T-cells300. The mechanisms underpinning the 

relationship between radiotherapy and the immune system have recently been 

elucidated. A pathway called the cGAS-STING (cyclic GMP–AMP synthase-

stimulator of interferon genes) detects DNA damage and triggers tumour cells to 

activate the pro-inflammatory interferon pathway301. This can attract other 

immune cells and trigger immunogenic cell death. 

Much of this research has been on in vitro cell lines. Data from human biopsies 

post-radiotherapy are limited. A case study compared the pre-radiotherapy and 

post-surgery specimens of a patient who had SABR for a small lung cancer, then 

relapse and then a resection. Next generation sequencing and clonal analysis 

showed that the mutational repertoire of the tumours was reduced in the post-

radiotherapy specimen, leading the authors to conclude that radiotherapy exerts 

a clonal selection pressure302.  

Cancer as an evolutionary process was first considered in the 1970s and has 

recently become an accepted paradigm to describe the survival of cancer 

cells303,304. The selection pressure radiotherapy places on tumours has multiple 

theoretical consequences. A course of radiation may kill radiosensitive sub-

clones, leaving radioresistant clones behind to proliferate. However, this cannot 

be the sole process in irradiated tissues, otherwise every course of radiation 

would result in radioresistant disease, and local recurrence. There is likely to be 

another effect of radiation that counterbalances the mutagenic effects of 

radiation. Radiation can change the tumour micro-environment and therefore 

move away from favouring one clone, to select for the survival of another clone. 

These genetic changes are unpredictable and dynamic. Therefore, it may be that 
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radioresistance is not an immutable genetic characteristic of tumour cells, more 

a consequence of the tumour microenvironment and the immune response.  

At present, there are no methods to determine the radiosensitivity of recurrent 

disease. In de novo disease, a gene expression panel of the tumour can be used 

to generate a radiosensitivity index (RSI)305. The RSI in combination with the 

physical dose can be used to derive the genomic adjusted radiation dose (GARD). 

The GARD is a strong predictor of tumour response, whereas physical dose is not 

and has been suggested as a method to determine the necessary dose for tumour 

control259. This method has been criticised as lacking variables (as some of the 

predicted RSI values are biologically implausible suggesting significant features 

that are not included in the score calculation) but also under-representing 

tumour heterogeneity306. However, the development of a tool to determine 

radiosensitivity would be of great use in re-irradiation, to determine before 

commencing potentially high risk treatment the dose necessary for tumour 

control. 

Finally, there may be another explanation to suggest that the radiosensitivity of 

recurrent tumours are similar to the previously treated lesion: tumour re-

seeding. Massagué et al. demonstrated in mouse models that circulating tumour 

cells (CTCs) were able to repopulate the site of origin using breast, colon and 

melanoma cell lines. They found that metastases preferentially reseeded the 

tumour site of origin, and that the reseeded tumour had a more aggressive 

phenotype307. Extrapolating this principle to NSCLC, after radical radiotherapy, 

there is unlikely to be large metastases providing CTCs to reseed. Therefore, if 

reseeding occurs, it may be from CTCs shed from the original tumour. This 

tumour thrived in the tumour micro-environment prior to irradiation, and 

therefore may preferentially reseed in this area. If this is the case, locally 

recurrent disease may be radio-naïve reseeded disease from CTCs.  

Tumour heterogeneity and associated chromosomal instability is associated with 

poorer outcomes in the TRACERx study (Tracking Non–Small-Cell Lung Cancer 

Evolution through Therapy)308. This study analysed the genetic changes of 

tumours initially taken from patients who had resected disease, and then 

rebiopsy of the metastatic disease. A companion study, called the SIEVERT study 

(currently in set-up) aims to determine genetic changes after radiotherapy. This 
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study has the potential to explore the effect of radiotherapy on the evolution of 

lung cancer. This clinical study will provide essential information on the biology 

of tumours after radiotherapy and determine if the changes seen in pre-clinical 

models are mirrored in clinical practice. 

9.2.2 A rationale for why re-irradiation may be effective 

Pre-clinical data suggest that the changes in the tumour and in the 

microenvironment may make further irradiation futile. However, there is clinical 

evidence to suggest that re-irradiation can be of benefit. Re-irradiation for 

locally recurrent disease in NSCLC has been shown to have a 2-year survival rate 

between 11-64% (see Table 1.1). This rate was confirmed in the Beatson cohort, 

with a 2-year OS rate of 38.5% (Chapter 4). Re-irradiation has also been shown to 

be effective in other tumour groups. 

Re-irradiation in recurrent head and neck cancer has been investigated 

extensively, as the surgical salvage options are often impossible. There have 

been several trials of locally recurrent disease that have demonstrated 

prolonged local control and overall survival post-re-irradiation. In studies with 

no concurrent chemotherapy, the 2-year OS rate range was 27% to 33%309. In a 

retrospective study of re-irradiation with systemic treatment, the objective 

response rate was 75.6% with a 2-year survival of 48.7% (although this study 

included patients who had salvage surgery as part of their treatment)310.  

In glioma, hypofractionated re-irradiation in selected patients had a median OS 

of 8.6 – 12.4 months311. Pelvic tumours re-irradiated with SABR have a one year 

local control rate of 51–100%312. In addition, breast, lung and sarcoma also have 

some shown some efficacy of re-irradiation313-315. Palliative re-irradiation of 

bone metastases in a randomised trial had a clinical response rate at 2 months 

between 30-50%316.  

These studies lack comparative arms where re-irradiation was not given, 

therefore it is not possible to compare re-irradiation to other treatments or the 

natural course of the disease in the locally recurrent setting. In addition, a 

possible source of error is how local recurrence is diagnosed. In some cases, 

recurrence is made on radiological grounds rather than histological samples. A 
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study of repeat biopsies after treatment reported that a third of repeat biopsies 

that had no evidence of malignancy or a second histology (e.g. NSCLC on the 

initial biopsy and SCLC in the repeat)317. Despite these flaws, there appears to 

be a group of patients who have local control and possibly improvement in OS 

from re-irradiation. 

The tumour control modelling from Chapter 6 demonstrates that 2-year overall 

survival is associated with higher doses at re-irradiation. The local control model 

is less convincing, partly due to the smaller sample size and difficulty in 

diagnosing local recurrence. The predicted dose from the OS model for a 2-year 

OS rate of 50% is 76.5Gy. This may be skewed due to the use of SABR data in the 

modelling dataset. However, this indicates that the optimal re-irradiation 

technique is with SABR, as this dose is easily achievable. SABR affects the 

tumour in a biologically different way, which may result in better efficacy than 

fractionated radiotherapy. The data supports this with better efficacy seen in 

SABR series. However, the efficacy may be subject to confounding as SABR can 

only be delivered in early-stage tumours (which may have a better prognosis). 

Re-irradiation may work due to the inherently stochastic effects of how radiation 

damages DNA. Given that the most lethal damage to a cell is in the form of 

dsDNA breaks, repeated radiation may simply be a second attempt at causing 

these critical lesions, that even previously irradiated cells, despite the acquired 

radioresistant adaptations, cannot repair. 

9.2.3 Re-irradiation compared to alternative treatments 

9.2.3.1 Systemic treatment  

The evidence base for systemic treatment for isolated local recurrence of NSCLC 

is limited, with most drugs licensed for metastatic disease.  

First line cytotoxic chemotherapy consisting of a platinum doublet has been the 

standard of care for mutation negative stage IV NSCLC prior to the advent of 

immunotherapy. Schiller et al. compared four different chemotherapy regimes 

in a large study involving 1203 patients. No chemotherapy regime was superior in 

efficacy to another. For the whole group, the disease control rate (DCR, the 

amount of complete or partial responses and stable disease) was 40% and the 
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median OS was 8 months. The risk of grade 3 toxicity (including haematological 

toxicity) was 19–28%, grade 4 toxicity was 53–68% and death from treatment was 

4-6%18. In a group of patients mostly with stage IIIB/IV adenocarcinoma, 

maintenance pemetrexed can also be given, with a longer median OS of 16.9 

months, compared to 14 months In the placebo arm when measure from the 

start of induction therapy318. The difference between these two studies may be 

attributed to better patient selection, with only patients with PS 0-1 allowed 

into the maintenance pemetrexed trial, and better supportive care.  

The combination of platinum doublet chemotherapy and pembrolizumab in the 

KEYNOTE-189 study improved outcomes compared to chemotherapy alone 

irrespective of PD-L1 status: the DCR was 84.6% in the experimental arm, and 

the median OS was 22 months vs 10.7 in the standard arm (HR for death 0.56, 

95% CI 0.45 – 0.70). The grade 3-5 toxicity rate was 71.9%22,319. There remains 

debate whether chemotherapy adds extra efficacy in the PD-L1³50% patient 

group, as KEYNOTE-024 demonstrated comparable efficacy of single agent 

pembrolizumab with a lower toxicity rate (median OS 30 months, grade 3-5 

toxicity rate of 31.2%)23. These studies were for patients with metastatic disease 

and therefore may not be directly comparable to patient with local relapse. 

Benefits of systemic treatments are that it may offer control of micro-metastatic 

disease, there is the option to modify the dose if the patients develop side 

effects (which is not possible in re-irradiation, as often the worse toxicity takes 

weeks to develop) and that most toxicity from systemic treatment resolves after 

time. However, it generally does not offer long term disease control, with the 

rare exception of patients who have a durable response from immunotherapy.  

9.2.3.2 Salvage surgery 

There is a small number of studies that report the outcomes of salvage surgery 

after radiotherapy. Dickhoff et al. analysed 15 patients with locally recurrent 

stage III NSCLC who underwent salvage surgery at a median of 21 months after 

completion of radiotherapy. The median OS was 46 months with a morbidity rate 

of 40% and a mortality rate of 6%320. A small study reported the outcomes of 

salvage surgery after SABR. 12 patients underwent resection after isolated local 
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relapse after SABR. The 5-year OS rate was 58.3%, which may reflect the initial 

early stage of initial diagnosis, compared to stage III patients321.  

There are a series of studies of surgical resection after SABR, with a total of 16 

patients reporting few major operative complications (one bronchopleural 

fistula, and one conversion to open thoracotomy due to adhesions). There was 

one death at 14 months from recurrent disease, with the other 15 patients alive 

at time of publication (range of follow-up 2-39 months)322-324. 

The outcomes from the salvage resections are similar, if not better than, SABR 

radiotherapy. However, comparisons between these groups are difficult as 

patients selected for salvage surgery would be fit for major thoracic surgery, 

whereas patients for re-irradiation may have a greater burden of comorbidities. 

9.2.3.3 Practical benefits of re-irradiation  

Re-irradiation as a treatment for recurrent disease is an attractive option. At 

radical doses, it offers the potential of long-term disease control and 

improvement in local symptoms from the tumour. Patients who are unfit for 

radical surgery due to comorbidities may be suitable for radical re-irradiation. 

The treatment can be delivered over two to six weeks, and then the patient will 

need no further treatment for several months and possibly longer. This may be 

preferable to systemic treatment, which is delivered approximately every two to 

six weeks, where the patient may be at risk of ongoing toxicities and need 

regular hospital visits. Additionally, the grade 5 toxicity rate of re-irradiation is 

similar to the rate with chemotherapy and with salvage surgery. In health 

economic terms, the cost of a course of re-irradiation may be less expensive 

than systemic treatment although this has not been fully explored.  

The qualitative research in Chapter 8 has shown that there is a group of patients 

who would accept re-irradiation, in part because they are familiar with the side 

effects and the process. In comparison, patients were less keen on systemic 

therapy or a watch and wait strategy. 

In summary, the mechanisms how tumours survive radiotherapy are unclear. Pre-

clinical work demonstrates that radiotherapy has wide-ranging effects on clonal 



355 
 
selection, upregulation of certain genes and alterations to the vascular supply 

and immunogenicity of the TME. Whether these changes reduce the 

effectiveness of further radiotherapy has not been tested in a pre-clinical 

environment. Clinically, based on the published studies of re-irradiation, a 

subset of locally recurrent tumours retain radiosensitivity, respond to re-

irradiation, and patients are amenable to second courses of radiation. Further 

work is required to identify the biological signature to predict those patients 

who would respond to re-irradiation.  

9.3 Prediction and management of the risks of toxicity 

Re-irradiation is a high-risk treatment, as shown in the published studies (Table 

1.2). In addition, the Beatson cohort as described in Chapter 4 demonstrated a 

43.6% rate of grade 3 toxicity with one fatality. Dose/toxicity models have the 

potential to identify patients at high risk, and this can allow for modification of 

the treatment to reduce the chance of harm. 

9.3.1 Re-irradiation dose/toxicity models  

Chapter 5 summarises re-irradiation dose/toxicity models made using logistic 

regression for the spinal cord, lung, aorta, oesophagus and proximal bronchial 

tree. Logistic regression performs two functions: it represents the outcome data 

for the range of the variables that is in the training dataset and; uses the 

relationship found in those areas to predict the likely outcome where there are 

no variables in the training dataset. The accuracy of logistic regression, as with 

any modelling tool, depends on the data available in the areas of most interest.  

Due to this, the re-irradiation models must be interpreted with caution. Firstly, 

there is an unknown amount of either toxic or non-toxic events which have 

occurred and have not been included in these models. These may not be 

available due to publication bias, or other factors. However, these may 

significantly change the predictions. An example of where the selective use of 

data led to serious consequences was in the analysis of the likelihood of failure 

of the O-rings in the Space Shuttle Challenger disaster325. Importantly, the dose 

constraints derived from the models are similar to the pre-existing expert 

consensus constraints. It is worth considering whether the modelling results 
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simply reflect the pre-existing clinician bias and the doses deemed acceptable, 

rather than an estimation of the true risk. 

Secondly, the models are most accurate where data already exists e.g. with the 

spinal cord model, there are a number of toxic and non-toxic events between 50 

– 100Gy, which allows for more accurate prediction in this area of dose. 

However, in contrast, other models such as the lung V20 models had only 4 

patient data above the cumulative dose of V20 > 30%. Therefore, these models 

are likely to be inaccurate beyond this dose.  

Thirdly, re-irradiation toxicity is likely to be multi-factorial. The models in 

Chapter 5 are simple one or two variable models, because the amount of data 

available to model is limited. This approach is appropriate for some of the OARs 

e.g. spinal cord, where the cumulative dose in a serial organ is the main driver 

of toxicity. However, the lung re-irradiation models were unsuccessful because 

it is likely that lung toxicity is multifactorial. More complicated models using a 

range of radiotherapy, clinical and genomic variables may better predict 

toxicity. For example, an ideal lung toxicity model may include the mean lung 

dose, the pulmonary function tests, the size and laterality of the tumour, heart 

dose and some genomic data that suggests normal tissue sensitivity to 

radiation326,327. 

Despite these issues, these models are the most comprehensive datasets for 

thoracic OARs. Most models (excluding lung) validate with the Beatson cohort 

and correlate well with the model predicted and observed rates of toxicity. They 

require further refinement and validation with larger datasets which the ReCare 

study and analogous re-irradiation databases will hopefully provide292,328. 

9.3.2 Risk-based planning 

The use of dose/toxicity models in clinical practice is limited mainly due to the 

use of dose constraints. These are arbitrarily set at a particular toxicity rate that 

is deemed by the clinician as acceptable. Patients are rarely consulted as to 

what level of risk they would agree to. However, in re-irradiation, due to the 

high risk and being a non-standard treatment, this is a consultation that is 

essential. 
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The Delphi consensus data and the qualitative research data give insights into 

the clinicians and the patients attitude to risk respectively. The clinicians’ 

responses are summarised in Table 3.3. To summarise, most clinicians accepted 

high rates of Grade 1-2 toxicity (between 50-70% for oesophagitis, pneumonitis, 

and skin erythema), and lower rates of Grade 3-5 toxicity (generally 5% risk). 

However, the patients interviewed in the qualitative study had a wide range of 

opinions, with many accepting higher risks of hospitalisation to improve tumour 

control. Conversely, other patients were risk-averse and wanted to avoid Grade 

3 or worse toxicity at all costs. This disparity strongly supports an individualised 

approach to re-irradiation planning, potentially using the dose/toxicity models 

to calibrate the dose to OARs to the patients’ level of risk.  

Radiotherapy planning using individualised dose constraints is possible, using a 

VMAT or a MCO technique. However, more importantly is whether a patient can 

truly appreciate what a grade 3 toxicity feels like, sufficient to be adequately 

informed to consent. In the re-irradiation setting, patients are likely to be 

better informed, as they may have already experienced toxicity from the initial 

course of radiotherapy. 

In addition, when considering the risk of radiotherapy toxicity, this must be 

balanced against the risk of non-intervention. For example, haemoptysis after 

re-irradiation was associated with risk of fatal bleeding of 2.6% in the Beatson 

cohort. Historical data indicates that the rate of massive haemoptysis in an 

untreated cohort of 877 patients was 2.7%, although certain patients were at 

higher risk (tumour close to main bronchus, squamous cell cancers)329. 

Therefore, it is appropriate to ensure that the fatal risk from re-irradiation is no 

greater than the expected risk from non-intervention. The Delphi process 

suggested cropping the PTV to reduce dose to the OAR where it may exceed the 

dose constraint, and this was a successful replanning strategy to meet the dose 

constraints. However, by reducing the dose to the part of the tumour infiltrating 

the PBrT, this may lead to uncontrolled disease at the exact point which would 

cause symptoms. In summary, dose/toxicity models require validation with more 

data, but these could be useful to guide the individualised consent and planning 

process for re-irradiation. 

 



358 
 
9.4 Future studies 

9.4.1 Studies in progress 

Radical re-irradiation for lung cancer is a promising but complicated treatment, 

and further research is required before it becomes a routine treatment. There 

are several studies already in progress which are outlined in Table 9.1. There are 

two large re-irradiation registries in progress: the E²-RADIatE – ReCare project 

based in Europe and; the clinical registry for oligometastatic disease and re-

irradiation (NCT02170181) in North America. They will be large databases, with a 

projected total of 9000 patients in total which will provide safety and efficacy 

data. There are some concerns regarding the quality of information recorded. 

The protocols available do not detail how the cumulative doses will be 

calculated and unless there is a consistent method, there will be data 

inaccuracies. This may influence the final conclusions, although with such 

numbers of data, the overall confidence of the results will likely be robust. 

The REDIRICT study (see Table 9.1) promises to deliver reproducible and 

accurate cumulative doses and toxicity results. However, it plans to recruit only 

15 patients per OAR. As it is a prospective study, the doses delivered will depend 

on the location of relapse and therefore it may struggle to provide data on the 

dose range of interest, which is the first upward inflection of the sigmoid 

dose/toxicity curve. 

There are two phase I studies in progress in the locally recurrent setting, one 

using escalating doses of SABR, the other using re-irradiation and nanoparticles. 

One phase II study investigates hypofractionation in re-irradiation, and the other 

assesses the safety and efficacy of post-re-irradiation pembrolizumab. These 

clinical studies are small but may provide promising insights, especially in the 

use of additional treatments like nanoparticles to overcome radioresistance. 
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Table 9.1 Re-irradiation studies currently in recruitment Re-irradiation studies currently in recruitment. DIR: deformable image registration, ESTRO: 
European Society of Therapeutic Radiation Oncology, EORTC: European Organisation for Research and Treatment of Cancer, MTD: maximum tolerated 
dose, NCT: National clinical trials, NSCLC: non-small cell lung cancer, OAR: organ at risk, Re-RT: re-irradiation, SBRT: stereotactic body radiotherapy 

Study title NCT 
number 

Start 
date 

Finish 
date 

Trial outline 

High Dose Re-RT Utilizing Advanced DIR and 
Individualized OAR Dose Calculations With 
Organ Specific Toxicity Analysis (REDIRICT) 

05301101 March 
2022 

July 
2027 

Prospective cohort study using a uniform re-RT 
process to determine toxicity rates for a given 
dose for OARs including the spinal cord, brachial 
plexus, oesophagus and vessels 

SBRT Dose Escalation for Re-RT of Inoperable 
Lung Lesions (STRILL) 

04455438 July 
2020 

Dec 
2025 

Phase I study designed to escalate the dose of 
SBRT from 30Gy in 5 fractions to 50Gy in 5 
fractions to determine the MTD 

Thoracic Re-RT For Locoregionally Recurrent 
NSCLC 

04275687 Feb 
2020 

Feb 
2025 

Prospective phase II study to deliver 50-60Gy in 10 
fractions to peripheral lesions or 30-40Gy in 6-10 
fractions followed by a boost to central tumours 

Safety and Efficacy of SBRT in the Re-RT for 
Ultra-central Thoracic Malignant Tumours 

05189054 Jan 
2022 

April 
2027 

Prospective cohort study to determine the safety 
and efficacy of ultracentral re-RT using SBRT 

Trial of Consolidation Pembrolizumab After 
Concurrent Chemotherapy and Proton Re-RT 
for Thoracic Recurrences of NSCLC 

03087760 March 
2017 

Dec 
2026 

Single-arm phase II study to assess progression 
free survival and toxicity of adjuvant 
pembrolizumab after concurrent chemo and re-RT 

NBTXR3 and Radiation Therapy for the 
Treatment of Inoperable Recurrent Non-small 
Cell Lung Cancer 

04505267 Aug 
2020 

March 
2024 

Phase I study to assess the safety of Hafnium 
Oxide nanoparticles intratumorally and re-RT and 
determine the MTD  

E²-RADIatE: EORTC-ESTRO RADiotherapy 
InfrAstrucTure for Europe (E²-RADIatE) - 
ReCare 

03818503 Jan 
2019 

April 
2024 

Prospective registry of patients treated with re-RT 
collecting toxicity and efficacy data 

Clinical Registry for Oligometastatic Disease, 
Consolidation Therapy, Debulking Prior to 
Chemotherapy, or Re-RT 

02170181 May 
2014 

Dec 
2026 

Prospective registry to identify the toxicity and 
efficacy of re-irradiation 
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9.4.2 Potential pre-clinical studies 

There are several areas that pre-clinical research could guide future trials in 

humans. This can be divided into two categories: research of the tumour to an 

initial course of radiation and the recovery dynamics of normal tissue. 

The response of tumours to initial radiotherapy, and how this changes the 

efficacy of a second course of radiation is critical information. The work of 

Kocakavuk et al. and others investigating how tumours survive initial courses of 

radiotherapy helps trial design in two areas296. This may aid the idenitification of 

radioresistant tumours so that patients are not exposed to a futile yet toxic 

treatment. This research may also show cellular mechanisms that are essential 

for cell survival, and may reveal druggable targets in conjunction with re-

irradiation. The use of pre-clinical re-irradiation models would also be helpful at 

estimating the α/β ratio of recurrent disease, and this would guide 

dose/fractionation schedules in the re-irradiation setting. 

Other tumour focused work would be an investigation into the clonal selection 

pressure radiotherapy exerts on tumours. It is clear from the TRACERx studies 

that lung cancer is an evolutionary system. There is evidence from DNA 

sequencing that drug treatment drives clonal selection pressure and certain 

BRAF mutations in lung adenocarcinoma cell lines confer a resistance to ionising 

radiation330. The aim of the SIEVERT study (currently in set-up) is to perform 

genetic sequencing on locally recurrent tumours in humans to investigate if 

there is a similar effect. The identification of common survival patterns may 

provide insight into radiosensitisers that can be used with initial radiation, but 

also make re-irradiation more efficacious. 

Pre-clinical models of re-irradiation normal tissue toxicity would also be useful. 

This could be attempted using a Small Animal Radiotherapy Platform (SARP). 

While this work would not be able to give true dose/volume constraints, it would 

provide an idea of the dynamics of recovery, as shown in the spinal cord animal 

work. The two OARs where there are no studies available are the oesophagus 

and proximal bronchial tree. This research may be compromised as defining a 

clinically relevant endpoint (e.g. the equivalent of grade three toxicity 

oesophagitis in a mouse) would be difficult. This data would be useful to 
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correlate with the modelling findings suggesting that the longer the interval, the 

greater the risk of re-irradiation toxicity in the proximal bronchial tree. In 

addition, there is no information on the nature of cardiac recovery and which 

substructures are more sensitive to re-irradiation. This would be very difficult 

for several practical reasons such as reliable dosimetry to the murine heart given 

its size, and difficulty in measuring cardiac function or pericarditis. 

Finally, development of markers of normal tissue radiosensitivity of lung, 

oesophagus and proximal bronchial tree would be useful to identify patients at 

high risk of toxicity. A study in 41 patients who had post-mastectomy chest wall 

radiotherapy, the presence of single nucleotide polymorphisms (SNPs) in five 

selected genes correlated strongly with skin telangiectasia and fibrosis, with 

patients without certain SNPs having a radioresistant phenotype327. Replication 

of this work in lung tissue could allow the formation of a model to predict 

toxicity using both genetic features, as well and dose and other clinical 

variables. A present, the Delphi consensus had a crude measure of whether a 

patient had grade three toxicity with initial radiotherapy as an indicator of 

normal tissue radiosensitivity. Preclinical genetic testing may be useful in 

refining this and may aid treatment selection at initial radiotherapy. 

9.4.3 Potential clinical studies 

There are several potential options when considering the design of a re-

irradiation clinical study, and this is guided by the key question of what is the 

aim of the study? The key questions for lung re-irradiation are what safe dose 

constraints are, what is the efficacy of re-irradiation, and how can patients who 

would benefit from re-irradiation be identified. 

9.4.3.1 Safety studies 

The traditional method of identifying the maximum tolerated dose of 

radiotherapy is a phase I dose escalation study. However, re-irradiation does not 

easily fit this type of trial for several reasons. Firstly, the anatomical location of 

the tumour will define the doses to the organs at risk (e.g. peripheral tumours 

will not test the central OARs, but may test the total lung volume). Of the 

locally recurrent patients in the Beatson cohort, the preliminary feasibility study 
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about dose escalation showed that 46% would be suitable for some sort of dose 

escalation, without breaching the pre-existing dose constraints, but this 

depended on the local relapse being in a peripheral location. Therefore, the 

number of patients required to test a dose limit may be high for a phase I study, 

and this may lead to long recruitment times and difficulty funding such research.  

Secondly, other variables may affect the likelihood of toxicity, therefore any 

toxicity seen may not be due to the dose given (e.g., interval between 

treatments as seen in the proximal bronchial tree model in Chapter 5). The 

additional values would again increase the numbers required to add statistical 

validity to the study. Thirdly, the work in this thesis has provided several 

dose/constraint models which are broadly in alignment with the expert 

consensus. There are large data registries in process in Europe and North 

America that will provide additional validation data for these models. Therefore, 

a phase I study is unlikely to add practice changing data.  

9.4.3.2 Efficacy of treatment 

The quoted 2-year overall survival rates of re-irradiation are broad (between 11 

and 64% with conventionally fractionated radiotherapy), and this reflects the 

range of disease that has been historically treated from stage I to III. The risks of 

re-irradiation are higher than initial treatment and therefore, it is important to 

have robust data on the likely efficacy. 

Second primary lung cancers (SPLCs) may have intrinsically different responses 

to local recurrences. There was some evidence for this from the review of the 

outcomes from the Beatson cohort, but this may be due to confounding by 

treatment (as the SPLCs were more likely to be treated with SABR). The 

diagnosis of SPLCs is also difficult, as some are likely to actually be satellite 

metastases from a previously treated lung cancer. Biopsy of suspected SPLCs are 

harder to obtain tissue from as they are often seen on surveillance scans and 

therefore are smaller. The diagnosis of SPLC as defined in Chapter 1.7.1 is 

experientially based, and does not have a robust biological basis. However, it 

should be noted, from the patient perspective, this is largely irrelevant – 

whether it is a SPLC or a local recurrence, it still requires treatment and 

generates the same fears and anxieties. One pragmatic study would be to 
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compare aggressive detection and treatment by using circulating tumour DNA 

(ctDNA) as an early marker of recurrence, against standard CT surveillance. This 

would detect early local recurrences and SPLCs and both could be treated with 

SABR or conventional radiotherapy. This would assess if early retreatment 

modified the course of the disease. A similar study is already in progress called 

the Second Primary Lung Cancer Cohort Study (SPORT, NCT04178889), which 

uses ctDNA to detect recurrence after treatment, but it is out of the trial remit 

to offer re-irradiation. One possible criticism is that early detection by ctDNA 

may not aid the use of radiotherapy, as a tumour target needs to be visible on 

imaging. Therefore, there may not be a difference in the time to treatment 

between the two groups. 

Another study design is to use an isotoxic treatment strategy, where patients 

with either a SPLC or a local recurrence are treated with SABR or conventionally 

fractionated radiotherapy, which is dose escalated until an OAR constraint is 

reached. There would be similar limitations to a phase I MTD study as discussed 

above, in that possibly only half of the patients recruited would be able to have 

dose escalation. However, for some patients, it may result in significantly 

increased dose to the tumour. An additional element to this could be where the 

patient decides the level of risk they would like to assume, using the 

dose/toxicity and tumour control models. This would be a novel and patient-

centred approach and would personalise treatment in accordance with the 

results of the qualitative interview in Chapter 8. The models however are not 

validated, and therefore may under or over-estimate the toxicity rate. This 

uncertainty could result in significant risk to the patient, especially given 

radiotherapy toxicity can be permanent. 

A randomised study design may be useful in shaping clinical decision making. 

One such study could compare radical re-irradiation with clinician’s choice (e.g., 

systemic treatment, palliative dose re-irradiation, or a watch and wait strategy). 

In theory, this study would provide clinicians insight into what treatment they 

should offer their patients in the locally relapsed setting and would be 

pragmatic. However, there are some biases inherent in the study design which 

may prevent a true measure of efficacy. Radical re-irradiation has the possibility 

of long-term disease control, whereas the treatments in the other arm are 
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unlikely to achieve this. As patients may be able to have radical re-irradiation 

off-study, it may result in patients opting out of the study if they are randomised 

to the non-radical arm. The qualitative research in Chapter 8 suggested that 

patients were less likely to accept a wait and wait strategy. One solution to this 

is to reduce the treatment options and randomise between radical re-irradiation 

and chemo/immunotherapy. This would ensure that all the patients entering the 

study would be of a good performance status, and the addition of 

immunotherapy does offer the chance of long-term disease control, at a similar 

rate to radical re-irradiation.  

An alternate study is a phase I study of radical re-irradiation using a novel 

radiosensitiser. This trial would investigate whether the radioresistance of 

recurrent disease could be overcome with a drug-radiotherapy combination. This 

may be the correct approach, but at present, there is insufficient pre-clinical 

research to help select an effective putative radiosensitiser. It may be that this 

trial would be better after pre-clinical studies, if a promising druggable pathway 

is discovered. 

Radiotherapy techniques such as FLASH (ultra-high dose rate radiotherapy) or 

proton treatment could be considered in these possible future studies. Both 

techniques offer significant normal tissue sparing, which may spare toxicity and 

facilitate dose escalation to the tumour331,332. The tumour control probability 

curve from Chapter 6 predicts a 50% 2-year overall survival rate with a dose of 

re-irradiation of 76.5Gy EQD2, which is likely to exceed the cumulative dose 

constraints if conventional fractionation is used. This dose is likely to only be 

reached by using highly conformal techniques like SABR, or more novel 

approaches such as FLASH or protons. 

Underpinning any clinical re-irradiation study will be the need to have a 

standardised re-irradiation planning process, consistent image registration 

protocols and robust radiotherapy quality assurance. The planning data in 

Chapter 7 has demonstrated the superiority of multi-criteria optimisation over 

standard VMAT at avoiding serial organs, and through the deformable image 

registration process, has highlighted areas of uncertainty. The calculations to 

determine the remaining dose present a ‘worst case scenario’ as it assumed the 

Dmax for a given OAR falls in the same place over two courses of radiation. The 
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work by McVicar et al. and more recently with Murray et al. demonstrate that it 

is possible to generate a base plan using EQD2s and therefore plan re-irradiation 

with more anatomical information of where the dose has previously been 

delivered272,333. These planning modules are not yet widely available but would 

be useful in a future study. 

Patient reported quality of life measures would be essential, as would be an 

economic analysis of re-irradiation. This would be useful in the comparative 

study of re-irradiation against chemo/immunotherapy. Re-irradiation would be 

comparatively inexpensive as the infrastructure and staff are largely already 

present, compared to the continual drug cost for potentially two years of 

immunotherapy (as Pembrolizumab is subject to a two-year stopping rule in the 

UK) and the risk of admission for toxicities. Re-irradiation can be delivered 

within six weeks and then the patient may not require further treatment, 

whereas chemo/immunotherapy is an ongoing process every three to six weeks. 

These aspects of re-irradiation would be important to investigate as they are 

significant from the patients’ experience. 

9.4.3.3 Identification of patients likely to benefit from re-irradiation 

In the Beatson cohort, most patients (61.5%) with local recurrence who had 

radical re-irradiation died from progressive cancer. There is a lack of studies to 

guide selection of patients to benefit from re-irradiation. As seen in the Delphi 

consensus, there are some clinical indicators such as a long interval between 

initial treatment and the need for retreatment that may suggest less aggressive 

disease. However, there is a need for translational research in this group of 

patients in any future study, to develop insights into this group. A group of UK 

oncologists interested in re-irradiation have summarised the key areas of pre-

clinical development that can be reverse engineered from a clinical study in a 

recent editorial334. 

In the post-radiotherapy setting, obtaining a biopsy may be difficult due to the 

fibrosis around the previously irradiated site. The samples may be smaller and 

non-diagnostic. Surgery is possible, but rarely performed, therefore whole 

tumour sampling is unlikely to be regularly performed. However, sequencing of  

ctDNA may offer significant insights into tumour heterogeneity, and the 
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presence of any mutations. Another non-invasive test could be analysis of the 

radiomic signature of recurrent tumours or the use of novel PET-tracers to assess 

for hypoxia or other characteristics. This translational work should be included 

in any clinical study, as this will provide further insights into how to optimally 

treat recurrent lung cancer.  

There are several different trial designs detailed above. Given funding for 

radiotherapy trials in the UK is difficult, it is worthwhile to consider the study 

that is most useful at present. A less expensive option is to perform a large data 

registry. This will collect data that supports the putative dose constraints and 

possibly lead to a more standardised system of planning and delivery. However, 

this approach, because of the wide range of how clinicians approach re-

irradiation and the few centres that can perform dose accumulation routinely, 

will have limited impact due to the relatively low quality data that would be 

submitted. The most useful study would be a phase II isotoxic re-irradiation 

study, with a safety run-in period, with translational, health economics and 

quality of life end points. This would give a protocol on how to deliver re-

irradiation in a standardised way, test the dose constraints and collect data 

robustly. It also provides insights into the radiobiology of recurrent disease, and 

the patient reported benefits of treatment. This study would then provide a 

platform for any future randomised control study against a systemic agent. 

9.5 Conclusion 

This thesis aimed to investigate the safety of radical re-irradiation of non-small 

cell lung cancer. It has confirmed that patients re-irradiated for local recurrence 

can have durable responses and created expert consensus on the indications and 

delivery of this treatment. The relationship between dose and toxicity was 

quantified with radiobiological models, and a tumour control model provided 

estimates the likely doses required to achieve long term disease control. These 

models were used to generate cumulative dose constraints that were applied to 

a re-irradiation planning study, that demonstrated that most patient could be 

safely planned to those constraints. The patients’ attitude to re-irradiation were 

obtained through qualitative interviews, revealing that re-irradiation is a 

treatment that can be considered, and that the acceptable risks of treatment 

are patient specific. This research, in particular the dose/toxicity models, have 
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quantified the safety of re-irradiation in a more evidenced based approach than 

expert consensus and will guide future studies to assess the efficacy of re-

irradiation, ultimately to improve outcomes for patients. 
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