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Abstract 

Introduction: Non-small cell lung cancer (NSCLC) radiotherapy has undergone 

substantial technical advances. However, issues remain unanswered, including: 1) 

optimum radiation dose-fractionation schedules for concurrent chemoradiotherapy 

(cCRT); 2) the effects of adding immune checkpoint blockade (ICB) 

immunotherapy above cCRT alone on overall survival (OS); 3) how radiotherapy 

schedules can be optimised with cCRT-ICB treatment; 4) the impact of cardiac 

toxicity, and how cardiac-sparing might change OS. In this thesis, I test a series of 

hypotheses to answer these questions. 

Methods: Two meta-analytic lung radiotherapy datasets were used, containing 

4866 and 2196 NSCLC patients treated via radiotherapy alone, sequential CRT 

(sCRT), cCRT and cCRT-ICB. Models were maximum likelihood fitted. A series 

of radiotherapy dose-response models were used, taken hypotheses considering the 

effects of chemotherapy, immunotherapy, and cardiac toxicity. Chapter 3 informed 

the optimised prescribed dose, dose-per-fraction, and duration for cCRT. Chapter 

4 identified factors influencing outcomes with cCRT-ICB. Chapter 5 optimised 

radiation schedules with cCRT/sCRT-ICB. Chapter 6 modelled OS effects of 

cardiac-sparing with photons and protons. 

Results: For cCRT, accelerated repopulation began late (day 24) and was clinically 

significant (1.47Gy/day). The addition of ICB to cCRT improved 2-year OS by 

9.9%, with tumour PDL1 ≥1%, stage IIIB/C, and longer planned ICB duration 

being significant predictors of benefit. Neither dose-escalation nor de-escalation 

relative to 60Gy in 30 fractions influenced survival with cCRT-ICB, while dose 

de-escalation of 5Gy might benefit patients with heavily irradiated organs at risk. 

Mean heart dose cardiac-sparing improved OS, and protons offered additional 

benefit over photons for tumours overlapped or lay below the 7th thoracic vertebra. 
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Conclusion: This work furthers our understanding about mechanistic processes 

influencing outcomes after NSCLC radiotherapy. Findings could be translated into 

future clinical studies, such as hypofractionation for cCRT alone, extending ICB 

administration to 2 years for cCRT-ICB treatment, and cardiac-sparing using 

photons or protons.  
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Impact statement 

Through data collation, analysis and modelling, this hypothesis-forming research 

addresses the following issues regarding radiotherapy of inoperable locally-

advanced non-small cell lung cancer (LA-NSCLC):  

1. Inconsistent outcomes between concurrent chemoradiotherapy (cCRT) 

studies. 

2. Interactions between radiotherapy and the chemotherapy and 

immunotherapy elements of combined treatments.  

3. Quantitative overall survival (OS) benefits for cCRT-immune checkpoint 

blockade (ICB) treatment, identifying factors which might help patient 

selection for such tri-modality treatment.  

4. Optimisation of prescribed radiation dose, dose-per-fraction, and 

treatment duration for cCRT and cCRT-ICB. 

5. OS improvement via photon- and proton- based cardiac-sparing of cCRT 

and immuno-cCRT treatments.  

This work has produced hypotheses that can be tested in the clinic, specifically – 

1. Indications in data fits of delayed but heavily accelerated tumour 

repopulation for cCRT suggest that the radiotherapy element of this 

treatment may benefit from being given in short hypofractionated courses, 

within normal tissue toxicity constraints. 

2. Patients with PDL1 ≥1% or IIIB/C tumours should be treated with the 

addition of ICB above cCRT. The improved modelled outcomes with 2-

year vs 1-year ICB duration might inform a future trial in this space. 

3. For cCRT-ICB, modest dose de-escalation of around 5Gy (with prescribed 

radiotherapy schedule of 55Gy) from standard 60Gy in 2Gy-per-fraction 
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may be beneficial for patients with heavily irradiated organs at risk, as 

modelled reductions in OS are minimal.  

4. Very large gains in 2-year OS are predicted for proton-based cardiac-

sparing of patients with tumours overlapping or lying below the 7th 

thoracic vertebra, for both cCRT and cCRT-ICB treatments.  

These findings should be tested in the clinic and can provide practical impacts on 

future inoperable LA-NSCLC treatments. This research brings impacts to peer 

researchers, the radiotherapy community, clinical workers, patients and their 

families, hospitals, clinical research organisations, ICB drug manufacturers, and 

the healthcare insurance system.  

For peer researchers and the radiotherapy community, this thesis – 

1. Generalises radiotherapy dose-response models to consider the 

chemotherapy and immunotherapy elements of combined treatments. 

2. Achieves consistent model fits to datasets that include radiotherapy and 

cCRT schedules for reported outcomes are at first sight inconsistent. 

3. Provides a methodology for quantify OS benefits across single-arm cCRT-

ICB studies. 

4. Develops a method for including the possible impact of cardiac-sparing 

within the radiotherapy dose-response model, by transferring ‘reported 

relative hazards for death related to cardiac irradiation’ over to ‘relative 

hazards for survival-limiting toxicities’, which is a term included in the 

radiotherapy dose-response models. 

For clinical workers (i.e. physicians, medical physicists, and dosimetrists), and 

patients and their families, this thesis – 

1. Provides evidence-based suggestions for the selection of radiotherapy, 

chemotherapy, and immunotherapy protocols in the clinic, informing the 
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choice of prescribed dose, dose-per-fraction and treatment duration for 

cCRT and cCRT-ICB, even with cardiac-sparing. 

2. Helps select patients for expensive cCRT-ICB and proton treatment. 

For hospitals, clinical research organisations, ICB drug manufacturers, and 

the healthcare insurance systems, this thesis – 

1. Helps design of future clinical trials and modify clinical protocols. 

2. Quantifies possible survival benefits versus expenses and investments (e.g. 

protons vs photons; ICB duration). 
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Chapter 1. Introduction 

1.0 Chapter overview 

This chapter –  

• Introduces non-small cell lung cancer. 

• Introduces the radiotherapy treatment of non-small cell lung cancer, 

including dose-escalation studies, the combined treatment with 

chemotherapy and immunotherapy, and radiation toxicity. 

• Outlines the gaps in what is known and objectives of this thesis. 

 

1.1 Non-small cell lung cancer 

 Tumours are clusters of cells with abnormal proliferation, and clinically, they 

could be categorised as benign or malignant tumours based on diagnostic evidence. 

Cancer biologists Hanahan et al.1 first proposed the ideas of ‘cancer hallmarks’ in 

2000, indicating that all cancers share six common characteristics: sustaining 

proliferative signalling; evading growth suppressors; resisting cell death; enabling 

replicative immortality; inducing angiogenesis; and activating invasion and 

metastasis. The hallmarks were updated in 20112, with four new features related to 

the tumour microenvironment and detailed discussions about cell-cell interactions, 

including genome instability and mutation; tumour-promoting inflammation; 

deregulating cellular energetics; and evading immune destruction. Recently, with 

more understanding of cancer biology, the hallmarks were updated again in 20223, 

with four new molecular features: unlocking phenotypic plasticity; non-mutational 

epigenetic reprogramming; senescent cells; and polymorphic microbiomes. Such 

complexity leads to diverse responses to cancer therapy, but improved 
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understanding with detailed mechanisms certainly sheds light on developing new 

cancer treatment paradigms.  

 Although the cancer mortality rate has been falling since 1991, each year in 

the United States, about 4.5 per 1000 people are still newly diagnosed with cancers, 

even taking away the lives of more than 150 people per 100,000 population every 

year4. Lung cancer leads the incidence and mortality rate5, comprising 20.1% of 

cancer-related mortality and 12% of new cancer cases in Europe in 20186, causing 

more deaths than breast, prostate, colorectal, and brain cancers combined4. In the 

United Kingdom (UK), lung cancer leads the cancer-related deaths with nearly 

35,000 dying each year, which accounts for around 1/5 of all UK cancer deaths 

and 13% of all new UK cancer cases7. Even though cancer treatment has improved 

in the past 30 years, the 5-year overall survival (OS) rate is still less than 25% for 

lung cancer patients, especially those with distant lesions (4.7%)8. According to 

World Health Organization (WHO), lung cancer takes 1.8 million deaths in 2020 

globally9. In the UK, lung cancer accounts for 34,771 deaths between 2017 to 2019, 

which is 21% of all cancer deaths10.  

 Lung cancer has two main subtypes – small cell lung cancer (SCLC) and non-

small cell lung cancer (NSCLC), with incidence rates of about 10-20% and 80-

90%, respectively11. NSCLC could further be specified into subtypes based on 

tumour histology, where three subtypes accounting for more than 80% of NSCLC 

– adenocarcinoma, squamous cell carcinoma (SCC), and large cell carcinoma 

(LCC). Adenocarcinoma is the most commonly seen histological subtype, which 

accounts for around 40% of cases, and has a higher possibility of being diagnosed 

before migrating into other organs due to its slow-growing abilities12.  
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1.1.1 NSCLC staging 

The Union for International Cancer Control (UICC) developed a cancer 

classification system called TNM, representing tumour size and extent of the main 

or primary tumour (T, Tumour), the number of lymph nodes that show signs of 

having cancerous cells (N, Number) and whether the cancer cells have spread to 

other body parts (M, Metastasis)11 (Table 1.1).  

 

Table 1.1. Clinical TNM cancer classification system for NSCLC published by 

the International Association for the Study of Lung Cancer (IASLC). (adapted 

from Goldstraw et al., 201613) 

Stage Description 

Primary Tumour (T) 

Tx 
Primary tumour cannot be assessed, or tumour proven by the presence of 

malignant cells in sputum or bronchial washings but not visualised by imaging 

or bronchoscopy 

T0 No evidence of primary tumour 

Tis Carcinoma in situ 

T1 

Tumour 3cm or less in greatest dimension, surrounded by lung or visceral 

pleura, without bronchoscopy evidence of invasion more proximal than the 

lobar bronchus. There are subtypes of T1: 

- T1a (mi): minimally invasive 

- T1a: tumour ≤1cm in greatest dimension 

- T1b: tumour >1cm but ≤2cm in greatest dimension 

- T1c: tumour >2cm but <3cm in greatest dimension 

T2 

Tumour more than 3cm but not more than 5cm; or tumour with any of the 

following features: 

-Involves the main bronchus only (without carina) 

-Invades visceral pleura  

-Associated with atelectasis or obstructive pneumonitis that extends to the 

hilar region of either part or the entire lung 

There are subtypes of T2: 

- T2a: tumour >3cm but ≤4cm in greatest dimension 

- T2b: tumour >4cm but ≤5cm in greatest dimension 



32 

 

T3 

Tumour more than 5cm but not more than 7cm in greatest dimension or 

tumour directly invades any of the following: parietal pleura, chest wall 

(including superior sulcus tumours), phrenic nerve, parietal pericardium; or 

separate nodule(s) in the same lobe as primary tumour 

T4 

Tumour more than 7cm or of any size that invades any of the following: 

diaphragm, mediastinum, heart, great vessels, trachea, recurrent laryngeal 

nerve, oesophagus, vertebral body, carina; separate tumour nodule(s) in a 

different ipsilateral lobe to that of the primary 

Regional Lymph Nodes (N) 

Nx Regional lymph nodes cannot be assessed 

N0 No regional lymph node metastasis 

N1 
Metastasis in ipsilateral peribronchial and/or ipsilateral hilar lymph nodes and 

intrapulmonary nodes, including involvement by direct extension 

N2 Metastasis in ipsilateral mediastinal and/or subcarinal lymph node(s) 

N3 
Metastasis in contralateral mediastinal, contralateral hilar, ipsilateral or 

contralateral scalene, or supraclavicular lymph node(s) 

Distant Metastasis (M) 

M0 No distant metastasis 

M1 

Distant metastasis. There are subtypes of M1: 

- M1a: separate tumour nodules in a contralateral lobe, tumour with 

pleural or pericardial nodules or malignant pleural or pericardial 

effusion 

- pleural (pericardial) effusion should be tested through multiple 

microscopic examinations, if the fluid are negative for tumour, 

nonbloody and not and exudate, it should be excluded as a staging 

descriptor. 

- M1b: single extrathoracic metastasis, including involvement of a single 

distant (non) regional lymph node 

- M1c: multiple extrathoracic metastases in one or more organs 

  

Building on the TNM classification, the American Joint Committee on Cancer 

(AJCC) has defined a clinical cancer staging system. This system has slowly 

changed over time, with the advances in diagnosis and treatment improvement. In 

the past decade, it was updated in 2010 and 2017. Staging definitions in the newest 

version (‘The Eighth Edition AJCC Cancer Staging Manual’14) are summarised in 

Table 1.2.  
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Table 1.2. Clinical staging of NSCLC. (adapted from AJCC guideline14) 

AJCC 

stage 

TNM 

standard 
Stage description 

Occult 

(hidden) 
Tx, N0, M0 

The primary tumour cannot be assessed, or cancer cells are 

seen in lung fluids (e.g. sputum sample), but the cancer is not 

found with other tests, so its location cannot be determined. 

0 Tis, N0, M0 
The tumour is found only in the top layers of cells lining the 

air passages. 

IA 
T1mi, N0, M0 

T1, N0, M0 

The cancer is a minimally invasive carcinoma, or the tumour 

is no longer than 3cm. 

IB T2a, N0, M0 

The tumour has one/more following features: 

- Larger than 3cm but less than 4cm across 

- Grown into the main bronchus, but with more than 2cm 

from the carina + less than 4cm across 

- Grown into the visceral pleura + less than 4cm across 

IIA T2b, N0, M0 

The tumour has one/more following features: 

- Larger than 4cm but less than 5cm across 

- Grown into the main bronchus, but with more than 2cm 

from the carina + less than 5cm across 

- Grown into the visceral pleura + less than 5cm across 

IIB 

T1, N1, M0 

T2, N1, M0 

T3, N0, M0 

The tumour has one/more following features: 

- Any above description in IA/IB/IIA + cancer has spread to 

the ipsilateral hilar lymph nodes (where the bronchus enters 

the lung)  

- Larger than 5cm but less than 7cm across 

- Grown into the chest wall, parietal pleura, phrenic nerve, or 

parietal pericardium 

- Have two or more separate nodules in the same lobe 

IIIA 

T1, N2, M0 

T2, N2, M0 

T3, N1, M0 

T4, N0/N1, M0 

The tumour has one/more following features: 

- Any above description in IA/IB/IIA + cancer has spread to 

the ipsilateral lymph nodes around the carina or mediastinum 

- Any above description in T3 IIB (T3, N0, M0) + cancer has 

spread to the ipsilateral hilar lymph nodes 

- Larger than 7cm across 
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- Grown into the mediastinum, heart, trachea, oesophagus, 

diaphragm, backbone, carina, or the large vessels near the 

heart (e.g. aorta) 

- Have two or more separate nodules in the different lobes 

IIIB 

T1, N3, M0 

T2, N3, M0 

T3, N2, M0 

T4, N2, M0 

The tumour has one/more following features: 

- Any above description in IA/IB/IIA + cancer has spread to 

lymph nodes in any undescribed parts of the body 

- Any above description in T3 IIB (T3, N0, M0) or T4 IIIA 

(T4, N0/N1, M0) + cancer has spread to the ipsilateral 

lymph nodes around the carina or mediastinum 

IIIC 
T3, N3, M0 

T4, N3, M0 

The tumour has one/more following features: 

- Any above description in T3 IIB (T3, N0, M0) or T4 IIIA 

(T4, N0/N1, M0) + cancer has spread to lymph nodes in any 

undescribed parts of the body 

IV Any T. N, M1 

Cancer can be any size or even without growing into the 

lymph node, but has one or more following features: 

- Cancer has spread to the other lung 

- Cancer has pleural (fluid around the lung) / pericardial 

(fluid around the heart) effusion 

- Cancer has spread to organs outside of the lung 

 

In this thesis, stage III patients are described as having locally advanced 

NSCLC (LA-NSCLC). 

 

1.1.2 NSCLC treatment: surgery, chemotherapy, and targeted 

therapy 

 According to National Comprehensive Cancer Network (NCCN) guidelines 

for NSCLC (version 2, 2023)15, a series of investigations are recommended before 

deciding how to treat. These investigations include chest and abdomen computer 

tomography (CT), fluorodeoxyglucose (FDG) positron emission tomography 
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(PET)/CT, bronchoscopy, and functional tests. Cardiopulmonary exercise 

functional tests aim at identifying respiratory risk factors – forced expiratory 

volume in one second (FEV1s) and diffusing capacity for carbon oxide (DLCO). 

They were evaluated for NSCLC treatment selection together with other risk 

factors, such as age, sex, performance status (PS), and risks-weighted comorbidity 

score (e.g. heart disease, stroke or ischemia history)16–18. 

Surgery treats stage I, II or III NSCLC patients with resectable tumours12,18. 

For stage I and II NSCLC, stereotactic body radiotherapy (SBRT), sometimes 

known as stereotactic ablative radiotherapy (SABR), has similar treatment efficacy 

to surgery. Different extents of lung removal are described using the terminologies: 

wedge resection (removing a small part of a lobe), segmentectomy (removing a 

large part of a lobe), lobectomy (removing an entire lobe), sleeve lobectomy 

(removing an entire lobe and part of the bronchus) and pneumonectomy (removing 

one side of the whole lung)19. Recently, video-assisted thoracoscopic surgery 

(VATS) has been used, with only a tiny incision by inserting thorascope12,19,20. 

Following surgery, chemotherapy is commonly used as an adjuvant for stage IIA, 

IIB and IIIA NSCLC to reduce the possibility of cancer relapse. 

Chemotherapy uses chemical toxicity to kill tumours. It is the standard choice 

for stage IV NSCLC. The treatment efficacy is influenced by histology, age, 

comorbidity risks and PS. In particular, side effects are severe for patients with 

poor PS (PS≥2), for whom chemotherapy is not used21,22. For patients without 

distant metastasis (i.e. not stage IV), chemotherapy is usually given together with 

surgery or radiotherapy.  

Precision medicine used targeted molecular markers to achieve tumour-killing, 

can be given either as a monotherapy or as an adjuvant with chemotherapy, and 

has been shown to improve OS and progression-free survival (PFS) versus 

chemotherapy alone. Targeted therapy has achieved useful tumour control 

including treatments targeting the following markers: epidermal growth factor 
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receptor (EGFR); vascular endothelial growth factor (VEGF); and anaplastic 

lymphoma kinase (ALK). For example, Osimertinib targeting EGFR has been 

recommended as an adjuvant for completely resected EGFR mutation-positive 

NSCLC patients15. 

 An anti-cancer immune response begins once dendritic cells recognise dying 

tumour debris as tumour antigens, followed by antigen transportation/presentation 

to lymph nodes via dendritic cells, which activate cytotoxic T cells with tumour-

killing abilities. Anti-cancer immunity requires clear signal recognition from the 

receptors linking the tumour and immune cells. Tumours could inhibit and even 

shoot down anti-cancer immunity by disguising themselves from the immune 

system. With dysfunctional tumour antigen recognition, cancer stops the activation 

of cytotoxic T cells and facilitates regulatory T cells, which hold the tumour-

promoting abilities23–25.  

Bioreceptors responsible for anti-cancer immunity are called immune 

checkpoints, where cancer cells paralyse the tumour-killing functions by blocking 

either side of a checkpoint. Drugs have been developed to stop blocking of immune 

checkpoints, allowing anti-cancer immunity to work. Two checkpoints have been 

particular interest – cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) and 

programmed cell death 1 (PD1, T cell side) / programmed death-ligand 1 (PDL1, 

tumour surface side)23,26. Specifically, anti-PD1 and anti-PDL1 drugs have 

performed well in trials for multiple cancer sides, and shown the potential to be 

the frontline monotherapy or combined with chemotherapy, radiotherapy or 

targeted therapy for NSCLC27–30.  
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1.2 Radiotherapy for NSCLC 

Ionising radiation beams comprising megavoltage photons or high energy 

protons can be used in NSCLC treatment. Over 60% of NSCLC patients receive 

radiotherapy at least once during treatment31.  

 

1.2.1 Current radiotherapy treatment  

 Radiotherapy is vital in clinical NSCLC care, either curatively or palliatively. 

SBRT is the standard choice for early-stage patients unfit for surgery32. The 

recommended radiation dose fractionation for SBRT include: 54Gy in 3 fractions 

over 5 to 8 days, 55Gy in 5 fractions over 10 to 14 days, 60Gy in 5 fractions over 

10 to 14 days, or 60Gy in 8 fractions over 10 to 20 days33. However, such schedules 

come with about 15% lymph node failures and 20% chances of distant 

recurrence34,35. When primary lesions are close to surrounded organs at risk 

(OARs), within 2cm in all directions of any mediastinal structure, standard SBRT 

with three fractions might lead to severe toxicity due to unavoidable OAR 

exposure36,37. Moderately hypofractionated SBRT giving 60Gy in 15 fractions can 

achieve good results for ultracentral lesions, with constraints of not exceeding 

>150% prescribed dose within the planning tumour volume (PTV) and maximum 

dose limit of 80 to 90Gy tumour equivalent dose in 2Gy/fraction (EQD2) to OARs 

such us oesophagus38. Inoperable patients with the nodal negative primary tumour 

within 5cm can also be treated by SBRT – delivering 100Gy EQD2 with an inter-

fraction intervals between 40 hours to four days33.  

 Unresectable LA-NSCLC patients with good PS are usually treated using 

concurrent chemoradiotherapy (cCRT). Standardly, radiation schedules delivering 

60 to 66Gy in 1.8 to 2Gy/fraction in 6 to 6 ½ weeks (40 to 45 treatment days) or 

55Gy in four weeks with mild hypofractionation are used together with 2-4 



38 

 

platinum-based chemotherapy cycles18,31,39. Clinical trials comparing the 5-year 

OS of surgical resection and radiotherapy after induction chemotherapy or cCRT 

have shown that surgery is redundant and does not improve OS40–42. However, 

surgery before radiotherapy or cCRT can reduce the risks of local recurrence if 

patients are diagnosed with multi-nodules or lesions described as extracapsular 

tumours19.  

Clinically, around 20% of LA-NSCLC patients are at high risk of comorbidity 

if treated using standard cCRT, including those with poor PS (PS ≥2). These 

patients can alternatively be treated using sequential CRT (sCRT) or radiotherapy 

alone with the same prescribed dose and treatment duration as cCRT. An 

acceleration with more than one fraction per treatment day has also been 

suggested34.  

 Different radiotherapy schedules are used for palliative treatments. For 

patients with good PS, 36 to 39Gy in 12 fractions, 30Gy in 10 fractions, or 20Gy 

in 5 fractions are given. For those with poor PS, 17Gy in 2 fractions and a single 

fraction of 10Gy are also used33.  
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Table 1.3. Overview of NSCLC radiotherapy. 

Lesions description Radiotherapy guideline summary 

Curative purpose  

early stages,  

localised disease 

• Inoperable: SBRT, 54Gy in 3 fractions, 

55Gy in 5 fractions, or 60Gy in 5 or 8 

fractions 

• Operable: surgery preferred, while SBRT 

can provide similar treatment outcomes 

early stages,  

ultracentral tumours 

( <2cm to critical mediastinal 

structure ) 

• 60Gy SBRT using in 15 fractions  

locally advanced tumours 

(unresectable IIB. stage III) 

• The cCRT: 60-66Gy in 2Gy/fraction or 

55Gy in four weeks + 2-4 chemotherapy 

cycles 

• The sCRT with the same prescribed dose 

and treatment duration as cCRT 

• Radiotherapy alone of 55Gy in four 

weeks or 54Gy in 36 fractions over 12 

consecutive days  

Radiotherapy as palliative or supportive treatments 

locally advanced tumours 

(unresectable IIB. stage III) 

• Radiotherapy in different dose schedules 

according to PS 

stage IV  

with brain metastasis 
• Radiotherapy + surgery recommended 

post operation radiotherapy 

• For patients with multi-nodal lesions or 

extracapsular tumours, post-operation 

radiotherapy recommended reducing 

risks of local recurrence  
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Regarding treatment planning, the structure contouring and expansions 

between gross tumour volume (GTV), clinical target volume (CTV), PTV, or 

OARs slightly vary depending on the protocols used by different medical centres. 

Also, dose constraints for normal tissues and dose coverage on tumours might vary 

between centres. Table 1.4. summarises the normal tissue dose constraints 

recommended for conventionally fractionated LA-NSCLC cCRT in the NCCN 

guidelines43. In particular, the guideline recommended median dose of ≤69Gy for 

branchial plexus, while several studies set the maximum dose constraints for 60 or 

66Gy44, therefore, I did not list it in the table. 

 

Table 1.4. Dose constraints of OARs for conventionally fractionated LA-

NSCLC cCRT.  

VXGy denotes the dose constraints delivered to how many % of the volume 

receiving XGy.  

OARs structure 
Dose constraint in 30 to 35 fractions, given in 

1.8 to 2Gy-per-fraction 

standard radiation fractionation given as cCRT 

Spinal cord Maximum ≤ 50Gy 

Lung 
V20Gy ≤ 35% - 40% 

Mean dose ≤ 20Gy 

Heart 
V50Gy ≤ 25% 

Mean dose ≤ 20Gy 

Oesophagus 

Mean dose ≤ 34Gy 

Maximum dose ≤ 105% of prescribed dose 

V60Gy ≤ 17% 

Contralateral sparing is desirable 
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In the past two decades, technological advances including intensity-modified 

radiotherapy (IMRT), volumetric modulated arc therapy (VMAT), and image-

guided radiotherapy (IGRT) have improved radiation dose distributions, better 

avoiding normal tissue irradiation while maintaining tumour dose coverage. 

Ongoing LA-NSCLC trials may provide data guiding the optimisation of schedules 

used to deliver these improved dose distributions34. Stratified patient selection or 

personalised radiotherapy may be possible in the future. 

Additionally, replacing standard radiation source photons with protons might 

play an important role in treatment optimisation, as protons release large amounts 

of energy at specific depths below the body surface (i.e. Bragg Peak). This feature 

provides potential benefits including reducing OAR toxicities, and more safely 

delivering high and escalated radiation doses to tumours close to critical organs. 

In terms of LA-NSCLC, multiple studies have shown that proton therapy 

significantly improves the dose to the lungs, spinal cord, heart, oesophagus, and 

incidences of grade ≥3 radiation-induced toxicities (pneumonitis, oesophagitis) 

compared to photon therapy when giving the same prescribed dose45,46. Most 

published LA-NSCLC radiotherapy data to date has been for photon beam 

treatment. The only randomised trial comparing cCRT with proton versus photon 

showed dose-volume indices improvement only for heart (p=0.002) but not for 

lung (p=0.818) and oesophagus (p=0.717); additionally, the primary endpoint of 

that study (grade ≥3 pneumonitis) was similar across arms, with a rate of 6.5% for 

photon and 10.5% for proton47. More studies are needed to investigate whether 

proton therapy can change the landscape of LA-NSCLC treatment in the future.   

 

1.2.2 Acceleration and dose-escalation of LA-NSCLC 

A radiation schedule of 60Gy in 30 fractions in 40 days has been considered 

the standard treatment of LA-NSCLC by Radiation Therapy Oncology Group 
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(RTOG) for 40 years48. In the UK, 55Gy in four weeks or 64 to 66Gy in 6 ½ weeks 

is generally used instead. Even though standard treatment has evolved from 

radiotherapy alone to sCRT with induction chemotherapy through to cCRT, 

researchers are still interested in optimising the radiation dose-response.  

Accelerated radiotherapy schedules designed to limit tumour proliferation 

have been tested to determine whether they achieve increased survival rates. 

Continuous, hyperfractionated, accelerated radiotherapy (CHART) using 54Gy in 

36 fractions within 12 consecutive days showed mild toxicity with 99% of patients 

completing treatments. However, even though this modified strategy slightly 

improved the 2-year OS (29% vs 20%, p=0.004), around 50% of patients had 

tumour recurrence eventually49,50.  

Radiotherapy dose-escalation has been tested extensively. In principle, 

escalation can improve tumour control while normal tissue doses can be limited 

using modern technology. Early-stage dose-escalation clinical trials have shown in 

limited patient cohorts that escalation can be safe and effective in improving OS 

51–53. Still, effects remain controversial since the only randomised phase III clinical 

trial (RTOG-0617) published in 2015 reported that 2-year OS dropped by 29% 

using 74Gy cCRT, compared to standard 60Gy (p=0.004)54. There was higher 

toxicity incidence for the high-dose arm, and inferior quality of life three months 

after the treatment55. 

Alternatively, personalised dose-escalation modifying tumour prescribed 

doses to limit OAR irradiation has been proposed as a possible approach for LA-

NSCLC cCRT optimisation50. The unrandomised phase II trial IDEAL-CRT 

(isotoxic dose-escalated concurrent chemoradiotherapy trial) applied personalised 

dose-escalation through evaluating patient-by-patient oesophagus tolerance. It 

delivered 63-71Gy in 30 fractions over five weeks (N=36; 2.1 to 2.37 Gy/fraction), 

or 63-73Gy in 30 fractions over six weeks (N=82; 2.1 to 2.43 Gy/fraction), 

showing promising toxicity with acceptable rates of severe pneumonitis and early 
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oesophagitis (≥ grade 3: 3.4% for five-week, 5.9% for six-week, N=118)56. The 

median OS was better for the six-week arm (41.2 vs 22.1 months, p=0.04). 

Additionally, in the six-week arm, median OS of 41.2 months and PFS of 21.1 

months were much better than 74Gy arm of RTOG-0617 (median OS: 20.3 months, 

median PFS: 9.8 months)57. These results suggest that the choice of prescribed 

dose and radiotherapy duration might influence outcomes from dose-escalation.   

Other dose-escalation methods are under investigation, such as boosting the 

dose in regions with high PET-FDG standard uptake values (SUV) (>50% of 

maximum SUV), and modifying the prescribed dose after 45Gy radiation delivery 

– an amount that should be enough to shrink tumour significantly58. In addition, 

the randomised phase II PET-boost trial (NCT01024829) escalated dose to the 

entire primary tumour or high pre-treatment FDG-uptake tumour subvolumes with 

≥72Gy in 24 fractions. It showed elevated toxicity, with 41% and 25% of patients 

experiencing acute and late ≥ grade 3 toxicity respectively (N=107)59. This perhaps 

suggests that either lower dose boost levels should be used, potentially reducing 

efficacy, or that levels currently used should be delivered to smaller boost volumes.  

Biologically effective dose (BED) and EQD2 measures allow comparisons of 

results from trials that have used different radiation fractionation schedules. Using 

these metrics, review studies and meta-analyses found a dose-response gradient 

for OS, corresponding to 0.4% to 0.7% OS increase in survival per one Gy increase 

in BED, with an associated 0.5% increase in acute oesophagitis58,60. Furthermore, 

modelling studies suggest that each 1% of dose-escalation might increase tumour 

local control (LC) by 1-2%. Additionally, escalation without protracting treatment 

duration might achieve better results than adding additional fractions61,62. 

Furthermore, review data suggest that sCRT might achieve as good OS and LC as 

cCRT given a well-designed dose-escalation strategy60.  
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In summary, despite the results from RTOG-0617, systemic reviews and meta-

analyses suggest that OS gains may still be achievable from radiation dose-

escalation. However, when considering escalation studies, it is important to – 

1) Further analyse the effects of dose, dose-per-fraction and treatment 

duration on outcomes. 

2) Achieve a deeper understanding of the influence of normal tissue toxicity 

on OS. 

3) Determine whether adjuvant drugs can also improve tumour control, 

potentially improving OS while contributing less to toxicity than dose-

escalation.  

 

1.2.3 Tri-modality treatment with immunotherapy 

Cancer immunotherapy, especially immune checkpoint blockade (ICB), has 

been widely investigated in the past decade63. Cancers can evade immune control, 

and one of the most common ways to shut down anti-cancer immunity is disguising 

themselves from immune checkpoint recognition, where immune systems are 

supposed to recognise them and activate a series of cell-killing reactions. ICB 

targets specific receptors on tumour sides or the T cells, providing chances of 

activating pre-existing immunity to an anti-cancer status64. 

Clinical trials have tested the efficacy of anti-PD1 and anti-PDL1 ICB 

treatments of NSCLC. Both drugs have shown benefit, but the studies have had 

heterogeneous designs, and so patient selection criteria have yet to be determined, 

especially whether tumour PDL1 presentation might affect the treatment 

outcomes65. Other drugs (e.g. anti-CTLA4) have also been investigated. However, 

published studies of radiotherapy together with ICB for NSCLC have only used 

anti-PD1/PDL1 drugs.  
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Methods of quantifying PDL1 vary as different scoring systems count the 

tumour tissue sections using different methodologies. The most frequently used 

method is called tumour proportion score (TPS), where values represent the PDL1 

presented on the tumour; in contrast, combined positive score (CPS) reports PDL1 

presentation by counting those markers on both the tumour and surrounding 

immune cells. Additionally, there are considerable variances in the PDL1 cut-off 

standard for ICB approvals, ranging from 1% to 50%28,30,65,66. Furthermore, 

inconsistent clinical outcomes have been reported – higher PDL1 expression 

sometimes was associated with better OS28–30; and sometimes with worse OS30,65. 

A recent analysis found that tumour PDL1% expression in biopsy samples had 

limited association with NSCLC treatment outcomes; however, the double markers 

of ‘PDL1%’ plus ‘CD8+ T cell density’ may help identify patients who benefit 

more from anti-PDL1 ICB monotherapy67.  

Durvalumab (MEDI 4736) is an engineered ICB antibody that stops tumour 

PDL1 from binding to PD1, and activates cytotoxic T cells in tumour recognition 

and upcoming tumour elimination68. A pre-clinical study has shown synergetic 

effects together with irradiation69, and early-phase clinical trials have 

demonstrated good anti-tumour action on late-stage NSCLC70.  

In PACIFIC (NCT02125461), a phase III, randomised, double-blind, placebo-

controlled, multi-centre, international trial of MEDI 4736 (durvalumab) given 

adjuvantly followed definitive cCRT for LA-NSCLC patients, OS was notably and 

significantly improved versus standard cCRT (p=0.003) with 2-year OS rates of 

66% versus 56%71,72. Furthermore, toxicity was not increased. This has changed 

the practice with many patients now receiving ICB consolidation following cCRT. 

The PACIFIC trial randomised patients who had not progressed after cCRT 

into the durvalumab and placebo groups using around a 2:1 (473:326) ratio after 

cCRT. 10 mg/kg durvalumab was given intravenously every two weeks, up to 12 

months, starting from 1-42 days after last irradiation. In addition, cCRT 



46 

 

prescription includes more than two cycles of platinum-based chemotherapy plus 

54-66Gy radiotherapy with radiation dose constraint for lung parenchyma V20 

(lung parenchyma volume receiving 20Gy or more) <35%71. The primary endpoint 

was OS, and there was a significant difference (p=0.003) between durvalumab and 

placebo groups, where OS was 83.1% vs 75.3% at 12 months and 66.3% vs 55.6% 

at 24 months, respectively. Besides, long-term radiation toxicity with grade 3/4 

severe side effects was similar between groups, 30.5% for durvalumab and 26.1% 

for placebo71,72.  

Following the success of PACIFIC, further studies are now investigating such 

tri-modality treatments with different protocols – such as starting ICB concurrently 

with cCRT, replacing cCRT with sCRT, or allowing diverse patient eligibilities 

regardless of cCRT progression73–76.  

 

1.3 Normal tissue toxicity of radiotherapy 

Oncology research aims at balancing benefits between maximising tumour 

control and minimising normal tissue toxicity, to achieve the best care for cancer 

patients. Therefore, it is crucial to investigate radiation toxicity.  

Radiotherapy technology has progressed rapidly in the last 30 years, 

improving the accuracy of tumour targeting and decreasing the chances of 

radiation toxicity in normal tissues. Ideally, radiation would kill 100% of the 

tumour without damaging any normal tissue. However, in practice, tumours 

usually lie close to normal tissues, and many late toxicities appear long after 

radiotherapy as a result of normal tissue irradiation.  

To achieve the best treatment efficacy, it is needed to identify and design 

radiation schedules that maximise tumour-killing and minimise toxicity. Treatment 

schedules can be evaluated via dose-response curves in terms of tumour control 
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probability (TCP) and normal tissue complication probability (NTCP) (Figure 1.1). 

The x-axis refers to the radiation dose and can be presented in terms of different 

metrics accounting for fractionation effects (e.g. EQD2, BED). In contrast, the y-

axis describes the rates of tumour control or normal tissue complication. The 

region between two curves is called the ‘therapeutic window’, and is a dose range 

in which useful rates of tumour control are achieved while limiting toxicity of 

normal tissues. Clinically, the wider the window, the better is the treatment. Precise 

radiation delivery techniques have widened therapeutic windows by limiting doses 

to normal tissues while maintaining tumour dose coverage77,78.  

Figure 1.1 Dose-response curves visualise TCP, NTCP, and therapeutic 

window. (adapted from Basic radiation oncology78) 
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1.3.1 Normal tissue toxicity of NSCLC radiotherapy 

Radiation toxicity is a critical issue for NSCLC as there are several OARs, 

including the heart, lung, oesophagus, and spinal cord. With the technological 

advances from conformal, IMRT, to VMAT, the toxicity has been well-reduced. 

However, challenges remain towards optimising dose-per-fraction, treatment 

duration, and combined chemotherapy/immunotherapy. 

A study analysed the NSCLC outcomes with a large dataset treated before 

2003. It compared cohorts receiving surgery with and without radiotherapy, 

showing that radiotherapy provided increased mortality from heart disease (hazard 

ratio HR: 1.30; 95% confidence intervals CI: 1.04, 1.61; p=0.019; N=6148, around 

1:1 patient split)79. Such outcomes were supported by another study with 98 

NSCLC patients treated between 1994 and 2004. The results indicated that 

radiotherapy greater than 54Gy was associated with higher death rates for patients 

with left-sided tumours (p<0.05). Even though these patients were mainly treated 

with cobalt-60 instead of modern radiotherapy, such findings suggested that 

radiation-induced heart disease (RIHD) might be a concern for NSCLC 

radiotherapy80. Besides, an epidemiology study containing more than 30000 

NSCLC patients treated between 1991 to 2002 showed an increased risk of cardiac 

dysfunction given radiotherapy or chemoradiotherapy (CRT), with the HR of 1.54 

(95% CI: 1.29, 1.83) and 2.36 (95% CI: 1.91, 2.92) respectively81. 

 In the IMRT era, dose-escalation with precise radiation delivery techniques 

has been widely tested for optimising LA-NSCLC radiotherapy. In the long-term 

follow-up of RTOG-0617, there was greater grade ≥3 dysphagia (12.1% vs 3.2%, 

p=0.0005) and oesophagitis (17.4% vs 5.0%, p <0.0001) in the high-dose 74Gy 

arm compared to standard 60Gy arm57. There is a limitation on interpreting the 

toxicity results of RTOG-0617, as the study suggested the heart dose contouring 

guideline but did not require strict compliance. The key findings showed that heart 

volume receiving ≥5Gy (V5) was significantly associated with the OS (HR: 1.008, 
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95% CI: 1.002, 1.013)57. In 2021, secondary analyses of 488 patients with accurate 

voxel-wise dose mapping information showed that heart region dose to the base of 

the heart was significant against OS (p<0.001) and should be more critical than 

standard dose-volume information such as V5
82.    

Additionally, LA-NSCLC dose-escalation studies based on dose constraints 

of specific OARs have been tested, such as IDEAL-CRT, through patient-by-

patient oesophagus toxicity evaluation56,83. Toxicity in IDEAL-CRT is acceptable, 

with 37% of grade ≥3 and 8% of grade ≥4 early or late radiation complications. 

Besides, either heart or lung volume receiving ≥20Gy (V20), 40Gy (V40), and 60Gy 

(V60) did not affect the OS, whereas the OS showed a negative association against 

heart volumes receiving radiation doses from 63 to 69Gy56.  

Giving chemotherapy together with radiotherapy exacerbates treatment 

toxicity, in particular for cCRT. Patient characteristics such as PS and functional 

indices like FEV1s and DLCO have been associated with OS levels following cCRT 

for LA-NSCLC84–87. Regarding radiotherapy indices, mean heart dose (MHD) and 

mean lung dose (MLD) are most frequently used in evaluating NSCLC 

radiotherapy plans because RIHD and pneumonitis have been found to be 

associated with OS, and pneumonitis is a common toxicity of LA-NSCLC 

radiotherapy88,89.  

Loap et al.90 proposed a new toxicity evaluation concept by plotting a dose-

toxicity correlation network. This framework speculates that substructure doses 

might impact long-term toxicity more than current understanding, especially in 

OARs with motion issues during the treatment, such as heart and lung. Further 

studies might help identify critical substructures for toxicity sparing and elucidate 

unconfirmed causal relationships between toxicity and death. 

The radiotherapy toxicity of NSCLC has yet to be fully understood. At least, 

there is a consensus that toxicity scoring systems should be used to reflect the 
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potential harm of the treatment. Multiple scoring systems have been used to grade 

radiation toxicity. The most commonly used system includes the Common 

Terminology Criteria for Adverse Effects (CTCAE)91, Radiation Therapy 

Oncology Group, and European Organisation for Research and Treatment of 

Cancer (RTOG/EORTC) standard92. Despite the detailed definition slightly 

differing, all systems categorise the toxicity in five grade levels, starting with the 

mildest grade 1 to the deadly grade 5. In most cases, patients with grade 1 or 2 

toxicity may need intervention to alleviate the unwellness. Those with grade ≥3 

toxicity require medical intervention and may consider stopping or modifying the 

radiation delivery. Symptoms related to NSCLC radiation toxicity have been 

reported, including oesophagitis, dysphagia, fatigue, upper gastrointestinal 

haemorrhage, coughing, and vomiting57,59. However, most toxicity cases were 

usually mild (grade ≤2) when they were not related to lung or heart59; therefore, 

the definition of toxicity scoring systems for general disorders, lung, and heart are 

summarised in Table 1.5. 

Table 1.5 Definition of radiation toxicity scoring system. CTCAE version 5.0 

for general disorders is listed; RTOG/EORTC standard toxicity for heart and lung 

are reported. 

Grade 
CTCAE 5.0 

(for general disorders) 

RTOG/EORTC 

Lung Heart 

1 

Asymptomatic or mild 

symptoms; observations 

only; intervention not 

indicated 

Mild dry cough or 

dyspnoea or exertion 

Asymptomatic but ECG 

changes or pericardial 

abnormalities w/o other 

issues 

2 

Minimal, local or non-

invasive intervention 

indicated; limiting 

instrumental ADL 

Persistent cough 

requires narcotic or 

dyspnoea with minimal 

effort but not at rest 

Symptomatic with ECG 

changes and radiological 

findings of congestive 

heart failure or 

pericardial disease w/o 

treatment required  

3 

Severe or medically 

significant but not 

immediately life-

threatening; 

Severe cough 

unresponsive to narcotic 

or dyspnoea at rest or 

evidence of acute 

Congestive heart failure, 

angina pectoris, or 

pericardial disease 

requires therapy 
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hospitalisation indicated; 

limiting self-care ADL 

pneumonitis may 

require intermittent 

oxygen or steroids 

4 

Life-threatening 

consequences; urgent 

intervention indicated 

Severe respiratory 

insufficiency requires 

continuous oxygen or 

assisted ventilation 

Same symptoms as 

grade 3 but not 

responsive to 

nonsurgical therapy  

5 Death Death Death 

Table abbreviation: ECG for electrocardiogram, w/o for without, ADL for activities of daily living 

 

1.3.2 OARs in NSCLC radiotherapy: oesophagus, spinal cord, 

and lung 

 OARs with dose constraints for conventionally fractionated LA-NSCLC 

cCRT are listed in Table 1.4, including the oesophagus, spinal cord, lung, brachial 

plexus, and heart. This section will introduce the OARs that have been understood 

more with limited updates in recent years. 

 Oesophagitis is the most seen oesophageal toxicity. Early oesophagitis starts 

with oesophageal inflammation and potential haemorrhage, whereas it can 

typically be resolved within two to three weeks after completion of radiotherapy93. 

In a review study, the occurrence rate of grade ≥3 acute oesophagitis was less than 

<5% for LA-NSCLC studies with radiotherapy duration of >35 days regardless of 

dose-escalation, reflecting the compensatory mucosal proliferation61. Late 

oesophagitis usually becomes fibrosis, happening months or years after the end of 

radiotherapy. It is not a serious concern as multiple escalation trials show low rates 

of late oesophagitis, with <2% and 0% of grade 3 and 4 events, respectively61. 

 Radiation myelopathy is often discussed as spinal cord toxicity. In LA-

NSCLC, the current cord dose constraints of 50Gy should be plausible, and studies 

that limit the constraints using <43Gy showed no grade ≥3 toxicity given cCRT61. 

45 to 50Gy delivered in 1.8 to 2.0Gy-per-day is the most held limit, as no 
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myelopathies have been reported at this dose level without a pre-existing history 

of extenuating circumstances such as progressive nerve deficit94. 

Lung toxicity happens as the radiation passes through lung volumes in treating 

NSCLC. The most commonly seen events include unrepairable lung fibrosis and 

radiation pneumonitis (RP). Either lung fibrosis or RP starts with inflammation 

after radiation exposure. They can be best diagnosed through imaging such as CT 

or magnetic resonance imaging (MRI), with radiopaque features reflecting the 

alveolar damage and interstitial infiltrates. Clinical pictures of pneumonia usually 

appear earlier, starting around 6 to 12 weeks after irradiation95; fibrosis typically 

develops 6 to 24 months after irradiation96. Fibrosis and RP are not 

histopathologically independent, and both start from damaging the lung's most 

radiosensitive alveolar-capillary complex. The accumulation and infiltration of 

inflammatory cells, fibroblasts, and extracellular matrix proteins such as collagen 

characterises the pathological presentation. Specifically, fibrosis often comes with 

some scars, which might indicate lung dysfunction; while RP often comes with the 

alveolar histoarchitecture destruction around pulmonary interstitium95,96.  

Associations have been reported between radiation-induced lung injury 

following radiotherapy of NSCLC, and patient characteristics such as age (>65 

years old), pre-existing lung diseases, and receiving CRT instead of radiotherapy 

alone97. Specifically, chronic obstructive pulmonary disease (COPD) patients with 

pre-existing lung function issues had higher lung toxicity after lung cancer 

radiotherapy (p=0.026)98. Various dosimetric indices have been reported to be 

related to lung toxicity. For example97, one study reported that MLD was strongly 

correlated with RP; whereas other studies found that lung V20 and V30 were the 

only significant parameters in predicting RP. Relatedly, about 15% of grade ≥2 RP 

and fibrosis rates are seen in escalation studies and are associated with MLD61. In 

addition, the branchial plexus has also been investigated, with a limited rate of 

severe toxicity – grade ≥3 branchial stenoses only occurred in <5% of patients in 
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dose-escalation studies up to 84Gy of prescribed dose61. All in all, there is a 

consensus that greater irradiation of lung and higher MLD results in more severe 

lung toxicity. There is, though, still room to fine-tune the dosimetric constraints to 

account for pre-existing diseases, tumour locations, and breathing during the 

treatment which are thought affect complication probabilities. 

 

1.3.3 OARs in NSCLC radiotherapy: heart  

Compared to the OARs mentioned in the previous section, cardiac toxicity is 

much more complicated, with less clinical consensus to date. In particular, several 

issues are still pending to be sorted, including:  

1) The relationships between cardiac events and absolute survival rate. 

2) The relationships between heart irradiation, RIHD and OS, and whether 

doses to particular sub-volumes may be more predictive than measures of 

whole heart irradiation. 

3) The precise mechanisms of radiation damage resulting in cardiac toxicity, 

dysfunction and death. 

Historically, pre-clinical in-vivo studies revealed that radiotherapy might 

cause cardiac infarction and congestion dysfunction resulting in heart failure81. 

However, most animal studies give radiation in few fractions with higher dose-per-

fraction, which only loosely reflect clinical treatment with standard fractionation 

schedules. Besides, most guidelines about heart constraints come from the 

Quantitative Analyses of Normal Tissue Effects in the Clinic (QUANTEC) study, 

which mainly focused on cardiac toxicity dose-responses following radiotherapy 

of oesophageal cancer and lymphoma99. QUANTEC suggested that MHD should 

be kept below 15Gy, and heart V30 should be kept below 46%; however, there were 

no lung cancer patients in this study, and MHDs were often roughly estimated99,100.  



54 

 

As the heart is located in the centre of the chest, it is challenging to limit 

cardiac irradiation without compromising tumour control for lung cancer. RIHD 

following radiation for lung cancer is usually seen within 90 days of completion 

of the treatment100. Mechanistically, cardiac irradiation induces acute 

inflammation, often presenting as acute pericarditis. Such microvascular damage 

can lead to fibrosis of the myocardium, affecting heart distensibility and elasticity. 

These changes can lead to further complications, such as arrhythmias, late 

pericarditis, pericardial effusion, and myocardial infarction101.  

Cardiac toxicity has been raised as a serious issue since increased heart doses 

may explain the lower OS seen in the 74Gy dose-escalation arm of RTOG-061754. 

Specifically, in post hoc analyses of RTOG-0617, heart volumes receiving more 

than 5Gy (V5) and 30Gy (V30) were negatively associated with survival102,103. 

However, in a 2021 review Banfill et al. found that while pre-existing cardiac 

disease was repeatedly reported to be negatively associated with OS following 

NSCLC, dose volume indices were inconsistently associated with OS100. For 

example, heart V5 was associated with OS in RTOG-0617 but not in ESPATUE, a 

phase III trial comparing surgery versus radiotherapy given in 45Gy over 30 

fractions for operable LA-NSCLC104.  

Thus there is no consensus yet regarding which critical cardiac substructures 

might affect NSCLC treatment outcomes, as analyses of different patient cohorts 

have produced inconsistent results (Figure 1.2)100. The heart therefore continues to 

be a single OAR in lung cancer radiotherapy, and current protocols for limiting 

MHD and dose to the whole heart or pericardium are still recommended. More 

studies are needed to guide the identification of particular critical substructures.  

Additionally, the mechanism of how heart irradiation affects OS is not well 

understood. Recorded rates of death due to heart failure are too small to account 

for the reported variations in OS with heart dose, suggesting that either cardiac-

related deaths are under-reported or that mechanisms other than cardiac toxicity 



55 

 

are responsible for the link between cardiac doses and OS, for example, depletion 

of immune cells passing through the heart105. 

Figure 1.2 Reported associations between doses to heart substructures and 

OS. (adapted from Banfill et al., 2021100) 
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1.4 Outstanding issues for LA-NSCLC radiotherapy 

at the start of the PhD, September 2019 

The many developments in technology and scheduling of radiotherapy, 

chemotherapy and immunotherapy of LA-NSCLC over the last 20 years have 

raised a series of issues which have yet to be fully addressed, in particular – 

1. OS remains poor even using cCRT. Also, dose-escalation studies have 

reported inconsistent results without clear evidence-based explanations (e.g. 

RTOG-0617 vs IDEAL-CRT). 

2. There is little consensus on tumour fractionation dependence. In the UK, due 

to busy queues in radiotherapy centres, the clinical treatment prefers 

hypofractionation in 55Gy over standard 2Gy-per-fraction in 60Gy. Studies 

have suggested the usage of SBRT for early-stage NSCLC, whereas the 

benefits of hypofractionation for LA-NSCLC remain limited known 

although SOCCAR study had shown the feasibility of delivering sCRT/cCRT 

in 55Gy over 20 fractions84. 

3. Interactions between the different elements of combined treatments 

(radiotherapy, chemotherapy, immunotherapy) and their relative timings are 

not fully understood.  

4. PACIFIC has established cCRT-ICB as a new standard of care for LA-

NSCLC. However, there are no quantitative models describing the survival 

levels expected for cCRT-ICB treatment and their dependence on dose-per-

fraction, treatment duration, ICB scheduling, etc. 

5. Designs of cCRT-ICB trials have been heterogeneous. There is no consensus 

on patient selection, and the roles of patient, tumour, radiotherapy, and 

immunity characteristics remain unclear. 
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6. Studies report the heart as an important OAR for LA-NSCLC, perhaps 

explaining the lack of OS advantage seen in RTOG-0617. However, analyses 

and modelling studies have yet to be carried out to delineate possible 

survival levels achieved by dose-escalated radiotherapy with cardiac-

sparing.  

 

1.4.1 Objectives of my PhD 

This research aims to improve outcomes achieved by cCRT and cCRT-ICB 

treatments of LA-NSCLC. In the following chapters, I will build dose-response 

models that describe a range of factors potentially affecting survival, and fitted 

them to datasets that describe OS levels achieved by many different radiotherapy, 

cCRT, and cCRT-ICB treatments. Using the fitted models, I will explore how the 

therapeutic window can be widened by modifying factors such as the relative 

timings and durations of radiation, chemotherapy, and immunotherapy; total 

radiation dose and fractionation; and patient selection. The work is described in 

the following chapters – 

 

| Chapter 3: Investigating stage and treatment specific effects on LA-NSCLC 

survival following chemoradiotherapy 

To improve the description of the LA-NSCLC cCRT survival data, and better 

inform the choice of dose, dose-per-fraction and treatment duration for cCRT 

schedules by further generalisations of radiotherapy TCP/NTCP models. 

(reflecting outstanding issues 1, 2, and 3) 
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| Chapter 4: LA-NSCLC immuno-chemo-radiotherapy: effects of immune 

checkpoint blockades and factors affecting survival 

To identify potential patient and treatment characteristics and biomarkers 

associated with LA-NSCLC survival benefit in cCRT-ICB by delineating the ICB 

contribution across cCRT-ICB studies. (reflecting outstanding issues 3, 4, and 5) 

 

| Chapter 5: Survival following immuno-chemo-radiotherapy of LA-NSCLC: 

exploration of variation with dose and treatment duration across an extended range 

To provide LA-NSCLC radiation schedules optimisation considering adding ICB 

as adjuvants on cCRT. (reflecting outstanding issues 4) 

 

| Chapter 6: Cardiac-sparing optimisation for LA-NSCLC radiotherapy 

To optimise LA-NSCLC radiation schedules considering optimised photon and 

proton cardiac toxicity sparing. (reflecting outstanding issue 6) 
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Chapter 2. Methodology 

2.0 Chapter overview 

This chapter – 

• Describes the datasets used in the thesis. 

• Describes the standard radiotherapy dose-response models. 

• Introduces the statistical methods used in model fitting and testing. 

 

2.1 Clinical data 

 Clinical survival and dosimetry can be analysed to identify and quantify 

relationships between radiotherapy (RT) and outcomes. For the work presented in 

this thesis, I used two retrospective non-small cell lung cancer (NSCLC) datasets 

to achieve the objectives stated in Chapter 1: firstly, the chemoradiotherapy (CRT) 

dataset; and secondly, a dataset describing the results obtained using the concurrent 

CRT with immune checkpoint blockade (cCRT-ICB). There are additional datasets 

that I used for cardiac dosimetric indices, which will be introduced in Section 2.1.3. 

 

2.1.1 CRT outcomes dataset 

 The retrospective NSCLC CRT dataset has 4866 patients across 51 cohorts in 

33 published studies. This dataset will mainly be used in Chapter 3, in which I 

investigate the variation of survival with the different total radiation doses, doses-

per-fraction, treatment durations, and scheduling of chemotherapy tested in the 

various studies contributing to the dataset. Chapter 3 aims at improving the 

description of NSCLC CRT survival data. Thus, this dataset will help inform the 
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choice of radiation dose, fractionations and treatment duration by further 

generalisations of standard tumour control probability (TCP) and normal tissue 

complication probability (NTCP) models. This dataset will also be used in other 

chapters, as it provides survival data for CRT alone, which can be used as a 

baseline to investigate tri-modality treatments with CRT-ICB combination.  

 The CRT dataset was initially collated by Michael G. Nix et al.39 (Department 

of Medical Physics and Engineering, Leeds Teaching Hospitals NHS Foundation 

Trust), with an agreement of data access and extending the dataset for the work in 

this thesis. He utilised a large cohort of published studies to predict chemotherapy 

and toxicity effects in NSCLC RT dose-response models. In Nix’ work, clinical 

trials published between 1995-2016 were collected using the term “NSCLC 

Radiotherapy Dose-Escalation” in academic search engines, including PubMed, 

ScienceDirect, and Google Scholar. Treatments were categorised into RT, 

sequential CRT (sCRT) and cCRT groups. Trial arms with fewer than 20 patients 

and profoundly hypofractionated schedules (≥4Gy-per-fraction) were excluded. 

Publications with absent/ambiguous descriptions of either dose, fraction, RT 

delivery days, chemotherapy prescriptions, patient staging, or 2-year overall 

survival (OS) were also excluded. North American studies without lung tissue 

heterogeneity correction were recalibrated, raising the prescribed dose and dose-

per-fraction by 5% as per the American Association of Physicists in Medicine 

(AAPM) recommendations106. The same 5% dose correction was also applied to 

the RTOG-0617 cohort to calibrate the reported 95% planning tumour volume 

(PTV) dose107.  

 In this thesis, the CRT dataset is initially used to investigate inconsistent 

outcomes seen in recent dose-escalation trials and synthesise them into a coherent 

model (Chapter 3 objective). My focus will be on LA-NSCLC treated with 

relatively conventional fractionation and quite modern irradiation techniques (3D-

conformal, and intensity-modulated radiotherapy). Therefore, I removed studies 
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meeting the following criteria: conventional 2D planning technique, ≥60% stage 

I/II patients, profound hypofractionation of >3.0Gy-per-fraction, and studies 

published before 2000 considering general treatment advancement in the past 

decades.   

 After data processing, the median published year of the CRT dataset was 2008 

after weighting patient numbers of each cohort, with an interquartile range (IQR) 

of 2005 to 2012. Key features are summarised in Table 2.1. The patient staging 

system followed the American Joint Committee of Cancer (AJCC) staging version 

4-7. This is the major limitation of this dataset, as without the constituent 

components of staging, I was unable to harmonise scores to newest AJCC criteria. 

I did not add any modern studies published after 2016 in the CRT dataset, as the 

PACIFIC study giving cCRT-ICB has significantly improved the OS and changed 

the standard-of-care. Regarding prescribed dose, 19 cohorts received ≤66Gy given 

as RT alone (4 cohorts), or as part of sCRT (9 cohorts), or cCRT (6 cohorts). 

Escalated doses of >66Gy were given to 32 cohorts, 6 treated using RT alone, 17 

using sCRT, and 9 using cCRT. Detail of the whole dataset are listed in Appendix 

1. 

 

Table 2.1 Key summary of CRT dataset. Mean values of each feature are 

reported after weighting the patient numbers in each cohort. 

 
RT 

(10 cohorts) 

sCRT 

(26 cohorts) 

cCRT 

(15 cohorts)  

Total  

(51 cohorts) 

Patient numbers 

Stage I/II 188 212 62 462 (9.5%) 

Stage IIIA 514 732 1020 2266 (46.6%) 

Stage IIIB 490 848 800 2138 (43.9%) 
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RT dose (Gy) 

(range) 

71 

(58 – 81) 

70 

(55 – 95) 

69 

(55 – 78) 

70 

(55 – 95) 

BED (Gy)† 

(range) 

85 

(70 – 97) 

84 

(66 – 114) 

83 

(66 – 94) 

84 

(66 – 114) 

RT fractions 

(range) 

36 

(20 – 58) 

33 

(20 – 43) 

36 

(20 – 58) 

35 

(20 – 58) 

RT days 

(range) 

35 

(17 – 46) 

42 

(16 – 60) 

43 

(28 – 52) 

41 

(16 – 60) 

2-year OS 

(range) 

36% 

(21 – 56) 

37% 

(18 – 59) 

49% 

(32 – 68) 

41% 

(18 – 68) 

† BED was a rough estimation for clinical comparison. It was calculated by taking prescribed RT 

dose, assuming all dose ranges given in 2Gy-per-fraction, with a radiosensitivity value α/β of 10. 

Table abbreviation: RT for radiotherapy, sCRT for sequential chemoradiotherapy, cCRT for 

concurrent chemoradiotherapy, BED for biological effective dose, OS for overall survival 

 

2.1.2 cCRT-ICB outcomes dataset 

 The retrospective cCRT-ICB dataset has 2196 NSCLC patients from 10 

cohorts in 8 studies. This dataset will be used in Chapters 4 to 6, investigating 

relationships between survival and patient and treatment characteristics for ICB 

combined with standard cCRT.  

 This dataset was established by searching PubMed and ScienceDirect; the last 

search was done on July 25th, 2022. Three keywords, ‘NSCLC’, ‘Radiotherapy’, 

and ‘Immunotherapy’, were used, collecting cohorts with reported 2-year OS. 

Exclusion criteria include: studies using non-ICB immunotherapy agents, studies 

with stage IV patients, palliative studies, non-photon radiation, and systemic 

treatment with targeted drugs beyond cCRT-ICB. Radiation dose, dose-per-

fraction, treatment duration, tumour staging, ICB drug, drug time, and ICB 
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schedules starting concurrently with or sequentially after cCRT was reported. 

Detail can be seen in Appendix 2. 

 

2.1.3 Clatterbridge and Oxford dosimetric indices  

These two small, published datasets provide information about cardiac 

dosimetry and the extent to which heart irradiation can be reduced using optimised 

volumetric arc therapy (VMAT) treatments and proton radiotherapy. Chapter 6 will 

utilise this information to investigate the survival level that might possibly be 

achieved using cardiac-sparing photon and proton radiotherapy.  

The Clatterbridge dataset contained 20 locally-advanced NSCLC patients 

who were treated using standard cCRT at Liverpool Clatterbridge Cancer Centre 

between 2016 and 2017108. The dataset was initially used in a study re-optimising 

the cardiac dose distribution with optimised treatment planning. Patients were 

given in 2Gy-per-fraction, with a median prescribed dose of 68.8Gy (range: 63.0, 

73.0Gy). Tumour contours were drawn on average intensity projections of 4D 

computed tomography images. Heart contours were defined followed the SCOPE-

1 and IDEAL-CRT guidelines. Treatment planning was carried out using VMAT. 

Baseline and reoptimised heart dose volume measures were listed.  

The Oxford dataset contained a further 20 locally-advanced NSCLC patients 

whose treatment was planned using VMAT and intensity-modulated proton 

therapy (IMPT)109. The dataset was originally used for identifying patient 

subgroups who would benefit from proton therapy compared to photon therapy. 

Results indicated that patients with pre-existing cardiac diseases or tumours with 

anatomical locations inferior to the T7 vertebra are likely to benefit more from 

protons than photons. For photons, the prescribed dose was 70Gy in 35 fractions, 

and for protons the same effective prescribed dose was explored after allowing for 

a relative biological effectiveness (RBE; for protons, RBE is defined as the ratio 
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of absorbed dose of a reference beam of photons to the absorbed dose of protons) 

of 1.1. Heart delineation and dose constraints used for treatment planning followed 

RTOG-1106 and RTOG-1308 respectively45.  

 

2.2 Radiotherapy dose-response models 

Radiotherapy depends on radiation physics interactions resulting in 

downstream biological effects that achieve tumour killing. There are three typical 

types of radiation physics interaction that lead to energy being transferred from the 

photons to electrons110:1) photoelectric effect (most relevant at kilovolt energies), 

when a photon interacts with an inner-shell electron of the target atom and transfers 

all energy to the emitted electron; 2) Compton scattering (most relevant at typical 

megavolt energies for treatment), when a photon interacts with the outer-shell 

electron at the target atom then transfers part of its energy to the scattered electron, 

producing another energy-reduced scattered photon; and 3) pair production, when 

a photon interacts with the strong electromagnetic field and transfers all its energy 

to generate an election-positron pair. Each effect has distinct energy deposition 

characteristics. The energised electrons deposit their energy in small steps, mostly 

involving electromagnetic interactions with atomic electrons, but occasionally 

involving electromagnetic interactions with nuclei. The former lead to lots of small 

energy losses, resulting in chemical bond changes and biological effects; while the 

latter changes the direction of electron plus generating Bremsstrahlung radiation 

with characteristic X-rays. The photon energy and the atomic number of the chosen 

target atom would decide the relative contribution of photon-matter interactions. 

However, although physical interactions are well understood, the complex 

biological responses require dose-response models. 
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2.2.1 Basic radiation biology principles78,111 

 Radiation biology refers to the knowledge of how ionising radiation affects 

cells and bodies. The energy absorbed per unit mass defines ‘the absorbed dose’. 

It is expressed in the units of Gray (Gy), where 1Gy = 1 absorbed Joule (J) per 

kilogram (kg).  

 Radiation biology principles were established from simple living systems, 

such as in-vitro culture systems. Such systems measure the biological impacts on 

the cellular level, investigating the cell survival fraction (SF) by counting the 

colonies generated by seeded cells in irradiated cell cultivation plates. Historically, 

various ‘target theories’ were used to describe the shapes of survival curves which 

describe the variations of SF with radiation dose (Fig. 2.1). Exponential cell death 

(Equation 2.2.1) is described as ‘single-target’ ‘single-hit’ SF for the neutron or 

alpha particles with more linear SF. Photons have a lower linear energy transfer 

(LET; defined as energy release per unit length), and this leads to ‘shoulder’ in the 

dose-response curve. The dose below shoulder shows limited effects on cell-killing. 

The ‘multiple-targets’ ‘single-hit’ models with Equation 2.2.2 (zero initial slopes) 

or Equation 2.2.3 (non-zero initial slope) have been used to describe these curves, 

showing dependence on cell types. Regarding the parameters, D0 describes the 

dose leading to a cell survival fraction of 37%, Dq describes the shoulder of photon 

dose-response curve, 1/D1 the slope of the initial region, 1/D0 the slope of the 

terminal part, N0 the initial cell numbers, N(D) for the survived cell numbers given 

radiation dose D, and n the number of targets in a cell that have to be hit for the 

cells to die. 

𝑺𝑭 =  𝒆𝒙𝒑
−𝑫

𝑫𝟎
⁄ =

𝑵(𝑫)

𝑵𝟎
  --- Equation 2.2.1 

𝑺𝑭 =  𝟏 − [ 𝟏 − 𝒆𝒙𝒑
−𝑫

𝑫𝟎
⁄
]𝒏  --- Equation 2.2.2 

𝑺𝑭 =   𝒆𝒙𝒑
−𝑫

𝑫𝟏
⁄ × [ 𝟏 − ( 𝟏 − 𝒆𝒙𝒑

−𝑫
𝑫𝟎
⁄
)𝒏]  --- Equation 2.2.3 
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Figure 2.1 Cell survival curves based on different SF curvatures. The solid red 

line represents the non-zero initial slope curve for photons, while the blue line is 

for neutron and alpha particles (adapted from Basic radiation oncology78)  

 

For the photon beam, another theory assumes SF curves contain two 

components – a linear component (termed alpha) where cell-killing is proportional 

to dose, and a quadratic component (termed beta) where cell-killing is proportional 

to the square of a given dose. Therefore, the cell survival given a single radiation 

fraction can be described as the linear-quadratic (LQ) model using  

𝑺𝑳𝑸 (𝒅) =  𝒆𝒙𝒑
 (−𝜶𝒅−𝜷𝒅𝟐)  --- Equation 2.2.4 

where d stands for dose-per-fraction, α for the initial linear slope, and β for the 

curvature slope. Specifically, there is no D0 for the LQ model, as the non-linear SF 

features do not allow the fixed D0 value under different radiation doses. Relatedly, 

such non-linear features change SF due to the amounts of radiation delivered. It is 

why LQ describes survival using d (dose-per-fraction) instead of D (total radiation 

dose) when it comes to multi-fractionation treatments. Several assumptions are 

used to simplify the descriptions of multi-fraction treatment, including complete 

recovery after each fraction, no tumour repopulation, and no cell assortment 
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changes. The LQ model is more commonly used than target theories as the LQ 

model fits the in-vitro cell survival data better than target theories. Therefore, 

according to the LQ model, the overall cell survival following multiple 

radiotherapy fractions is 

𝑺𝑳𝑸 (𝑫) =  ∏𝑺𝑳𝑸(𝒅𝒊) =∏𝒆𝒙𝒑(−𝜶𝒅𝒊−𝜷𝒅𝒊
𝟐) =

𝒏

𝒊

𝒏

𝒊

𝒆𝒙𝒑(∑−𝜶𝒅𝒊(𝟏 +
𝒅𝒊
𝜶 𝜷⁄

)

𝒏

𝒊=𝟏

) 

             --- Equation 2.2.5 

where di is the dose-per-fraction for the ith fraction. Together, Equation 2.2.5 can 

be simplified as  

𝑺𝑳𝑸 (𝑫) = (𝑺𝑳𝑸 (𝒅))
𝒏 = 𝒆𝒙𝒑

−𝜶𝑫(𝟏+
𝒅

𝜶 𝜷⁄
)
   --- Equation 2.2.6 

where α/β ratio describes the radiosensitivity against dose-per-fraction d.  

 Regarding the practical usage of the LQ photon radiotherapy survival theory, 

normal tissues can be categorised as early or late responding based on their α/β 

ratio. Early responding tissues in which acute complications arise generally have 

higher α/β ratios, around 10Gy, correspondingly straighter cell survival curves. In 

contrast, late complications arise in late responding tissues, which typically have 

α/β ratios of around 3Gy, corresponding to greater curvature112. Several tumours 

such as head and neck squamous cell carcinoma have α/β ratios similar to early 

responding tissues; while other tumours such as prostate cancer and melanoma 

have α/β ratios similar to late responding tissues.  
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Figure 2.2 Radiation cell survival curves. Both plots illustrate the relationships 

between radiation dose and cell survival. On the top, the neutron provides a straight 

line (i.e. the α/β ratio is very high); however, the x-ray has a two-portion curve – α 

portion where the cell dies stably with the risen dose; β portion where the cell dies 

dramatically with the increasing dose. The bottom plot indicates two different 

dose-responses for tissues/tumours – ‘early responding tissue’ dies stably with the 

risen dose; ‘late responding tissue’ shows the steeper survival response changes 

with rising doses. (adapted from Basic radiation oncology78 and Radiation biology 

for medical physicists111) 

 

2.2.2 Models toward clinical usages78,111,113,114 

 The basic LQ theory was established via in-vitro studies in 1960s. However, 

developing models which allow the likelihoods of tumour control and normal 

tissue complication to be predicted in the clinic requires results for individual cells 

to be extended to describe the dose-response of whole tumour or normal tissues. 

Here, I will introduce the TCP and NTCP models, which follow different 

probability distribution estimation.  

Poisson distribution estimation 

In statistics, Poisson distribution is a probability distribution that describes the 

number of events within a specific time interval. It assumes – data are counts of 

events, events are independent, and the probability of event does not change during 

the time interval. The Poisson distribution probability function can be written as 

𝑷𝒐𝒊𝒔𝒔𝒐𝒏(𝑿 = 𝒌 | 𝝀) =  
𝝀𝒌 × 𝒆𝒙𝒑−𝝀 

𝒌!
  --- Equation 2.2.7 

where X is the observed numbers of occurrence, and λ is the expected mean number 

of occurrences. The occurrences might, for example, be cells surviving irradiation, 

making X the actual number in any one tumour, and lambda the mean number 
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survives. Thus, if the mean number of tumour cells surviving a treatment is λ, the 

probability that none survive and therefore the tumour is killed is 𝑒𝑥𝑝−𝜆. Giving 

radiotherapy over multiple fractions n, cell SF according to the LQ model is an 

 𝑒𝑥𝑝−𝑛(𝛼𝑑+𝛽𝑑
2) . Consequently, if there are initially N0 cells in the tumour, the 

expected numbers surviving irradiation is 𝜆 =  𝑁0 × 𝑒𝑥𝑝
−𝑛(𝛼𝑑+𝛽𝑑2) . Thus, the 

probability none survive in the tumour is  

𝑻𝑪𝑷 = 𝑷𝑳𝑸(𝑿 = 𝟎 | 𝑫) =  𝒆𝒙𝒑
−𝑵𝟎×𝑺𝑳𝑸(𝑫) = 𝒆𝒙𝒑

−𝑵𝟎×𝒆𝒙𝒑(𝜶𝑫(𝟏+
𝒅

𝜶 𝜷⁄
))

   

--- Equation 2.2.8 

where D is the total dose, equals to n × d, and α and β for radiosensitivity. 

These assumptions have been applied to clinical data studies. This TCP model 

based on the Poisson distribution describes a sigmoidal dose-response, this being 

the same general shape seen clinically too. However, when the radiosensitivity 

parameters in the equation are given values typical of those measured in-vitro, the 

resulting dose-response slopes described by the model are usually some way 

steeper than those seen clinically, most likely because the model to this point does 

not include the effect of patient-to-patient variability in radiosensitivity115,116.  

Normal distribution estimation 

Consequently, the LQ Poisson model has been modified to account for the 

patient-to-patient tumour heterogeneity. It assumes that tumour radiosensitivity 

heterogeneity can be presented using the normal distribution function f(α) with 

mean radiosensitivity value α0 and standard deviation σ117,118. Therefore, with 

initial numbers of tumour clonogens N0, the TCP model can be written as 

𝑻𝑪𝑷 =  ∫ 𝐟(𝛂) × 𝒆𝒙𝒑
[−𝑵𝟎×𝒆𝒙𝒑

−𝜶𝑫(𝟏+
𝒅
𝜶 𝜷⁄

)
]

∞

𝟎

𝒅𝜶 ; 
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𝐰𝐡𝐞𝐫𝐞  𝐟(𝛂) =  
𝟏

√𝟐𝝅𝝈
𝐞𝐱𝐩−

𝟏

𝟐
(
𝜶−𝜶𝟎
𝝈
)𝟐  --- Equation 2.2.9 

Subsequently, if I neglect the effects of β and solve the above integral, the 

above equation can be approximated as a cumulative function, written as117,119 

𝑻𝑪𝑷 = 𝜱(
𝜶𝟎𝑫−𝒍𝒏𝑵𝟎−𝜞

𝝈𝑫
) → 𝜱(

𝑫 − 
𝒍𝒏𝑵𝟎+𝜞

𝜶𝟎
𝝈

𝜶𝟎
 𝑫

)  ≡ 𝜱(
𝑫 − 𝑫𝟓𝟎

𝒎 × 𝑫
) --- Equation 2.2.10 

where the Euler-Mascheroni constant Γ is 0.5771, D50 identifies the dose needed 

to achieve a 50% likelihood of tumour control, m inversely relates to the gradient 

at the steepest point as it appears at the denominator of the cumulative normal 

distribution function Φ. To sum up, when taking the heterogeneous radiosensitivity 

into account, the TCP model takes the form of the integrated normal function of 

equation (Equation 2.2.10), which is often approximated to  

𝑻𝑪𝑷 = 𝜱(
𝑫 − 𝑫𝟓𝟎

𝒎 × 𝑫𝟓𝟎
) --- Equation 2.2.11 

in essence the same form proposed empirically for normal tissue complications by 

Lyman in 1980s. The equations up to 2.2.11 describe the effects of a single dose-

level D. In this thesis, I will explore outcomes from LA-NSCLC radiotherapy, in 

which tumours receive fairly uniform doses, so Equation 2.2.11 will be the general 

form used to describe tumour control in the following chapters. 

 Nonetheless, normal tissues and sometimes tumours do not receive uniform 

doses, so variety of approaches have been suggested to convert the dose 

distribution within volumes of tumours into a single equivalent uniform dose 

(EUD). EUD describes the summation of each uniform radiation dose (Di) to all 

small volume voxels (Vi) comprising organs/tumours of interest (Equation 2.2.12). 

Subsequently, EUD can be used as the D to describe the effects of tumour 

heterogeneity with normal distribution assumption (Equation 2.2.13).  
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𝑬𝑼𝑫 = (∑ 𝑽𝒊𝑫𝒊

𝟏

𝑽
𝒊 )

𝑽

  --- Equation 2.2.12 

𝑻𝑪𝑷𝑬𝑼𝑫(𝑫) =  
𝟏

√𝟐𝝅
∫ 𝐞𝐱𝐩 (

−𝒙𝟐

𝟐

𝒕

−∞
)𝒅𝒙, 𝑤ℎ𝑒𝑟𝑒 𝒕 =

𝑫 – 𝑫𝟓𝟎

𝒎 × 𝑫𝟓𝟎
  --- Equation 2.2.13 

The non-uniformity can be handled using such approaches, but in this work it 

is not an issue as LA-NSCLC radiotherapy uses relatively uniform dose. In 

addition, NTCP can also be estimated as an analogy of TCP based on the 

heterogeneous features of normal tissues, which has been widely accepted and 

used120,121. Therefore, Equation 2.2.11 will be the general form for both TCP and 

NTCP in this thesis. 

In practical usage, the prescribed dose D is often replaced with either the 

biologically effective dose (BED), or the equivalent dose in 2Gy-per-fraction 

(EQD2). When BED or EQD2 is used in the equations, the D50 value in the 

formulae is understood as representing either BED50 or EQD250, the BED or EQD2 

needed for 50% tumour control or normal tissue complication. BED is calculated 

from D and the dose-per-fraction d, with the radiosensitivity α/β: 

𝑩𝑬𝑫 = 𝒏 × 𝒅 ×
𝟏+𝒅

𝜶
𝜷⁄

   --- Equation 2.2.14 

Equivalent dose for dose-fractionation comparisons 

 BED and EQD2 are usually used for comparing dose-fractionation. Standard 

form of BED is written as Equation 2.2.14, and for some fast-repopulating cancers 

(e.g. lung, head and neck cancer112), BED has been tweaked by considering the 

tumour repopulation effects. It is written as 

𝑩𝑬𝑫 = 𝒏 × 𝒅 ×
𝟏+𝒅

𝜶
𝜷⁄
−𝑲 × (𝑻 − 𝑻𝒌)  --- Equation 2.2.15 

where K is the rate of tumour repopulation (Gy/days), T the total radiation 

treatment duration (days) and Tk the kick-off day of tumour repopulation. EQD2 
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comes from the LQ theory, given the referenced dose-per-fraction of 2Gy. It 

provides a comparison for clinically familiar fractionation, also, allows for 

comparing radiosensitivity (α/β). 

𝑺𝑳𝑸 (𝑫) =  𝒆𝒙𝒑
−𝜶𝑫(𝟏+

𝒅
𝜶 𝜷⁄

)
= 𝒆𝒙𝒑

−𝜶𝑫𝒓𝒆𝒇(𝟏+
𝒅𝒓𝒆𝒇
𝜶 𝜷⁄

)
= 𝑺𝑳𝑸 (𝑫𝒓𝒆𝒇) ; 𝑫 = 𝒏 × 𝒅 

𝒘𝒉𝒆𝒏 𝑫𝒓𝒆𝒇 = 𝑫;𝒅𝒓𝒆𝒇 = 𝟐𝑮𝒚 →  𝑬𝑸𝑫𝟐 =  
𝒏 × 𝒅(𝟏+

𝒅
𝜶
𝜷⁄
)

𝟏+ 
𝟐
𝜶
𝜷⁄

  --- Equation 2.2.16 

In my works, I use the tweaked version of TCP by applying EQD2 (Equation 

2.2.17), which allows comparing dose-per-fraction variations with standard 2Gy-

per-fraction delivery. I also use this equation to describe the NTCP of survival-

limiting toxicities.  

𝑻𝑪𝑷/𝑵𝑻𝑪𝑷 = 𝜱(
𝑬𝑸𝑫𝟐 – 𝑬𝑸𝑫𝟐,𝟓𝟎

𝒎 × 𝑬𝑸𝑫𝟐,𝟓𝟎
)  --- Equation 2.2.17 

 

2.3 Regression models 

Regression helps identify the relationships between treatment outcomes and 

variables of interest. Different types of regression describe the associations 

between the independent variables (factors) and dependent variables (outcomes) 

under specific conditions. The simplest form of regression is linear regression, 

which can be written as 

𝒚𝒊 = 𝜷𝟎 + 𝜷𝟏𝒙𝟏 +⋯+ 𝜷𝒏𝒙𝒏 + 𝜺𝒊  --- Equation 2.3.1 

where yi is the dependent variable, β0 is the intercept, βi is the regression coefficient 

for independent variable xi, and εi is the random error term, capturing impacts from 

other factors influencing the dependent variable yi. In practical usage, a fitted 

regression coefficient represents the expected change in the dependent variable 
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(the change that would be seen on average if the experiment was repeated many 

times) given a known change in the independent variable. The error term is 

minimised to get the best regression coefficient. In other words, linear regression 

is fitted by selecting the coefficients resulting in the least summed squares of errors. 

As the regression is usually taken from a population sample, 95% confidence 

intervals (CI) are usually reported along with the best fits. It describes the 

uncertainty ranges for fitted values and explains the regression features. It also 

allows an understanding of potential values that may occur in true population122. 

 

2.3.1 Logistic and probit regression123,124 

Logistic regression describes sigmoidal relationships between independent 

and dependent variables. In contrast to linear regression, logistic regression aims 

to fit a sigmoidal curve, and data with binary outcomes are usually used to describe 

the probability of being in class 1 (vs class 0) given independent variables x1 to xn. 

Therefore, by definition, the dependent variable y is usually a categorical variable, 

and the logistic regression provides estimated probabilities between these 

categorical outcomes y called ‘the odds’.  

There are two types of logistic regression: binary and polytomous logistic 

regression. Binary regression is usually used in cancer oncology research as 

treatment outcomes are usually binary, such as OS and progression-free survival 

(PFS). The binary y follows the Bernoulli distribution, a discrete probability 

distribution which takes the labelled value ‘1’ as probability p and ‘0’ as the 

probability q = 1 – p. The independent variable x can be either the categorical or 

continuous variable.  

The standard logistic sigmoidal function is defined as 

𝝈(𝒕) =
𝒆𝒙𝒑𝒕

𝒆𝒙𝒑𝒕+𝟏
=

𝟏

𝟏+𝒆𝒙𝒑−𝒕
        --- Equation 2.3.2 
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where t is a linear combination of the various factors. Once t is substituted into the 

sigmoidal line function t = β0+∑ 𝛽𝑖𝑥𝑖
𝑛
𝑖=1   with sigma to describe the sigmoidal 

response between the combination of independent variables x and outcome 

probability p, the above equation can be written as 

𝒑(𝒙) = 𝝈(𝒕) =
𝟏

𝟏+𝒆𝒙𝒑−(𝜷𝟎+
∑ 𝜷𝒊𝒙𝒊
𝒏
𝒊=𝟏 )

      --- Equation 2.3.3 

Therefore, the binary logistic regression is written as 

𝒚𝒊 = 𝒍𝒐𝒈𝒊𝒕(𝒑) = 𝒍𝒐𝒈 (
𝑷𝒊 (𝒙)

𝟏−𝑷𝒊(𝒙)
) = 𝜷𝟎 + 𝜷𝟏𝒙𝟏 +⋯+ 𝜷𝒏𝒙𝒏 = 𝜷𝟎 + ∑ 𝜷𝒊𝒙𝒊

𝒏
𝒊=𝟏   

       --- Equation 2.3.4 

where the logit (log odds) describes the ratio between the binary event probabilities 

p and q (i.e. 1-p). With the logarithm ratio between binary events, the exponential 

term in the sigmoidal equations can be negligible, and the odds can be written as 

𝒐𝒅𝒅𝒔 =
𝒑(𝒙)

𝟏−𝒑(𝒙)
= 𝒆𝒙𝒑(𝛽0+∑ 𝜷𝒊𝒙𝒊

𝒏
𝒊=𝟏 )     --- Equation 2.3.5 

where p(x) is the probability of the outcome depending on the combination of 

predictors x, β0 is the intercept, βi is the regression coefficient for independent 

variables xi. Relatedly, there is another sigmoidal regression called ‘probit 

regression’. Assuming the yi in Equation 2.3.1 is a binary variable, the population 

probit model with multiple regressions x1, x2, ..., xn can be written as 

𝑷(𝒚𝒊 = 𝟏|𝒙𝟏, 𝒙𝟐, … , 𝒙𝒏) = 𝜱(𝜷𝟎 + 𝜷𝟏𝒙𝟏 +⋯+ 𝜷𝒏𝒙𝒏 + 𝜺𝒊)   

 --- Equation 2.3.6 

where 𝜱  is the cumulative normal distribution function. The main difference 

between logistic and probit regressions lies in the fined detail in the sigmoidal 

curves they describe. Often, the data is not precise enough to distinguish between 

these shapes, therefore practically some practitioners prefer logistic regression 

because it uses the closed form formula of Equation 2.3.3, which is easy to 
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calculate. In this work, I use the probit form because it is directly mechanistically 

based on TCP model with a normal distribution of radiosensitivity value, and 

today’s computational power makes it easy to calculate values from Equation 2.3.6 

rather than Equation 2.3.3. 

 

2.3.2 Proportional hazards (Cox) time-to-event analysis125,126 

 Cox proposed the proportional hazards regression to describe time-to-event 

data for each individual. This regression makes two assumptions:  

1) Survival has a fixed baseline hazard function. 

2) There are linear relationships between the log hazard and each variable. 

Censoring plays a vital role in oncology studies, as many patients might die, 

be withdrawn or not completely followed-up before the end of the study (i.e. right 

censoring). Censored data points are used in model calculations until the censoring 

timepoint, which keeps the study power as much as possible without simply 

deleting the data from patients that did not complete the study. Patients who die or 

withdraw before the end of the study are unlikely to be a random sample, and 

therefore excluding them would potentially bias results. Analysing data including 

results for censored patients limits this bias and makes the best use of the available 

data. Studies with high levels of censoring have less robustness when interpreting 

the results. In particular, censoring is expected to be ‘non-informative’, where 

patients who dropped out of the study due to reasons unrelated to treatment. In 

contrast, ‘informative’ censoring where patients were lost in follow-up due to 

reasons related to the study might bias the results. For example, patients in the 

control arm of cancer treatment study might be too sick to follow-up. Therefore, it 

should always be noted that censoring reasons are potentially different between 

study arms and limit the model robustness in studies using data from multi-sources. 
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 The proportional hazards regression describes the time-to-event outcomes (e.g. 

survival) against one or more variables, also known as Cox regression. The 

subjects are assumed to share a common event distribution against time from study 

enrolment. The coefficient in the regression refers to hazard, and the regression 

typically assumes the fixed ratio of event rates over time (i.e. hazard ratio, HR). In 

terms of the application in survival analysis, the data points follow the exponential 

distribution. Therefore, the hazard rate h at time t is defined as: 

 𝒉(𝒕) = 𝝀𝟎(𝒕) × 𝒆𝒙𝒑(𝜷𝟏𝒙𝟏 +⋯+ 𝜷𝒏𝒙𝒏) = 𝝀𝟎(𝒕) × 𝒆𝒙𝒑
(𝜷𝒊𝒙𝒊) 

     --- Equation 2.3.7 

where λ0 is the baseline hazard, βi is the regression coefficient for independent 

variables xi. Therefore, the survival at specific time t with patient number N0 at 

starting point and patient number N at time t can be written as: 

𝒔𝒖𝒓𝒗𝒊𝒗𝒂𝒍 (
𝑵

𝑵𝟎
):  
𝒅𝑵

𝒅𝒕
= −𝒉(𝒕) × 𝑵𝟎 →

𝒅𝑵

𝑵𝟎
= −𝒉(𝒕) × 𝒅𝒕 

→
𝑵

𝑵𝟎
= −𝒆𝒙𝒑 ∫𝒉(𝒕)𝒅𝒕       --- Equation 2.3.8 

where the cumulative hazard is represented by the integral of the constant hazard 

rate h(t)=λ over time. Finally, the HR between two factors (xi, xj) can be written as:  

𝒉𝒂𝒛𝒂𝒓𝒅 𝒓𝒂𝒕𝒊𝒐 (𝑯𝑹) =
𝒉𝒊(𝒕)

𝒉𝒋(𝒕)
=
𝝀𝟎(𝒕) × 𝒆𝒙𝒑

(𝜷𝒊𝒙𝒊)

𝝀𝟎(𝒕) × 𝒆𝒙𝒑
(𝜷𝒋𝒙𝒋)

= 𝒆𝒙𝒑(∑𝜷𝒊𝒙𝒊
𝒊

) ; 

𝒇𝒐𝒓 𝒂 𝒔𝒊𝒏𝒈𝒍𝒆 𝜷𝟏 𝒂𝒏𝒅 𝒅𝒊𝒄𝒉𝒐𝒕𝒐𝒎𝒐𝒖𝒔 𝒙 (𝒙𝒊 = 𝟏, 𝒙𝒋 = 𝟎),𝑯𝑹 = 𝒆𝒙𝒑(𝜷𝟏)  

           --- Equation 2.3.9 

where HR quantifies how much the survival might change given a unit change of 

the independent variable. The HR represents the continuous risk over the whole 

study period, given the censoring consideration based on the Cox regression. For 

a dichotomous variable, the definition of β is very natural, with HR = exp(β1) 
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giving the HR with/without the variable. For a continuous variable, β and HR are 

defined per unit change in x. Thus, the answer each HR depends on the units of 

measuring x. For example, if age was the factor, β would be 12 times greater if I 

measured it in years than in months, and 365 times greater than if it was measured 

in days.  

The null hypothesis of the Cox regression assumes that the independent 

variable has no relationship with the survival outcome. Therefore, HR can be used 

to calibrate the OS to evaluate the optimised OS given specific conditions. By 

definition, OS can be represented using N and N0, the patient numbers at different 

time points. Therefore, if the HR acts as a constant factor affecting the OS, the new 

OS can be calculated by processing the old OS with exponential HR. 

𝑶𝑺 =
𝑵

𝑵𝟎
= 𝒆𝒙𝒑 (−∫𝒉(𝒕) 𝒅𝒕) → 𝑶𝑺𝒏𝒆𝒘 = 𝒆𝒙𝒑 (−𝑯𝑹 ×∫𝒉(𝒕) 𝒅𝒕) 

→ 𝑶𝑺𝒏𝒆𝒘 = 𝑶𝑺𝒐𝒍𝒅
𝑯𝑹

             --- Equation 2.3.10 

This idea will be used later in Chapter 6 when I identify the HR of mean heart 

dose against OS, aiming to model the OS given different cardiac-sparing 

conditions. 
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2.4 Curve fitting optimisation methodology 

This thesis aims to optimise the radiotherapy dose-response models in 

describing clinical data. As the dose-response models predict binary categorical 

outcomes, likelihood estimation is used across all chapters. The use of maximum 

likelihood fitting is therefore of interest. 

  

2.4.1 Maximum likelihood estimation 

 Parameters of probability distribution functions given some observed data can 

be estimated using maximum likelihood (ML) techniques127. This approach has 

been broadly used in clinical analysis, particularly in medical physics research, 

such as TCP and NTCP dose-response models128. It hypothesises that the data 

distribution features are the combination of probabilities, so ML aims to find the 

likelihood with highest occurrence rate by calculating the probability density 

function129. The likelihood equations can be written as Equation 2.4.1, where f is 

the function with corresponding variables x1, … , xn whose distribution depends on 

θ. Consequently, the corresponding likelihood form function could be written as L.  

𝒇𝜽(𝒙𝟏, … , 𝒙𝒏) = 𝑳(𝜽|𝒙𝟏, … , 𝒙𝒏)   --- Equation 2.4.1 

Equation 2.4.2 represents the form that can be used to maximise the specific 

likelihood, where 𝑎𝑟𝑔𝑚𝑎𝑥 stands for ‘arguments of the maxima’, indicating the 

specific points where corresponding likelihood functions 𝜃𝑀𝐿̂  are maximised. 

The normal distribution is the most used distribution in ML, so the modified form 

with normal distribution assumption is written as Equation 2.4.3. Subsequently, 

Equation 2.4.4 describes ML estimators with likelihood L, where 𝜇  and   𝜎2 

indicates mean and variance individually. 

𝜽𝑴𝑳̂ = 𝒂𝒓𝒈𝜽𝒎𝒂𝒙 {𝑳(𝜽|𝒙)}      --- Equation 2.4.2 
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𝒇(𝒙) = 𝒇(𝒙|𝝁, 𝝈) =
𝟏

√𝟐𝝅𝝈
𝒆𝒙𝒑

−
(𝒙−𝝁)𝟐

𝟐𝝈𝟐   --- Equation 2.4.3 

𝑳(𝝁, 𝜽) = ∏
𝟏

√𝟐𝝅𝝈
𝒆𝒙𝒑

−
(𝒙𝒋−𝝁)

𝟐

𝟐𝝈𝟐𝒏
𝒋=𝟏       --- Equation 2.4.4 

This thesis applies ML fitting through an open-accessed bbmle package using 

R programming language130. ML is usually followed by the likelihood ratio test 

(LRT) with corresponding chi-square distribution, testing the overall performance 

between two fitted models127,131. The null hypothesis is that there is no difference 

between the likelihood of the models, where α=0.05 is used as the criteria to test 

the null hypothesis. The ML possesses several advantages, such as consistency (e.g. 

the estimated parameters tend to approach the actual values as the sample size 

increases) and efficiency (e.g. the estimated parameters have the least variability 

among all unbiased estimators). Figure 2.3 visualises the ML concepts. 

 

Figure 2.3 Visualising maximum likelihood estimation using one-dimensional 

numerical data as an example. Binary categorical data is also available when the 

data is binary distributed, and ML allows finding the best fits between 1 and 0. 
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2.4.2 Optimisation details 

Missing data 

If missing data is in the original dataset, the researcher could choose either 

‘complete case analysis’ by excluding samples with any missing data, or doing the 

‘data imputation’ to allow more samples to be tested in the models. Several data 

imputation methods exist, including mean, mode, regression and multiple 

imputation132,133. Mean imputation replaces missing values with the mean of the 

non-missing values. Mode imputation replaces the missing values with the most 

frequently occurred value. Regression imputation estimates the missing values 

based on the regression relationships between the factors in the dataset. Multiple 

imputation creates several plausible sets of imputed values to account for the 

uncertainty in the imputation process. These imputed sets can be generated through 

either mean, mode, or regression imputation. Finally, by pooling the repeated 

datasets and calculating the missing data's mean value, variance and CI, multiple 

imputation provides much better accuracy than single imputation method. In this 

thesis, I will use complete case analysis to exclude data cohorts which do not fit 

the selection criteria as it provides more robust modelling outcomes. In chapter 4, 

I further correct the effective patient number for each cohort given various 

censoring issues. I try to limit the bias as much as possible, and the data are 

randomly (non-informatively) censored, which does not bias the results.  

Covariance, correlation, collinearity, confounder, covariates 

 These terminologies have different definitions, but all might affect the model's 

robustness. Therefore, it is important to define these terms before doing the model 

optimisation. Covariance measures the degree to which two variables tend to 

deviate from their means in similar ways; in other words, the joint variability of 

two variables. Covariance can be written as 

𝒄𝒐𝒗𝒂𝒓𝒊𝒂𝒏𝒄𝒆 (𝑿, 𝒀) = 𝑬[ (𝑿 − 𝑬[𝑿])(𝒀 − 𝑬[𝒀]) ]  --- Equation 2.4.5 
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where E represents the expected value of the corresponding variable (i.e. the mean 

of X, Y for E[X], E[Y]). Whereas covariance depends on the widths of the 

distributions of the two data factors being considered, the correlation coefficient is 

a normalised measure that more intuitively describes the relationships between the 

two variables. It can be defined as 

𝒄𝒐𝒓𝒓𝒆𝒍𝒂𝒕𝒊𝒐𝒏 (𝒓𝑿,𝒀) =
𝒄𝒐𝒗𝒂𝒓𝒊𝒂𝒏𝒄𝒆 (𝑿,𝒀)

𝝈𝑿𝝈𝒀
  --- Equation 2.4.6 

where σ is the standard deviation for variables X and Y. The correlation coefficient 

(r) ranges from -1 to 1, describing the negative/positive relationships with different 

correlation strengths. Regarding the strength, the absolute r values (|r|) can be 

classified into very weak, weak, moderate, strong, and very strong with standards 

below/above 0.20, 0.40, 0.60, 0.80134. As the routine correlation hypothesises the 

linear relationships between variables (Pearson’s correlation), splitting the 

individual variable contribution out within the complicated model might be 

difficult when there is a strong correlation between independent variables. For 

example, in a multivariate model, it might be challenging to decide which of two 

heavily correlated variables is most associated with the dependent variable and 

should be retained in the model. It could be that both are causally related to the 

dependent variable, but due to the correlative structure of the data, whether that is 

the case or whether just one of the variables is associated with the dependent 

variable remain unknown. 

Collinearity refers to a situation when two or more independent variables in a 

regression model are highly correlated with each other. The effects of such 

collinearities can be examined through the correlation matrix, checking which 

correlated variables could possibly be removed. It can also be quantified through 

the variance inflation factor (VIF):  

𝑽𝑰𝑭𝒊 =
𝟏

𝟏−𝑹𝒊
𝟐 =

𝟏

𝑻𝒐𝒍𝒆𝒓𝒂𝒏𝒄𝒆 𝒐𝒇 𝒆𝒂𝒄𝒉 𝒑𝒂𝒓𝒂𝒎𝒆𝒕𝒆𝒓
   --- Equation 2.4.7 



83 

 

𝑹𝒊
𝟐 = 𝟏 −

𝒓𝒆𝒔𝒊𝒅𝒖𝒂𝒍 𝑺𝑺

𝒕𝒐𝒕𝒂𝒍 𝑺𝑺
= 𝟏 −

∑(𝒚𝒊−𝒚𝒇𝒊𝒕𝒕𝒆𝒅)
𝟐

∑(𝒚𝒊−𝒚𝒎𝒆𝒂𝒏)
𝟐
= 𝟏 −

𝑳𝒐𝒈−𝑳𝒊𝒌𝒆𝒍𝒊𝒉𝒐𝒐𝒅(𝒑𝒓𝒐𝒑𝒐𝒔𝒆𝒅 𝒎𝒐𝒅𝒆𝒍)

𝑳𝒐𝒈−𝑳𝒊𝒌𝒆𝒍𝒊𝒉𝒐𝒐𝒅(𝒔𝒂𝒕𝒖𝒓𝒂𝒕𝒆𝒅 𝒎𝒐𝒅𝒆𝒍)
   

   --- Equation 2.4.8 

where 𝑅𝑖
2 expresses what fraction of the variability of the dependent variable yi 

can be explained by the proposed model. At the same time, tolerance represents 

the regressing effects of all independent variables against every other independent 

variable. There is no standard cut-off for VIF, while the consensus implies that the 

VIF >10 shows the model has a collinearity problem. The small tolerance or large 

VIF generally indicates strong collinearity, which might destabilise variable 

selections and model interpretation135. 

 Confounder refers to dependent variables which can affect the relationships 

between the independent and other dependent variables, while these variables do 

not exist within the causal relationships between them. The confounder can 

misguide the explanations between independent and dependent variables, whereas 

no statistical algorithm can directly identify them due to the complexity of real-

world scenarios, as there might be many interconnected relationships among 

variables. Strategies such as randomisation, restriction (e.g. control the age within 

the testing between smoking and lung cancer), and matching (e.g. select data with 

equal distribution of possible confounders for independent and dependent 

variables) can be applied136.  

Covariate refers to the naturally existing variables that might affect the 

dependent but not the independent variables. Covariate is essentially a potential 

confounder. Whether covariate becomes a confounder depends on whether it is 

correlated with another factor that in turn is associated with the dependent variable. 

In other words, covariate is not a problem if: 1) it is not correlated with any factors 

being explored; or 2) it is not correlated with any of the factors explored that are 

associated with the dependent variable. It is worth considering and discussing the 

covariates when addressing the analyses. A commonly used method of dealing with 
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covariates require executing two analyses with and without covariates, thus 

allowing understanding impacts of covariates against the outcomes. 

 In this thesis, I will plot correlation matrices and apply VIF to limit the number 

of variables, particularly in Chapter 3, aiming to extend the radiation models by 

taking multiple hypotheses into account with additional parameters. 

Variable selection 

 It is essential to select variables which should be accounted for in the 

optimisation models. In terms of practical variable selection in clinical research, it 

is necessary to consider the clinical perspectives of including/excluding specific 

factors before applying standard variable selection methods. In other words, 

biologically implausible variables should be removed initially, as they might affect 

the interpretation of models. Critical steps of variable selection start from 

univariable (UV) analyses, followed by multiple methods to select variables 

incorporated in the multivariable (MV) analyses. Specifically, UV analyses with a 

p-value ≤ 0.2 are usually used as the threshold instead of a p-value of 0.05 when 

selecting factors in the MV models, as there might be some confounding effects 

which could lead to over/under-estimating the impacts of specific factors122. 

Backward elimination starts with the global model, removing the most 

insignificant independent variable (IV) until no IV with a p-value higher than the 

threshold is left. Forward selection is entirely different, beginning with the most 

significant factor in UV analysis, and then adding the IV by its significance order 

until there is no IV with a low p-value lying within the threshold. Stepwise 

selection combines forward and backward methods, deciding the selected variables 

by comparing a series of p-values with different variables combination137. I will 

use the stepwise selection in Chapter 4 when identifying factors that might affect 

the OS of cCRT-ICB. However, it should be noted that the stepwise variable 

selection often artificially inflates the precise estimates as it assumes a single fit of 

the model to the data, overfitting the data well in-sample, but do poorly out-of-
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sample. I will only use stepwise selection when selecting and pooling factors from 

UV to MV models. In terms of model selection given different numbers of 

parameters and degrees of freedom, I will use penalised likelihood as discussed in 

the below section. 

Models testing with underfitting, overfitting and validation 

Underfitting means that the model is too simple to capture variance in the 

independent variable, while overfitting implies that the model is too complicated 

to fit the training data a bit too accurately. The ideal likelihood model must find 

the best likelihood values without getting involved with either underfitting or 

overfitting. The deviance statistics testing the proposed model versus the saturated 

model are used to evaluate the underfitting, and overdispersion statistics and cross-

validation (CV) address the overfitting. Specifically, overfitting might be of more 

concern. In this thesis, I aim to add new parameters that have not been investigated 

before in the radiotherapy dose-response models, which might result in overfitting 

with unnecessarily model complexity. Therefore, I explain how to test the model 

performance before introducing the methods that examine overfitting. 

The modelling performance of the ML estimation can be checked using the 

LRT. The LRT is used to diagnose the significance of a set of independent variables 

in the regression. If the likelihood difference between ‘pre-testing probability 

without specific parameters’ and ‘post-testing probability with specific parameters’ 

lies above 95% of the chi-square distribution given corresponding degrees of 

freedom (d.f.), it suggests that these specific parameters should be included to 

improve data description ability. In addition, Akaike Information Criteria (AIC) 

can be used along with the LRT, and AIC values can be more straightforward in 

describing the modelling performance than the LRT138. The AIC assesses model 

quality and aids in model selection for analysing capture-recapture data. It 

emphasises model parsimony, meaning that when comparing an approximating 
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model to the actual model, the one with the lowest AIC should be chosen. Hence, 

the AIC measures the information lost using the following equation:  

𝑨𝑰𝑪 = 𝟐𝒌 − 𝟐 × 𝐥𝐧 (𝑳)  --- Equation 2.4.9 

where k is the estimated variable numbers in a model, and L is the maximum value 

of the likelihood function for that corresponding model139. Specifically, the model 

with the lowest AIC is theoretically the model expected to best describe future data. 

Furthermore, the AIC can be used to compare un-nested model, whereas the LRT 

can only distinguish between same models with or without certain factors included.  

AIC estimates how well a model is likely to fit future data; and trades off the 

goodness of the fit to the current data (-2lnL) against model parsimony (2k). When 

increasing modelling complexity with a new parameter returns a tiny improvement 

(AIC change <2, less than penalisation of 2) in model performance, it hints that the 

model might be overfitting, as the AIC improvement seems to be coming from the 

noise instead of the real data description effects139,140. In these circumstances, the 

AIC itself actually goes up, (i.e. gets worse), and the model is viewed as being 

definitely less good than the one without the extra variable. There is a bit of a 

debate about just how much AIC should fall when adding a new variable for it to 

be worthwhile. For example, if -2lnL falls by 2.3, then the AIC will fall by only 

0.3 and it is arguable that whether the extra variable is all that useful. But strictly, 

the model with the better AIC (even if only by a very small amount) is viewed as 

the better model. Consequently, post-hoc checking and validation testing are 

needed to enhance the study robustness.  

 Overdispersion is when the random variability in observed data is greater than 

expected given theoretical probability functions, such as binomial distribution. In 

other words, there is more variation than expected because of, for example, patient 

numbers. This variability may arise from factors not accounted for modelling, such 

as subtle centre-to-centre protocol differences. Overdispersion is checked using 
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the overdispersion factor (ODF), calibrating the AIC to get the accurate ranges of 

CI and validate the model selection. ODF can only determine the overdispersion 

once getting a model including all the factors of relevance. In other words, if the 

model has not included several factors, that itself might cause the overdispersion. 

In the chapter 3, I will try AIC to get the supposedly best model, then check for 

overdispersion, and ODF might cause me to choose a simpler model with fewer 

factors. ODF starts from the sum-of-squares (SS) residuals calculation,  

𝑺𝑺 = ∑
(𝑶𝒃𝒔𝒆𝒓𝒗𝒆𝒅𝒊  −  𝑴𝒐𝒅𝒆𝒍𝒍𝒆𝒅𝒊)

𝟐

[𝑴𝒐𝒅𝒆𝒍𝒍𝒆𝒅𝒊 ×(𝟏 − 𝑴𝒐𝒅𝒆𝒍𝒍𝒆𝒅𝒊)]/(𝑷𝒂𝒕𝒊𝒆𝒏𝒕 𝒏𝒖𝒎𝒃𝒆𝒓𝒊)
𝒊   --- Equation 2.4.10 

where observed/modelled values and patient numbers refer to cohort i in the 

dataset. Subsequently, ODF can be obtained by dividing SS with d.f. in fitting. The 

practical application relies on the calibrated AIC (AIC’), allowing model 

reselection and broader profile-likelihood CI estimation138,141.  

𝑶𝑫𝑭 =
𝑺𝑺

𝒅.𝒇.
  ; 𝑨𝑰𝑪′ = 𝟐𝒌 −

𝟐×𝒍𝒏 (𝑳𝒊𝒌𝒆𝒍𝒊𝒉𝒐𝒐𝒅)

𝑶𝑫𝑭
  --- Equation 2.4.11 

Model validation can be done using external validation or internal validation. 

The external validation uses an external dataset to compare the model fitting results 

performed using the model training dataset. CV is a standard internal validation 

method in data modelling research, which allows for preventing overfitting. There 

is no exception in medical physics, where holdout CV, leave-one-out CV, or k-fold 

CV are commonly seen in published works128. The CV starts with separating the 

whole dataset into training and testing data subsets (commonly by a 90:10 or 80:20 

split). Secondly, models are fitted to training subsets, and tested using testing 

subsets. Thirdly, rotating the folds are required in CV. In each iteration of CV, a 

different fold is held out as the validation dataset, while the other folds are used 

for training. This ensures that each data point in a dataset is used both in model 

training and validation. Finally, the difference between each training and testing 

dataset is calculated and retained for model selection, as the model might perform 

excellently in specific folds of datasets but not all datasets.  
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The difference between CV types lies in how they split the data; holdout CV 

randomly holds some data as testing and leaves others as training. In contrast, 

leave-one-out CV chooses one data point for testing each time; and k-fold CV 

breaks the dataset into k subsets, then each time selects one subset for testing and 

groups the others together for training. The model with the lowest CV values 

should have the best performance in describing future data. With CV techniques, 

it is possible to minimise noise impacts in specific cohorts142. In this thesis, I will 

use 10-fold CV and ODF to examine the overfitting issues. 

Confidence intervals 

CI describes how precisely values of model parameters have been identified 

in the fitting process. Three types of CI are commonly used – asymptotic CI, 

profile-likelihood CI, and bootstrapped CI.  

Asymptotic CI is the standard and easiest method, used in most cases. It 

estimates the CI from the local curvature of the likelihood function and the 

asymptotic distribution of this function according to the central limit theory. The 

profile-likelihood CI estimates the CI based on the same asymptotic distribution 

of the likelihood function, but now explicitly evaluating changes in the function 

with changing parameter values rather than estimating the changes from the 

function curvature. Profile-likelihood CI is usually more accurate than the 

asymptotic CI, as less assumptions are made in the calculation143,144. The 

bootstrapped CI is estimated entirely numerically by resampling data with 

replacements. Repeatedly bootstrapped resamples of the original datasets are 

created, and by fitting each, distributions of fitted parameter values are generated. 

From these distributions, the CI can be identified directly as the ranges of 

parameter values obtained for some percentage of bootstraps, 95% for example in 

the case of a 95% CI. The standard is to use at least 1000 bootstrapped resamples145. 

In this thesis, I will use profile-likelihood and bootstrapped CIs to report the 

uncertainties. 
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Figure 2.4 Graphical structure overviewing the modelling optimisation 

concept. This figure outlines how I use data to examine specific hypotheses for 

optimising dose-response models. 
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2.5 Study structure 

This research aims to optimise radiotherapy dose-response models to describe 

clinical outcomes more accurately, with specific aims of 1) explaining the 

underlying features behind clinical outcomes, 2) predicting how outcomes might 

change with treatment modification, and 3) informing factors which might affect 

the outcomes. 

There are a series of sections for the rest of the thesis. In Chapter 3, I will take 

Nix’ earlier model39, and explore new hypotheses by adding additional parameters 

describing extra patient factors. In Chapters 4, I will use the extended model to 

describe the OS expected for the CRT components of CRT-ICB treatments, 

allowing the OS gains obtained by adding ICB to be estimated, and the associations 

between these gains and treatment and patient factors to be explored. In Chapters 

5 and 6, I will use the model fits created in Chapter 3 and the extended model with 

ICB effects (CRT-ICB model) to explore how OS might change given dose-

escalation of the radiotherapy components of treatments, and with cardiac-sparing 

techniques. A graphical overview of the project is shown in Fig. 2.5. 

Figure 2.5 Graphical 

overview of study 

structure in the following 

chapters of my thesis. 
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Chapter 3. Investigating stage and treatment 

specific effects on LA-NSCLC survival 

following chemoradiotherapy 

3.0 Chapter overview 

This chapter – 

• Investigates stage-/treatment- specific effects following concurrent 

chemoradiotherapy (cCRT).  

• Highlights cCRT-repopulation, stage-α/β, and stage-toxicity.  

• Stratifies overall survival for patients with stage-/treatment- features are 

predicted following the advanced modelling. 

*This chapter has been revised and published in Cancers 2022, 14, 4869. 

The published manuscript can be found via 

https://doi.org/10.3390/cancers14194869 

 

3.1 Development of LA-NSCLC chemoradiotherapy 

 Lung cancer is one of the most death-causing diseases globally, accounting 

for 20% of cancer-related death in Europe in 20186. Also, more than three-fourths 

of patients can only be diagnosed when cancer becomes regionally or distantly 

metastatic8, making it more life-threatening than other cancers diagnosed earlier. 

Non-small cell lung cancer (NSCLC) accounts for more than 80% of lung cancer11, 

and more than 60% of NSCLC patients would receive radiotherapy (RT) within 

any phase of their treatment31. For early-stage NSCLC, stereotactic body 

https://doi.org/10.3390/cancers14194869
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radiotherapy (SBRT) with a high dose per fraction has been considered a clinical 

frontline treatment, especially for patients who cannot undergo surgery34,146. In 

terms of locally-advanced NSCLC (LA-NSCLC), the best chance of survival is 

offered by concurrent chemo-RT (cCRT), given as 60 to 66Gy in daily 2Gy 

fractions with 2 to 4 chemotherapy cycle, so cCRT has become the clinical 

standard care for inoperable cases18,31. However, many patients are insufficiently 

fit for cCRT and instead receive RT alone or sequential chemo-RT (sCRT). 

 It remains challenging to identify optimal RT schedules for LA-NSCLC. 

Compared to conventional fractionation, a 12-day accelerated hyper-fractionated 

course of RT alone achieved improved 2-year overall survival (OS) (29% vs 20%, 

p = 0.004) but tumours nevertheless recurred in 47% of patients receiving the 

accelerated treatment49. Meta-analyses found that survival was improved by 

combined chemo-RT, and that cCRT achieved an absolute survival benefit of 

roughly 5% compared to sCRT147,148. Data from some early-phase clinical trials of 

radiation dose-escalation showed improved OS52 and acceptable toxicity53, and a 

meta-analysis showed survival gains for escalation of RT alone and sCRT149. For 

cCRT, however, a survival gain was not seen and the RTOG-0617 phase III trial 

reported a median survival of 20.3 months for 74Gy in 2Gy fractions compared to 

28.7 months for the baseline 60Gy treatment, a survival reduction of 8.4 months 

in the high-dose arm (p = 0.004)54. These findings are not coherently explained by 

standard in-silico models, and improved models are needed to guide the 

optimisation of radiation treatments. 

 Radiotherapy models have been widely used for decades, such as tumour 

control probability (TCP) models based on the linear-quadratic cell survival 

fraction theory113, and normal tissue complication probability (NTCP) models 

established on heterogeneous tumour sub-volume hypotheses proposed by Lyman, 

Kutcher and Burman78,111. In 2011, Partridge et al.62 improved TCP prediction for 

NSCLC in two years through applying standardised tumour equivalent doses in 
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2Gy-per-fraction (EQD2), which incorporated the different dose-per-fraction and 

treatment duration between trials. Also, they corrected tumour EQD2 by adding 

repopulation weighting λ and repopulation onset day Tk, which successfully fit the 

data with diverged ranges of treatment days62. In this research, the model results 

suggested the survival gain with increasing EQD2 using data from 24 published 

trials. Nix et al.39 recently updated the model by considering chemotherapy effects, 

improving OS prediction accuracy through combining TCP and NTCP. Even so, 

the radiosensitivity parameter α/β was fixed as 3 for normal tissues, and low 

tumour α/β of 4.0 occurred in the best fitting revealing the potentially different 

properties versus routinely used tumour α/β of 1039. In terms of the modelling 

outcomes, the OS rates first rose with increasing EQD2 before falling again. In a 

plot of survival levels calculated from the model for cCRT treatments given in 

increasing numbers of 2Gy fractions over 40 days, survival for stage IIIA patients 

started to fall as doses increased beyond 68Gy. This was a lower turnover point 

than for RT alone or sCRT, for which modelled survival continued to rise through 

to 80Gy. Consequently, additional add-ons are required to consolidate the 

radiosensitivity findings and examine the details. 

 Aside from radiosensitivity issues, there are still some incomprehensible 

clinical observations. Firstly, the International Staging Project collecting lung 

cancer database by the International Association for the Study of Lung Cancer 

(IASLC) showed OS difference between IIIA (N=3200) and IIIB (N=2140) 

NSCLC, reporting 2-year OS as 55% versus 44% and 5-year OS was 36% versus 

26%13,150. However, there is only a tiny difference between IIIA and IIIB clinical 

staging definitions. Patients with more regional lymph node metastasis would be 

defined as IIIB with similar primary tumour sizes and no distant metastasis11,14. 

Also, both stage IIIA and IIIB are classified as LA-NSCLC, which follows the 

same treatment protocols in clinic18,151. Consequently, there might be some 
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intrinsic tumour heterogeneities between IIIA and IIIB, possibly affecting cCRT 

efficacy and leading to the OS difference.  

Secondly, although the enhanced tumour EQD2
 could partially quantify how 

cCRT benefits patients via radio-sensitisation parameter incorporated in the 

published models39, reasons why OS did not enhance as theoretically believed in 

accelerated trials have yet to be explained. De Ruysscher et al.152 speculated that 

cCRT might sufficiently suppress tumour repopulation and neutralise the effect of 

avoiding repopulation through accelerating radiation fractionation since both OS 

and toxicity remained similar in stage III NSCLC using either conventional 

fractionation or accelerated planning. Thirdly, recent PACIFIC clinical trials 

showed notable OS improvement in cohort administrating immunotherapy after 

cCRT versus standard cCRT on LA-NSCLC71,72. Still, detailed interaction between 

immunotherapy, chemotherapy and RT have not been clearly understood. 

Together, a thorough investigation of cCRT is necessary to optimise LA-

NSCLC treatments. We develop advanced treatment outcome models by 

modifying parameters based on three hypotheses to shed light on better cCRT 

dose-response schedules. First, we explore whether tumour accelerated 

repopulation varies with treatment-type (cCRT vs RT/sCRT) in accordance with a 

recent proposal that cCRT might suppress re- population, negating the effect of 

treatment acceleration152. Second, we investigate the origin of the low 

radiosensitivity (α/β ratio), studying whether it is driven by a particular disease 

stage or treatment-type. And finally, we allow the survival-limiting term to vary 

with stage, since larger volumes of normal tissues are irradiated to high dose-levels 

during treatment of higher stage disease. By building a dose-response model for 

chemo-RT, we also aim to create a platform for future work characterising the 

additional effects on survival of combined immuno-chemo-RT treatments.  
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3.2 Materials and methods  

3.2.1 Experimental design 

This study looks over possible factors, including ‘tumour repopulation onset 

time difference’ between treatments (RT alone/sCRT/cCRT), tumour α/β by stages, 

and stage-specific toxicity. Firstly, we fit the retrospective data using standard TCP 

model62 (Model 1), then fit it again using the chemo-radiation model published by 

Nix et al.39 (Model 2). Regarding the new models we develop, we first split 

repopulation-related parameters λ and Tk by treatments (Model 3). Secondly, we 

split tumour α/β by stages, testing whether low α/β found under the chemo-

radiation model still appears across stages (Model 4). Finally, we fit NTCP by 

stages to examine the possible normal tissue toxicity difference as a surrogate trial 

to support stage-individualised tumour α/β (Model 5). The graphical study flow 

chart was presented in Fig. 3.1. 

 

Figure 3.1 Sectional study flow chart. The flow chart outlines the research 

structure in this chapter also lists the main hypotheses and modulated parameters 

in each model.   
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The study aimed to improve treatment OS prediction using modified 

radiotherapy dose-response models and explain unclarified clinical observations 

based on proper modelling hypotheses. Dose-response curves were plotted, then 

compared to the clinical outcomes after modelling works. 

 

3.2.2 Retrospective data collection 

Modelling data were collated through PubMed, Google Scholar, and 

SicenceDirect. The medical subject keyword ‘NSCLC radiotherapy dose-

escalation’ were used in searches. Either institutional trials or multi-centred trials 

were included only if 2-year OS was reported, but the limitation was set to remove 

the trial with palliative purpose, less than 20 patients in any cohorts, >60% of stage 

I/II patients, and schedules >3.0Gy dose-per-fraction. Also, as a study investigating 

tumour repopulation onset day, trials published before 2000 were excluded to 

avoid non-3D conformal radiotherapy without robust computed treatment 

planning or some conventionally 2D-planned trials taking days of treatment 

interruption between fractionations153,154. 5% data pre-processing were raised on 

doses and doses-per-fraction for cohorts without lung tissue heterogeneity 

correction in North America106 and RTOG-061754 prescribed using 95% planning 

target volume107. All in all, as an extended modelling research, the dataset was 

originally derived from Nix et al.39. Data re-searching and sorting criteria have 

been updated as mentioned. The data contained 4866 patients in 51 cohorts 

between 2000-2016. Data characteristics were summarised in Table 3.1. 

Table 3.1 Patient characteristics. Results are expressed as either total values or 

mean values with the range.  

4866 non-small cell lung cancer (NSCLC) patients in 51 cohorts 

 
Radiotherapy 

(RT) alone 

Sequential 

Radiotherapy 

(sCRT) 

Concurrent 

Radiotherapy 

(cCRT) 

Total 



97 

 

 10 cohorts 26 cohorts 15 cohorts 51 cohorts 

Patient Numbers  

Stage I 116 127 3 246 (5.1%) 

Stage II 72 85 59 216 (4.4%) 

Stage IIIA 514 732 1020 2266 (46.6%) 

Stage IIIB 490 848 800 2138 (43.9%) 

Total 1192 1792 1883 4866 

Histology* (%): squamous cell carcinoma/adenocarcinoma/other NSCLC 

 49.4/24.2/26.4 42.5/32.8/24.7 32.8/31.0/30.8 42.6/29.6/27.8 

RT technique (# of cohorts): rectangular field RT/conformal RT/IMRT 

 2/7/1 3/22/1 0/11/4 5/40/6 

IIIB Patient Numbers / IIIA Patient Numbers in each cohort  

 
0.92 

(0 – 1.92) 

1.22 

(0 – 2.89) 

0.83 

(0.16 – 1.72) 

1.05 

(0 – 2.89) 

Dose** (Gy) 

 
71 

(58 – 81) 

70 

(55 – 95) 

69 

(55 – 78) 

70 

(55 – 95) 

Radiotherapy Fractions  

 
36 

(20 – 58) 

33 

(20 – 43) 

36 

(20 – 58) 

35 

(20 – 58) 

Dose / Fraction (Gy)  

 
2 

(1.3 – 3.0) 

2 

(1.7 – 2.8) 

2 

(1.3 – 2.8) 

2 

(1.3 – 3.0) 

Overall Radiation Treatment Time (Days)  

 
35  

(17 - 46) 

42  

(16 - 60) 

43  

(28 - 52) 

41  

(16 - 60) 

Biological Effective Dose, BED (Gy)† 

 
43 

(24 – 70) 

40 

(24 – 52) 

43 

(24 – 70) 

42 

(24 – 70) 

2-year Overall Survival (%)  

 
36 

(21 – 56) 

37 

(18 – 59) 

49 

(32 – 68) 

41 

(18 – 68) 

* Histology data was only available for 39/51 cohorts (9 RT alone, 16 sCRT, 14 cCRT). 
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** 5% Dose escalation has been processed for trials without lung heterogeneity correction and 

those reported with 95% planning tumour volume doses in RTOG-0617. 

† BED was a rough estimation for clinical comparison. It was calculated by taking prescribed RT 

dose, assuming all dose ranges given in 2Gy-per-fraction, with a radiosensitivity value α/β of 10. 

 

3.2.3 Chemo-radiotherapy outcome models 

All models in this research aimed to optimise 2-year OS fitting through 

applying different parameters. We named the five models from the simplest to the 

most complicated as Model 1 to 5 sequentially (Figure 3.1). More stratification of 

parameters or treatment effects were incorporated in the advanced models. 

Model 1: Standard TCP model 

 In the basic model, EQD2,tum was initially calculated using standard biological 

effective dose (BED), where tumour radiosensitivity parameter α/β, through 

prescribed radiation dose (D) and dose-per-fraction (d) were used. Later, 

accounting tumour repopulation effects through weighting repopulation rate (λ), 

overall radiotherapy treatment time (ORTT), and repopulation onset day (Tk). 

𝑬𝑸𝑫𝟐,𝒕𝒖𝒎 = 𝑫 ×

(

 
 
𝟏 +

𝒅
𝜶
𝜷⁄

𝟏 +
𝟐
𝜶
𝜷⁄ )

 
 
− 𝝀 ×𝑴𝒂𝒙[𝑶𝑹𝑻𝑻 − 𝑻𝒌, 𝟎] 

--- Equation 3.1 

As the basic standard model has not taken NTCP into account, modelled TCP 

results equal to the modelled results of OS, where sigmoidal TCP was calculated 

via cumulative normal distribution function (Φ): 

𝑶𝑺 =  𝑻𝑪𝑷 =  ∑ { 𝒇𝒊 𝜱 [
𝑬𝑸𝑫𝟐,𝒕𝒖𝒎− 𝑬𝑸𝑫𝟐,𝒕𝒖𝒎𝟓𝟎(𝑺𝒊)

𝒎 × 𝑬𝑸𝑫𝟐,𝒕𝒖𝒎𝟓𝟎(𝑺𝒊)
] }𝒊 × 𝟏𝟎𝟎%  
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--- Equation 3.2 

where fi represented the fraction of stage i (Si) (stage I, II, IIIA, or IIIB) patients in 

each cohort, m symbolised the dose-response gradient, while 

𝐸𝑄𝐷2,𝑡𝑢𝑚50(𝑆𝑖)  indicated the required prescribed dose for achieving 50% of 

tumour control in each stage. 

Model 2: Basic chemo-radiation model 

The standard TCP model has been extended via adding chemotherapy 

parameters and incorporating normal tissue toxicity39. An updated generalised 

function can be written as Equation 3.3. 

𝑶𝑺 = 𝑻𝑪𝑷 × [𝑶𝑺𝑴𝒂𝒙
𝑻𝒓𝒆𝒂𝒕𝒎𝒆𝒏𝒕]  × (𝟏 − 𝑵𝑻𝑪𝑷) × (𝟏 − 𝑹 × 𝒀𝒆𝒂𝒓 𝑪𝒂𝒍𝒊𝒃𝒓𝒂𝒕𝒊𝒐𝒏)                 

--- Equation 3.3 

where 𝑂𝑆𝑀𝑎𝑥
𝑅𝑇   was fixed at 85% for RT-only cohorts since 15% post-treatment 

distant failure was reported for patients who did not receive chemotherapy39,155, 

while 𝑂𝑆𝑀𝑎𝑥
𝐶𝑅𝑇  was fitted together for both sCRT and cCRT cohorts with minimum 

boundary of 85% – assuming incorporating chemotherapy could benefit patients 

at least as good as singly treated using RT alone. Besides, R represented overall 

clinical treatment improvement unrelated to treatment schedules, as treatment 

planning techniques improved from 2000 to 2016. Year Calibration reflected how 

many years each study published before the most recent one in 2016. 

 In detail, EQD2,tum was slightly modified by adding a chemo-radiosensitisation 

parameter RScCRT for cohorts treated with cCRT. RScCRT was counted before 

incorporating tumour repopulation calibration, fixing at 1 for RT alone/sCRT but 

allowed to be fitted >1 for cCRT. Toxicity effects were modelled through EQD2,NT 

and sigmoidal NTCP as 

𝑬𝑸𝑫𝟐,𝑵𝑻 =
𝑩𝑬𝑫

𝟏+
𝟐

𝟑

= 𝑫 × (
𝟏+

𝒅

𝟑

𝟏+
𝟐

𝟑

)    --- Equation 3.4 
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𝑵𝑻𝑪𝑷 =  𝜱 [
𝑬𝑸𝑫𝟐,𝑵𝑻 − 𝑬𝑸𝑫𝟐,𝑵𝑻𝟓𝟎

𝒎𝑵𝑻 × 𝑬𝑸𝑫𝟐,𝑵𝑻𝟓𝟎
]   --- Equation 3.5 

where α/βnormal tissue was fixed at 339. As model was fitted using OS data without 

detailed toxicity information, NTCP factor was referred as the survival-limiting 

toxicity. 𝐸𝑄𝐷2,𝑁𝑇50  linked to the prescribed dose resulting in 50% of death-

causing side effects, while 𝑚𝑁𝑇 symbolised the dose-toxicity response gradient. 

Model 3: Splitting tumour repopulation by treatments 

To specifically investigate the tumour repopulation effects, repopulation 

related parameters λ and Tk were modified as treatment-specific parameters, testing 

the possibly existing difference between cCRT versus radiotherapy alone or sCRT. 

Namely, λ and Tk in Equation 3.1 were fitted differently for cCRT vs RT/sCRT. 

Consequently, Equation 3.1 was replaced using Equation 3.6: 

𝑬𝑸𝑫𝟐,𝒕𝒖𝒎 = 𝑫 ×

(

 
 
𝟏 +

𝒅
𝜶
𝜷⁄

𝟏 +
𝟐
𝜶
𝜷⁄ )

 
 
− 𝝀𝑻𝒓𝒆𝒂𝒕𝒎𝒆𝒏𝒕 ×𝑴𝒂𝒙[𝑶𝑹𝑻𝑻 − 𝑻𝒌

 𝑻𝒓𝒆𝒂𝒕𝒎𝒆𝒏𝒕, 𝟎] 

--- Equation 3.6 

In brief, repopulation parameters (λ and Tk) were allowed to take different 

fitted values for cCRT vs RT alone/sCRT. 

Model 4: Splitting tumour α/β by stages 

𝐸𝑄𝐷2,𝑡𝑢𝑚  of each stage was more precisely calculated through splitting 

tumour α/β in this model. However, as there were limited stage I/II patients (<10% 

in total), both stages were fitted together, while stage IIIA and IIIB were fitted 

independently. In other words, tumour α/β was fitted differently for early stages vs 

stage IIIA vs stage IIIB. The extended version of 𝐸𝑄𝐷2,𝑡𝑢𝑚 calculation using α/β 

(Si) for radiosensitivity of stage i (Si) (early-stage, IIIA, or IIIB) patients become 
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𝑬𝑸𝑫𝟐,𝒕𝒖𝒎 = 𝑫 ×

(

  
 
𝟏 +

𝒅
𝜶
𝜷
(𝑺𝒊)

𝟏 +
𝟐

𝜶
𝜷
(𝑺𝒊))

  
 
− 𝝀𝑻𝒓𝒆𝒂𝒕𝒎𝒆𝒏𝒕 ×𝑴𝒂𝒙[𝑶𝑹𝑻𝑻 − 𝑻𝒌

 𝑻𝒓𝒆𝒂𝒕𝒎𝒆𝒏𝒕, 𝟎] 

--- Equation 3.7 

In brief, tumour α/β was allowed to take different fitted values for stage I/II 

vs IIIA vs IIIB. 

Model 5: Splitting toxicity by stages 

 As normal tissues might have a higher chance to be irradiated if there are more 

nodal spreads planned to be treated in higher-stage patients. Here, we tried 

describing toxicity by stages via incorporating Fi, representing the proportion of 

patients with life-threatening severe toxicity. Consequently, Equation 3.5 was 

replaced using Equation 3.8.   

𝑵𝑻𝑪𝑷 =  ∑{ 𝒇𝒊  × 𝑭𝒊 ×𝜱[
𝑬𝑸𝑫𝟐,𝑵𝑻 − 𝑬𝑸𝑫𝟐,𝑵𝑻𝟓𝟎
𝒎𝑵𝑻  ×  𝑬𝑸𝑫𝟐,𝑵𝑻𝟓𝟎

] }

𝒊 

× 𝟏𝟎𝟎% 

--- Equation 3.8 

In a nutshell, 2-year OS was fitted using equations described under each 

model, and modifications in the simpler models were always be kept in the 

progressively complicated models. (e.g. Equation 3.6 was kept in Model 4 and 

Model 5) 
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3.2.4 Statistical analysis 

 Models were fitted using the maximum likelihood estimation method through 

bbmle2 package in R language130, then plotting dose-response curves via ggplot2 

package156. Akaike Information Criteria (AIC) estimating the relative information 

lost in a model was used to compare the model good-of-fit performance129,139. 

Significances of adding parameters in updated models were tested by likelihood 

ratio test (LRT). A cross-validation score calculating the least sum-of-squared 

residuals through 10-fold cross-validation was applied to validate the AIC 

results142. 95% profile-likelihood confidence intervals (CI) of fitted parameters 

were calculated using the model judged best based on AIC, LRT, and cross-

validation score157. Profile-likelihood CIs were calculated based on multi-

dimensional methods, where likelihood profile got by varying all parameters at the 

same time, and recorded the boundary values when the log-likelihood fell by 

𝜒(1,0.95)
2  = 3.84 (chi-square distribution, with degree of freedom = 1) from the best 

fits. Two-sided significances were used in all comparisons. 

Calibration plots comparing observed OS and modelled OS were calculated 

to measure the model fitting goodness. Linear regressions are plotted, where 

weighting number of patients in each cohort through minimising a sum-of-squares 

by  

∑{ (𝑶𝑺𝒊,𝒐𝒃𝒔𝒆𝒓𝒗𝒆𝒅 − 𝑶𝑺𝒊,𝒎𝒐𝒅𝒆𝒍𝒍𝒆𝒅)
𝟐

𝒊 

/ [𝑶𝑺𝒊,𝒎𝒐𝒅𝒆𝒍𝒍𝒆𝒅 × (
𝟏 − 𝑶𝑺𝒊,𝒎𝒐𝒅𝒆𝒍𝒍𝒆𝒅

𝑷𝒂𝒕𝒊𝒆𝒏𝒕 𝒏𝒖𝒎𝒃𝒆𝒓 𝒊𝒏 𝒆𝒂𝒄𝒉 𝒄𝒐𝒉𝒐𝒓𝒕
)] } 

--- Equation 3.9 

Additionally, gradients' significances of scatter plots were determined through 

F-tests after linear regression145. Linear fits to cohort data in scatter plots were 

determined by minimising sums of squared errors weighted by patient numbers, to 
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provide more informatic relationships between factors and outcomes. Also, as 

models were fitted through counting patient numbers in each cohort, weighted 

regression should be applied in comparing fits and predicted outcomes. 

Significances of differences in treatment characteristics between sets of 

cohorts were assessed using the Wilcoxon rank-sum test. Visualisation matrix 

describing correlation properties between parameters in the most complicated 

model (Model 5) was plotted through corrplot package in R after variance-

covariance calculation158. Variance inflation factor (VIF) and overdispersion factor 

(ODF) were also calculated as post-hoc check-ups after modelling159. 

 

3.2.5 Supplementary dataset as validation 

 To validate model prediction efficacy, published 2-year OS data of PACIFIC 

clinical trial were used71,72. PACIFIC trial aimed at investigating whether adding 

immunotherapy drug could improve the LA-NSCLC cCRT outcomes through 

durvalumab versus placebo after cCRT.  

 The placebo arm of the PACIFIC trial was used to validate our prediction. We 

assumed 1:1 IIIA vs IIIB patients receiving 60Gy or 70Gy EQD2,tum to calculate 

the OS – where 60Gy and 70Gy stand for the median doses of low-dose groups 

(91.6% patients treated with 54 to 66Gy) and high-dose groups (8% patients 

treated with 66 to 74Gy) in PACIFIC.  
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3.3 Results 

3.3.1 Data description 

 The dataset contains 4866 patients retrieved from 51 cohorts in 33 studies with 

5.1% of stage I, 4.4% of stage II, 46.6% of stage IIIA and 43.9% of stage IIIB 

NSCLC respectively. Tumour histology was available in 39/51 cohorts, where 43% 

had squamous cell carcinoma (SCC), while 30% had adenocarcinoma and 28% 

with other NSCLC histologies. Most cohorts were treated with conformal 

techniques (40/51), 6 with IMRT and 5 with conventional rectangular fields. 

Among these, 10 of them were treated with RT alone. Chemotherapy and 

radiotherapy were given sequentially as sCRT in 26 cohorts, and 15 cohorts were 

treated simultaneously as cCRT (Table 3.1). In more detail, 26 cohorts receiving 

sCRT included 12 with neo-adjuvant and 1 with adjuvant chemotherapy, while 13 

cohorts were either mixed or not clearly described.  

The data only had 9.5% of early-stage patients (stage I/II), allowing deeper 

investigation focusing on LA-NSCLC. Slightly longer mean overall radiation 

treatment time were found in sCRT (42 days) and cCRT cohorts (43 days) 

compared to RT alone (35 days), with borderline statistical significance (p = 0.026 

for sCRT; p = 0.055 for cCRT). Dispersed mean 2-year OS ranged from 18% - 

68%.  

Two-year OS was statistical insignificant against prescribed radiation dose (p 

= 0.18) and RT treatment duration (p = 0.79), while having significant relationships 

against dose-per-fraction (p = 0.03). The increase of OS with increasing prescribed 

dose was quite modest (shallow slope of 0.002), with a 2% increase in survival 

every 10Gy in dose. 0.2% increases of OS per Gy of prescribed dose is way lower 

than 1-3% per Gy – the normal gradients for radiation dose-survival relationship 

in human tumours160. Dose-per-fraction seems to be a bit more effective with a 7% 
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OS increase for every 1 Gy-per-fraction increase between 1 to 3 Gy-per-fraction 

(Fig. 3.2). 

 

Figure 3.2 Two-year OS distribution versus prescribed radiation dose, dose-

per-fraction, and overall radiation treatment time in 51 collected clinical trial 

cohorts. Statistical testing is shown using linear regression, where the regression 

was weighted by patient numbers of each cohort. Gradients with p<0.05 are 

defined as significant (*). Larger symbols represent cohorts with more patients. 
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3.3.2 Models fitting 

 This study aimed to understand the hidden reasons behind the inconsistent 

radiation dose-response in the clinic. We modified the radiotherapy models based 

on a series of hypotheses, from dichotomising tumour repopulation weighting and 

onset days into cCRT versus RT or sCRT, splitting α/β by stages, to individualising 

stage-specific toxicity weighting (Fig. 3.1). 

 Fitting efficacy comparisons are listed in Table 3.2, and visualised through 

calibration plots comparing modelled OS and original OS as Fig. 3.3. Model 2 with 

chemotherapy and NTCP incorporation had significantly improved the goodness-

of-fit versus the standard TCP model (p = 6.2 x 10-21), which matched the published 

findings in previous research using a similar dataset39. Step-by-step modelling 

generalisation with different hypotheses improved fitting from Model 2 to Model 

5. Model 5 (which incorporated treatment-specific repopulation, stage-specific α/β, 

and stage-specific toxicity) had the best modelling efficacy with the lowest AIC 

and cross-validation score. The fitting improvements comparing standard TCP 

(Model 1) and basic chemo-radiation model (Model 2) with Model 5 reached p-

values of 3.6 x 10-23 and 3.4 x 10-5, respectively (Table 3.2).  

In terms of models’ goodness of fit (Fig. 3.3), least-square gradients between 

residuals of observed OS and modelled OS came from 0.24 for Model 1, 0.65 for 

Model 2, 0.70 for Model 3, 0.77 for Model 4, and 0.79 for Model 5. Such outcomes 

were consistent with the AIC and cross-validation results, indicating that 

modelling accuracy increased, followed by each incremental generalisation in this 

series of testing. 
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Table 3.2 Models comparison. Model efficacies are compared using Akaike 

Information Criteria (AIC), likelihood ratio tests through log-likelihood and 

degrees of freedom in fitting (df), and 10-fold cross-validation. p<0.05 is defined 

as significant. 

 

Model 1 

Standard 

TCP 

(df = 43) 

Model 2 

Chemo-

radiation 

(df = 38) 

Model 3 

Split 

Repopulation 

(df = 36) 

Model 4 

Split α/β 

(df = 34) 

Model 5 

Split Toxicity 

(df = 30) 

Log-

likelihood 
-3234.3 -3182.4 -3178.3 -3169.6 -3164.7 

Likelihood

- ratio test 

Reference p = 6.2 x 10-21  p = 3.7 x 10-21  p = 2.2 x 10-23  p = 3.6 x 10-23 

- Reference p = 0.023  p = 6.9 x 10-5  p = 3.4 x 10-5 

- - Reference p = 2.2 x 10-4  p = 1.5 x 10-4  

- - - Reference p = 0.034  

AIC 6485 6391 6387 6373 6371 

Cross-

validation 

score 

65.2 26.7 24.1 18.0 12.7 

 

 

(B) 
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Figure 3.3 Models fitting abilities visualisation via calibration plots. The 

difference between predicted OS in the models and original OS are presented using 

calibration plots. Higher gradients and less dispersion indicate better fits. Larger 

symbols are used to indicate cohorts with more patients.  

 

Modelling fits are shown in Table 3.3. Tumour repopulation took account of 

0.64 and 0.32Gy EQD2,tum reduction per day in Model 1 and Model 2, while its 

rate rose to 1.47Gy reduction per day (95% CI: 0.36, 2.57Gy) for cohorts treated 

with cCRT in Model 5. Besides, the kick-off timing of tumour repopulation also 

changed. It started on day 18 of the treatment in Model 2, where chemotherapy 

effects had been counted. However, it slightly deferred to day 24 of the treatment 
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for cCRT using Model 5. To sum up, cCRT postponed the onset timing of tumour 

repopulation, but with faster rates of decreasing EQD2,tum once it started. 

The fitted α/β ratio was 4.0Gy (95% CI: 2.1, 9.2Gy) and 3.0Gy (95% CI: 1.6, 

5.6Gy) for Model 1 and Model 2, respectively, which was way lower than the 

commonly used value of 10Gy, however, such findings of α/β align with what had 

been reported in the previous research39. For Model 4 and 5, where stages split α/β, 

the fitted values of α/β were around 10Gy for early-stage (stage I/II), high with 

wider CIs for stage IIIA (62.8Gy for Model 4; 32.1Gy for Model 5), and extremely 

low for stage IIIB (0.4Gy for Model 4; 0.6Gy for Model 5).  

Stage-by-stage normal tissue toxicity fitting illustrated sharper gradient of 

NTCP in Model 5 (0.31, 95% CI: 0.11, 1.00) compared to the Model 2 (0.60, 95% 

CI: 0.47, 1.00). The fitting results specify that when treating patients with 54Gy 

prescribed EQD2 (EQD2,NT50), more patients in advanced stages would have 50% 

chances of OS-affected side effects, where possibilities arise from 33% for stage I 

and II, 41% for stage IIIA, to 58% for stage IIIB.  

 

Table 3.3 Models description. Results include degrees of freedom in fitting (df), 

fitted parameter values and 95% profile-likelihood CIs. Key results comparing the 

best model (Model 5) versus conventional models (Model 1 and 2) are summarised 

here. The complete table is shown on the page after the summarised table. 

Parameters 

Model 1 

Standard TCP 

(df = 43) 

Model 2 

Chemo-radaition 

(df = 38) 

Model 5 

Best model 

(df = 30) 

α/β * (Gy) 4.0 (2.1 - 9.2) 3.0 (1.6 - 5.6) 

SI & SII: 10.0 (0.6 - infinite) 

SIIIA: 32.1 (9.0 - infinite) 

SIIIB: 0.6 (-0.2 - 1.0) 

Tk * (days) 33 (18 - 39) 25 (16† - 36) 
RT & sCRT: 17 (16† - 32) 

cCRT: 24 (16† - 47) 

λ * (Gy/day) 0.64 (0.30 - 0.99) 0.40 (0.23 - 0.72) RT & sCRT:  

0.30 (0.18 - 0.47) 
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cCRT: 1.47 (0.36 - 2.57) 

𝐸𝑄𝐷2,tum50 (Gy) ** 

SI: 74 (66 - 81) 

SII: 74 (66 - 84) 

SIIIA: 74 (66 - 84) 

SIIIB: 88 (75 - 103) 

SI: 48 (13 - 52) 

SII: 48 (19 - 52) 

SIIIA: 49 (42 - 54) 

SIIIB: 61 (52 - 69) 

SI: 54 (49 - 58) 

SII: 54 (49 - 58) 

SIIIA: 54 (49 - 58) 

SIIIB: 54 (49 - 58) 

m 0.72 (0.64 - 1.00†) 0.28 (0.19 - 0.47) 0.15 (0.12 - 0.24) 

𝑶𝑺𝑴𝒂𝒙
𝑪𝑹𝑻  (%) - 93 (85† - 100†) 91 (85† - 100†) 

RScCRT - 1.11 (1.05 - 1.22) 1.40 (0.99 - 1.40†) 

R (per year) - 
0.016  

(0.006 - 0.022) 
0.016 (0.012 - 0.026) 

𝐸𝑄𝐷2,NT50 (Gy) - 96 (83 - 116) 54 (26 - 104) 

mNT - 
0.60  

(0.45 - 1.00†) 

0.31  

(0.11 - 1.00†) 

F (%) ** - - 

SI: 33 (0† - 78) 

SII: 33 (0† - 86) 

SIIIA: 41 (20 - 100†) 

SIIIB: 58 (35 - 100†) 

* In Model 5, a common α/β value was fitted for stage I and II cohorts, and common Tk and  

values for RT alone and sCRT treatments. 

** For 𝐸𝑄𝐷2,tum50 and F, fitting was constrained so that IIIB values were ≥ IIIA ≥ II ≥ I. 

† The profile-likelihood CI was truncated at a lower or upper boundary of the range explored. 

Parameters: α/β (Si) – α/β ratio for stage Si; Tk – repopulation kick-off time; λ – dose-per-day 

repopulated; EQD2,tum,50(Si) – EQD2 required to achieve 50% tumour control for stage Si; m – 

dose-response gradient; 𝑂𝑆𝑀𝑎𝑥
𝐶𝑅𝑇  – maximum overall survival for chemoradiotherapy; 𝑅𝑆𝑐𝐶𝑅𝑇 –  

radiosensitisation of dose-effects by cCRT; R – variation of 2-year OS with study publication 

year; 𝐸𝑄𝐷2,𝑁𝑇50 – EQD2 causing 50% modelled complications related to death; 𝑚𝑁𝑇 – dose-

toxicity response gradient; F (Si) – toxicity weighting for stage Si. 
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3.3.3 Detailed modelling analysis 

To discover data-driven reasons behind stage-specific fitting, we split the 

dataset into the ‘More IIIA’ patient group versus the ‘More IIIB’ patient group 

based on IIIB/IIIA patient ratio in each cohort. By so doing, we analysed whether 

more IIIB/IIIA patients affect the relationship between dose-per-fraction versus 

OS, prescribed dose, and overall radiation treatment time. Besides, in order to 

increase modelling robustness, correlation plots of the best model (Model 5), VIF 

for collinearity, and ODF-calibrated AIC accounting over-dispersion were plotted 

or calculated. Furthermore, fitting using other possibly existing hypotheses were 

also tested (e.g. whether the stage-specific difference in tumour repopulation 

exists), trying to justify the hypotheses selection in this research. Finally, 1000 

times bootstrapping were applied to test the modelling robustness and investigate 

the statistical uncertainties.  

In Fig. 3.4, OS rose more with dose-per-fraction in the ‘More IIIB’ group (p 

= 0.002) when the data were split into the ‘More IIIA’ patient group versus the 

‘More IIIB’ patient group based on IIIB/IIIA patient ratio in each cohort. In more 

detail, the prescribed dose fell more with increasing dose-per-fraction for ‘More 

IIIA’ than ‘More IIIB’, by about 10Gy in total as schedules change from 1.5 to 3.0 

Gy-per-fraction. It partially explained why OS rose less with dose-per-fraction for 

‘More IIIA’ than ‘More IIIB’. Also, dose reduction for ‘More IIIA’ should be 

balanced by 9 days decrease of treatment duration as dose-per-fraction change over 

1.5 to 3.0 Gy-per-fraction, while there was 3 days increase for ‘More IIIB’. 
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In Fig 3.4, the regression was calculated using patient numbers as weighting 

in each sub-dataset. Each sub-dataset contains 27 and 22 cohorts (2354 and 2384 

patients) respectively for ‘More IIIA’ and ‘More IIIB’ cohorts. Two cohorts (128 

patients) with equal numbers of IIIA/IIIB were excluded. Together, such 

exploratory analyses investigating underlying data characteristics back up the 

findings of apparent α/β changes in the advanced models. 

Figure 3.4 Patient-weighted linear regression comparing 2-year OS, total dose, 

and radiotherapy duration versus dose-per-fraction, in More IIIA (IIIB/IIIA 

patient ratio >1) cohorts and More IIIB (IIIB/IIIA patient ratio <1) cohorts. 

p<0.05 is defined as significant (*) 
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After variance-covariance calculation, the correlation matrix was plotted to 

examine the dependency of newly added parameters in the best model (Fig. 3.5). 

EQD2,tum50 (SIIIB), was strongly negatively correlated with the repopulation rate for 

RT alone and sCRT (|r| ≤ 0.7), which was the only strong correlation between 

parameters. In general, there was only mild (0.3 ≤ |r| < 0.7) or even no correlation 

regarding novel features – the high repopulation rate for cCRT, low α/β for stage 

IIIB, and stage-specific toxicity. Despite these moderate parameter correlations, 

the 95% CI of the low α/β value for IIIB disease (-0.2, 1.0Gy) excluded the 

conventional α/β value of 10Gy by a large margin. However, the 95% CI on the 

repopulation rate for cCRT (0.36, 2.57 Gy/day) did include the 0.6-0.7 Gy/day 

repopulation rates, which often used in schedule effect calculations of NSCLC62.  
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Figure 3.5 Correlation matrix of the best model (Model 5). Correlation values 

are visualised as blue to red from 1 to -1, where larger squares in colours reflect 

larger absolute values of the correlation, indicating the stronger relationship 

between parameters either positively or negatively. Legends correspond to 

parameters in Model 5. 

 

With existed collinearity and overdispersion, either the chemo-radiation 

model published previously (Model 2) or the advanced model developed in this 

research cannot perfectly describe the data (Model 5). According to Table 3.4, 

Model 5 had VIF >10, which indicated possible collinearity issue. Additionally, 

sum-of-squares residual values of both models lie above the chi-square distribution 

given corresponding degrees of freedom in fitting, indicating the possibly existed 

overdispersion phenomenon. The underlying collinearity and overdispersion 

might resulted from centre-to-centre differences in patient and treatment factors 

that are not accounted for in the modelling, generally because data for them is 

unavailable. Consequently, calibrated AIC using the overdispersion factor of the 

best model was calculated, and a new likelihood-ratio test was executed using 

calibrated values (Table 3.5). 

Factoring overdispersion into the analysis presented here leads to Model 4 

having a marginally better AIC than Model 5 and thus being marginally preferred 

if overdispersion is accounted for. As can be seen, even allowing for overdispersion 

the analysis continues to point to a low α/β ratio for stage IIIB NSCLC but a 

significantly higher α/β ratio for stage IIIA, and to the repopulation rate during 

cCRT being significantly faster than during sCRT or RT alone. To sum up, such 

post-hoc correction did not change the results, and reasonable extents of 

collinearity and overdispersion did not cause problems in this research. 
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Table 3.4 Collinearity and overdispersion tests. Collinearity was tested using 

VIF. Overdispersion monitors whether the sum-of-squares residual values lies in 

the proper chi-square distribution corresponding to degrees of fitting in each model 

(i.e. whether residual errors are greater than expected binomial errors). Model 2 

(chemo-radiation model) and Model 5 (best model) were compared.  

 

Model 2 

Chemo-radiation 

(df = 38) 

Model 5 

Split Toxicity 

(df = 30) 

VIF 6.76 16.52 

Boundary of χ2 

distribution with 

corresponding df 

53.4 43.8 

Sum-of-squares values 107.5 81.3 

Overdispersion factor 

(ODF) 
2.83 2.71 

 

 

 

Table 3.5 Calibrated AIC and likelihood-ratio test through incorporating 

ODF. ODF of 2.7 was used as it was the ODF from the best model. Calibrated AIC 

was calculated through 2*parameters + (-2*log-likelihood)/ODF. 

 

Model 1 

Standard 

TCP 

(df = 43) 

Model 2 

Chemo-

radiation 

(df = 38) 

Model 3 

Split 

Repopulation 

(df = 36) 

Model 4 

Split α/β 

(df = 34) 

Model 5 

Split Toxicity 

(df = 30) 

Log-

likelihood 
-3234.3 -3182.4 -3178.3 -3169.6 -3164.7 

(-2*log-

likelihood)

/ODF 

2395.8 2357.3 2354.3 2347.9 2344.2 

Calibrated 

AIC 
2412 2383 2384 2382 2386 
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New 

likelihood- 

ratio test 

Reference p = 3.0 x 10-15  p = 3.4 x 10-15  p = 1.3 x 10-16  p = 4.1 x 10-16 

- Reference p = 0.059 p = 0.001  p = 0.001 

- - Reference p = 0.002  p = 4.6 x 10-4  

- - - Reference p = 0.103  

 

 Alternative models were tested and summarised in Table 3.6 and Table 3.7. 

The results showed that either tumour repopulation was fitted stage-specific rather 

than treatment-specific, tumour α/β was treatment-specific rather than stage-

specific, or toxicity weighting (F) was treatment-specific rather than stage-specific, 

the model can’t perform as well as Model 5. Similarly, using Model 5 with 

common values for tumour repopulation, α/β, or stage-specific toxicity cannot be 

as good as Model 5. 

 

Table 3.6 The fit of Model 5 compared to models where parameters are 

individualised according to treatment rather than the stage, or vice-versa. 

Although the AIC score of Model 5-3 is marginally better than that of Model 5, the 

fitted values of FcCRT = 0.41 and FRT&sCRT = 0.38 in the fit of Model 5-3 are similar, 

and the AIC of Model 4 (the variant of Model 5 in which these parameters have a 

common value; AIC: 6373, Table 3.2) is worse than that of Model 5.  

 
Model 5 

(df = 30) 

Model 5-1 

(df = 31) 

Model 5-2 

(df = 28) 

Model 5-3 

(df = 32) 

Model 5-4 

(df = 28) 

Log-likelihood -3164.7 -3166.7 -3166.9 -3166.1 -3163.3 

AIC 6371 6373 6380 6370 6373 

Model 5-1: α/β individualised by treatment (cCRT vs others) rather than stage.  

Model 5-2: λ and Tk individualised by stage (early, IIIA, IIIB) rather than treatment. 
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Model 5-3: toxicity (F) individually weighted by treatment (cCRT vs others) rather than stage.  

Model 5-4: λ and Tk individualised by RT, sCRT, cCRT rather than cCRT vs others. 

df: degrees of freedom in fitting 

 

Table 3.7 The Model 5 fit compared to models in which treatment- or stage-

specific parameters are set to common values. 

 
Model 5 

(df = 30) 

Model 5 

with common 

α/β for all stages 

(df = 32) 

Model 5 

with common toxicity 

for all stages 

(df = 34) 

Model 5 

with common 

repopulation  

for all treatments 

(df = 32) 

Log-

likelihood 
-3164.7 -3171.9 -3169.9 -3167.8 

AIC 6371 6382 6374 6374 

df: degrees of freedom in fitting 

 

3.3.4 Chemoradiotherapy dose-response  

 To describe the clinical implication and modelling changes, routinely used 2 

Gy-per-fraction schedules between 60Gy in 5 weeks 5 days to 74Gy in 7 weeks 2 

days were plotted as Fig. 3.6 after fitting, explicitly focusing on stage IIIA and IIIB. 

Model 5 showed positively steeper dose-response curves than the other two models 

for RT and sCRT, the predicted OS rise with increasing dose by around 1% per Gy, 

higher than 0.2% per Gy of observed OS gain plotted in Fig. 3.2. It indicated that 

RT alone or sCRT could still benefits patient effectively with radiation dose-

escalation, while cCRT might not. Relatedly, predicted OS fell with increasing 

dose for cCRT using Model 5 – a different trend versus the other two models when 

dose-escalated. Longer treatment duration over escalated doses with standard 

fractionation linked to the higher value of repopulation rate in cCRT (Table 3.3), 

thus resulting in OS decreases using a high dose. Dose-escalation appeared to incur 
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more toxicity to patients in cCRT, resulting in OS decreases when treating between 

64 to 74Gy for both stages. The modelling results revealed the potential hazard of 

dose-escalation with cCRT, especially for stage IIIB.   

 

 

Figure 3.6 LA-NSCLC dose-response prediction curves. 2-year OS predictions 

are plotted based on Model 1, 2 and 5, where the x-axis is set as treatment duration 

and prescribed dose given in standard 2 Gy-per-fraction.  

 

Uncertainties of dose-responses were assessed by 1000 times resampling 

bootstraps, refitting Model 5 to recalculate the expected change in survival with 

dose. For cCRT, average increases in modelled survival were 0% (95% CI: -32, 

24%) for IIIA and -6% (-38, 16%) for IIIB, compared to increases of 23% (-18, 



120 

 

49%) for IIIA and 16% (-23, 39%) for IIIB when using sCRT. In 86% and 96% of 

the bootstrapped resamples, increases in survival for both stages were less for 

cCRT than for sCRT by 10% and 0% respectively, with similar results for stage 

IIIB.  

 

Table 3.8 Key results of Model 5 prediction after 1000 times bootstrapping.  

(A)  ‘OS (74Gy) - OS (60Gy)’ using RT/sCRT/cCRT 

Stage IIIA RT sCRT cCRT 

Mean values with 

95% CI after 

bootstrapping 

21% 

(-18%, 46%) 

23% 

(-18%, 49%) 

0% 

(-32%, 24%) 

Stage IIIB RT sCRT cCRT 

Mean values with 

95% CI after 

bootstrapping 

15% 

(-22%, 37%) 

16% 

(-23%, 39%) 

-6% 

(-38%, 16%) 

 

(B)  Percentages of the bootstraps that the increase in survival between 60 and 

74Gy seen for sCRT more than 0%/5%/10%/15% greater than the increase 

seen for cCRT 

sCRT – cCRT 

(74Gy – 60Gy) 
>15% >10% >5% >0% 

Stage IIIA 78% 86% 92% 96% 

Stage IIIB 74% 86% 91% 96% 

 External validation through placebo group of PACIFIC71,72 trial was executed, 

comparing the prediction of the best model (Model 5) to the placebo group of 
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PACIFIC results, where patients were treated using standard cCRT between 54 to 

74Gy. The prediction results with a 2-year OS of 56.1% through fits acquired in 

Model 5 showed the goodness of prediction using external validation. Also, it is 

worthy of mentioning that such prediction can’t well-described the OS of another 

PACIFIC trial arm when immunotherapy drug durvalumab was given after the 

cCRT.  

  

Table 3.9 Best modelling prediction versus PACIFIC clinical trial.  

 2-year OS 
IIIA 

patients 

IIIB 

patients 

Placebo group of 

PACIFIC trial 

55.6% 

(95% CI: 48.9%, 61.8%) 
125 107 

durvalumab group of 

PACIFIC trial 

66.3% 

(95% CI: 61.7%, 70.4%) 
252 212 

Modelling OS using 92% 60 Gy vs 8% 70Gy as weights* 

Model 5 56.1% 
Assuming 1:1 stage-

mix patients ** 

* Placebo group cCRT radiation schedules in PACIFIC trial: 

- 91.6% patients received 54 - 66Gy, and 8% patients received 66 - 74Gy  

- 0.4% received personalized dose-adjustment, which were excluded in our comparison 

**Placebo group cCRT in PACIFIC trial contained 53%:45%:2% of patients with 

IIIA/IIIB/other stages, so we assumed 1:1:0 in terms of IIIA/IIIB/others  
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3.4 Discussion 

This research aims to discover hidden reasons for inconsistent LA-NSCLC 

treatment outcomes and narrow down the gaps between the clinical facts and 

radiotherapy models by providing better dose-response prediction. We have shown 

that incorporating fundamental personalised radiobiological related factors such as 

tumour repopulation, tumour radiosensitivity (α/β), and stage-specific treatment 

toxicity can improve 2-year OS model prediction in LA-NSCLC treated with 

radical radiotherapy. Multiple statistical comparisons justify that Model 5 is the 

best fitting model. 

The model fits in this research indicate the different tumour responses for 

cCRT – the tumour repopulation onset was delayed by 7 days compared to RT 

alone or sCRT. However, the delayed repopulation become 4.9 times faster (dose 

lost per day: 1.47 Gy/day for cCRT; 0.30 Gy/day for RT/sCRT) once the effects 

kick-off. Besides, stage-specific fitting indicated the extremely low tumour α/β for 

stage IIIB, and survival-related toxicity rose with the disease stage progress. 

 

3.4.1 Rapid tumour repopulation rate for cCRT 

The model highlights a potential effect of concurrent chemotherapy related to 

tumour response to radiotherapy: treatment-specific repopulation depends on the 

timing of chemotherapy relative to radiotherapy. Rapid tumour repopulation under 

cCRT might due to paradoxical effects of chemotherapy which can kill majority of 

cancer cells but facilitate the growing of cancer stem cells161. The days to 

repopulation kick-off appears to be delayed when cCRT is delivered (24 days, 95% 

CI: 16, 47) vs RT/sCRT (17 days, 95% CI: 16, 32), and the loss of Gy/day can be 

as high as 1.47Gy (95% CI: 0.36, 2.57) in cohorts receiving cCRT versus only 0.30 

Gy (95% CI: 0.18, 0.47) in RT/sCRT. We also tried separating RT, sCRT and cCRT 
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on repopulation but with worse AIC and similar values between RT and sCRT, so 

repopulation parameters were fitted together for RT/sCRT. The 95% CI of fitted 

repopulation rate for cCRT include the normally used values of around 0.6 to 0.7 

Gy/day in NSCLC62. These findings are supported by a study which hypothesised 

that cCRT had suppressed accelerated-repopulating tumour clonogens sufficiently 

with chemotherapy, neutralising the effect of radiation acceleration, as no benefit 

was seen in the reported prospective trial with dose-escalated and accelerated 

cCRT in lung cancer152. 

Tk of laryngeal cancer has been reported in ranges of 21 to 36 days162. Trials 

for stage III head and neck cancer have suggested radiation acceleration cannot 

fully compensate for the missing doses of chemotherapy163 – the effects of one-

week radiotherapy acceleration are approximately equal to a cycle of 

chemotherapy when given concurrently164. A single-institution analysis of 956 

patients has revealed that dose-escalation only benefits LA-NSCLC when cCRT 

can be done within 49 days165. Additionally, the accelerated repopulation is not 

only consistent with what has been seen in RTOG-0617, but it could also explain 

the failure to increase OS in that trial, since repopulation might have neutralised 

the dose-escalation effects in the final days of 7.5 weeks schedules54. Our results 

concur with these findings, suggesting that limiting the duration of cCRT is 

particularly important whether using dose-escalation or not, as treatment 

protraction might lead to stronger tumour repopulation and treatment failure. 

Histological subtypes might possibly lead to such split in tumour repopulation, 

as the dataset had fewer SCC patients for cCRT compared to RT/sCRT. However, 

an additional trial splitting repopulation by tumour histology did not describe the 

data as well as treatment-dependent repopulation split. Further studies with more 

complete histology data are needed to investigate the effects of histological 

subtypes on tumour repopulation. 
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Although the fitted repopulation rate was 1.47Gy EQD2-per-day for cCRT, 

this can be countered by giving only an extra 1.05 Gy-per-day of physical dose in 

2Gy fractions, due to the radiosensitising property of cCRT which is accounted for 

in Models 2 to 5 by scaling cCRT radiation doses by the RScCRT factor. This 1.05 

Gy-per-day figure is, however, still substantially greater than conventional 

estimates of 0.6 to 0.7Gy lost per day to repopulation, and the associated modelled 

reduction in survival is high, governed either by the 1.05 Gy-per-day figure 

considered in relation to the radiosensitised (steepened) dose-response curve for 

cCRT, or equivalently by the 1.47 Gy-per-day figure in relation to the dose-

response curve for sCRT. The high fitted rate of loss of cell-killing effect due to 

repopulation, together with increased modelled survival-limiting toxicity at higher 

doses, lies behind the reduction in OS calculated from the fit of Model 5 for cCRT 

schedules delivering greater numbers of 2Gy fractions over longer schedules. 

 

3.4.2 Apparent stage-split values of tumour α/β 

Model performance improved when α/β took high values for stages I-II and 

IIIA disease but a low value for IIIB. There is a clear α/β difference between stage 

IIIA (32.1Gy, 95% CI: 9.0Gy, infinite) and IIIB (0.6Gy, 95% CI: -0.2, 1.0Gy).  

There might be some intrinsic tumour heterogeneities between IIIA and IIIB, 

so separating tumour radiosensitivity parameter (α/β) by stages was tested, 

examining whether the modelling low α/β39 is true across the board. NSCLC 

exhibits strong α/β heterogeneity both in-vitro and clinical, ranging from 2.8 to 

20Gy and beyond166. Besides, a genome-based model for adjusting radiotherapy 

dose (GARD) revealed the genomic impacts on radiotherapy in lung cancer, 

indicating heterogeneities between stages might exist as the tumour progresses167. 

Regarding LA-NSCLC radiotherapy, Sun et al.168 reported that miRNA signature 
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could be the factor to predict treatment outcomes, also, as the marker to select 

patients for dose-escalation. 

 For early-stage NSCLC, low α/β of 3.9Gy and 2.8Gy were reported through 

data mixing conventional fractionation and hypo-fractionated cohorts169,170. 

However, our findings add little information since we intentionally excluded 

cohorts with many stages I/II patients, and the fitted α/β ratio for these patients had 

a broad 95% CI covering all values above 0.6Gy – the extremely low fitted value 

for stage IIIB. In terms of LA-NSCLC, to our knowledge, we are the first group to 

investigate the α/β specifically171. The discrepancy between stage IIIA and IIIB 

might be specific on NSCLC since a recent study splitting patients by risks using 

prostate cancer showed similar tumour α/β in each risk group172. 

Our modelled α/β suggests different fractionation usages for LA-NSCLC – 

the current fractionation is probably right for stage IIIA, but fewer fractionations 

should be better for stage IIIB. To interpret the results mathematically, EQD2,tum 

can approximately be calculated through the fitted α/β while not considering 

repopulation effects. Equation 3.1 could be simplified then roughly written as 

EQD2,tum (SIIIA) ≈ D when the α/β is exceptionally high, and EQD2,tum (SIIIB) ≈ 

D*(d/2) when the α/β becomes extremely small. Collectively, EQD2,tum ≈ (1-f)*D 

+ f *D*(d/2) where f is the fraction of IIIB and (1-f) is the fraction of IIIA.  

Data features underlying this α/β stage-split are shown in Figure 3.4 which 

plots 2-year OS, prescribed dose and RT duration against dose-per-fraction. The 

data are plotted separately for 27 ‘More IIIA’ and 22 ‘More IIIB’ cohorts in which 

IIIA/IIIB ratios of patients were respectively greater or less than 1, the remaining 

two cohorts having an equal balance. Survival increased notably and significantly 

with dose-per-fraction in ‘More IIIB’ but not ‘More IIIA’ cohorts, suggesting a 

lower α/β value (greater dependence of radiation cell-killing on dose-per-fraction) 

for IIIB disease. Based on regression in Fig. 3.4, there was 9.5Gy prescribed doses 
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reduction for ‘More IIIA’ but just 7.1Gy reduction for ‘More IIIB’ if we increase 

dose-per-fraction from 1.5 to 3.0Gy.  

In terms of clinical medical physics perspectives, stage IIIA radiotherapy 

features may lead to higher α/β for stage IIIA as α/β obtained from survival 

analyses based on prescribed doses will be artificially increased if treatment 

failures occur in untargeted regions that receive doses (and doses-per-fraction) 

below the prescribed level. There are more nodal spreads in stage IIIB than IIIA; 

however, as more mediastinum is purposefully irradiated when treating stage IIIB, 

more lymph nodes lie outside the target region in IIIA patients. Consequently, such 

failures of receiving doses lower than prescribed might raise the α/β for stage IIIA. 

Tumour histology seems unlikely to account for the α/β difference as 

percentages of subtypes were similar in ‘More IIIA’ and ‘More IIIB’ cohorts (SCC 

: adenocarcinoma : others = 42% : 30% : 28% for ‘More IIIA’; 46% : 28% : 26% 

for ‘More IIIB’). A tested model splitting α/β by histology described the data less 

well than stage-dependent α/β. We also refitted the data using Model 5 in which 

stage III patients belonging to the ‘More IIIA’ and ‘More IIIB’ cohorts were 

assigned separate α/β values. Fitted α/β ratios obtained were 12.7Gy (95% CI: 8.4, 

24.8Gy) for the 2050 stage III patients (64% IIIA) in the ‘More IIIA’ cohorts, and 

1.2Gy (95% CI: -0.5, 4.7Gy) for the 2256 stage III patients (60% IIIB) in the ‘More 

IIIB’ cohorts. These values differ significantly but less sharply than original results 

in Model 5, and are arguably linked more directly to the underlying data since most 

cohorts included both IIIA and IIIB patients. Additionally, it should be noted that 

there might be some stage migration effects given the dataset containing studies 

published between 2000 to 2016. For example, some IIIA patients staged before 

introducing the fluorodeoxyglucose (FDG) – positron emission tomography (PET) 

staging might be staged as IIIB subsequently. 
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There is no direct evidence backing up the causes and effects of α/β 

differences between stage IIIA and IIIB, as low α/β of early stages169,170 or all 

stages39 has been reported. It might link to tumour-specific biomarkers or genomic 

divergence, which have not been accounted for in this research since stage IIIA 

and IIIB are always following the same treatment guidelines18,150. Single nucleotide 

polymorphism and miRNA differences have been successfully proved to 

dichotomise stage III patients into radiosensitive/radioresistant and treatment 

effective/ineffective cohorts, but no detailed description splitting stage IIIA and 

IIIB have been reported173,174. Furthermore, over-expression and under-expression 

of miRNA lead to radiosensitive or radioresistant changes depending on DNA 

damages175,176. A study showed that ‘miR-200c’ changed radiation cytotoxic 

effects using cell-cultured experiments with three different NSCLC cell lines and 

in-vivo models, where α/β rose from about 5 to nearly infinite if ‘miR-200c’ was 

stably overexpressing176. Given that ‘miR-200c’ inhibits tumour invasion and 

metastasis in clinical177, stage IIIA could possibly express more ‘miR-200c’ and 

higher α/β. Alternatively, a cell-cultured NSCLC study showed that ‘miR-328-p 

inhibition’ transfected cells would have α/β of about 0.35, whereas ‘miR-328-p 

mimic’ transfected cells have α/β of nearly infinite with straight dose-survival 

line175. Given that ‘miR-328-p’ is under-expressed in stage IIIB, it might indirectly 

support our findings – a higher α/β for stage IIIA. 

 If α/β is truly low for NSCLC, at least for stage IIIB, then hypofractionated 

treatments delivering larger doses-per-fraction should perform as well as or better 

than conventionally fractionated treatments, particularly given that they can be 

delivered straightforwardly in shorter overall times. Towards future immune 

combination, moderate hypofractionation with fewer fractions delivering through 

higher doses-per-fraction appear to be more effective, including evidence of 

reduced lymphopenia178. 
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3.4.3 Stage-specific survival-limiting toxicity 

Regarding the NSCLC toxicity, our results suggest that individualising 

toxicity by stages improved the fitting, with a higher possibility of survival-

limiting toxicity might occur in higher stages. This is anticipated since high grade 

complications, or reduced treatment effectiveness would be expected more often 

in higher stage patients with larger irradiated normal tissue volumes. 

There is no consensus on choosing suitable variables for NTCP models; no 

fitted area under the receiver operating characteristic curve could reach more than 

0.65 among published models179. By splitting the toxicity by stages through F(Si), 

the results partly support the tumour α/β difference between stages and provide 

straight understandings of dose- side effects responses towards the clinical usage.  

A study mentioned that 65% of LA-NSCLC death in 2 years resulted from 

respiratory or cardiac issues, and the 95% CIs of 2-year OS lie between 40% - 60%, 

supporting our fitting in both IIIA and IIIB180. In addition, dose issues have been 

discussed with specific organ constraints to prevent severe toxicity – maximum 

<76 Gy for oesophagus, maximum <80 Gy for central bronchi, and mean dose <20 

Gy for heart181. Together, the literature shows a similar tendency to our fitting that 

more OS-related toxicity may occur when doses are high enough, mainly affecting 

stage IIIB as larger volumes of normal tissues might be irradiated during the 

treatment.  

It might be argued that OS differences could be related to toxicities, whereas 

in RTOG-0617 study, there were no significant differences in grade ≥3 toxicities 

between standard dose arm and the dose-escalated arm54. Relatedly, in the other 

dose-escalation study IDEAL-CRT, only 9.5% (8/84) patients were reported with 

grade ≥3 oesophagitis or pneumonitis83.  
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3.4.4 Dose-response, statistical uncertainties and validation 

This study aimed to coherently account for the effects on survival of factors 

including disease stage, prescribed dose, dose-per-fraction, RT duration, use and 

timing of chemotherapy, and possible survival-limiting toxicities. Using AIC and 

cross-validation techniques we chose the model that best balanced parsimony with 

quality of fit to the large dataset. Nevertheless, this model included 21 fitted 

parameters some of which were correlated, broadening 95% CI on fitted values. 

We therefore checked the robustness of our main findings. 

As plotted in Fig. 3.6, dose-response prediction looks quite different between 

Model 1 2, and 5, illustrating more careful prescribed dose decisions should be 

considered, especially for IIIB cCRT. Survival-limiting toxicities at high dose-

levels, together with rapid tumour repopulation, result in falling of modelled cCRT 

OS by 4% and 10% absolute respectively for stage IIIA and IIIB patients as 

prescribed dose increased from 60 to 74Gy given in 40 and 51 days.  

Uncertainties on these figures were assessed by creating 1000 bootstrap 

datasets in which cohorts were sampled from the original set with replacement, 

refitting Model 5 to each bootstrap and using each model fit to recalculate the 

expected change in survival with increased dose. Average reductions in modelled 

survival and 95% ranges were 0% (−24, 32%) for IIIA and 6% (−16, 38%) for IIIB 

patients treated using cCRT, compared to increases of 23% (−18, 49%) and 16% 

(−23, 39%) for sCRT. In 96% of the bootstrap resamples, changes in survival with 

dose were lower (less of an increase/more of a reduction) for cCRT than for sCRT 

treatment. In 93% of bootstraps the fitted repopulation rate was faster for cCRT. 

Results for RT alone were similar to those for sCRT. In summary, the model fit to 

the original dataset indicated a survival reduction with increased dose given in 2Gy 

fractions, as did average results from model fits to the bootstraps. In most 

bootstraps the fall in survival was greater for cCRT than for sCRT, and the fitted 

rate of repopulation was faster for cCRT. Thus, it can robustly be concluded that 
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dose-escalation with treatment protraction is a poorer option for cCRT than for 

sCRT or RT alone. 

The dose-response changes between models might be explainable by changes 

of slopes – m and mNT. m decreases from 0.72 in Model 1 to 0.15 in Model 5 

indicate the steepness changes in tumour control response. Both values are still 

acceptable for NSCLC if one transforms published Poisson distribution-based TCP 

normalised slope γ50 (0.57 - 2.00)160,182 into m (0.20 - 0.70) in normally distributed 

models using the converting function183. Moreover, mNT of 0.60 in Model 2 and 

0.31 in Model 5 stand in the reasonable ranges as an overall NTCP slope, since 

research focused on side effects found the highly varied mNT corresponding to 

specific organs, including 0.22 for lung120, 0.67 for heart120, and 0.11 to 0.35 for 

oesophagus184.  

In terms of correlation, all new features (Fig. 3.5) are independent; 

consequently, there should not be any artefacts regarding the findings. Mild 

collinearity and over-dispersion are acceptable (Table 3.4) as the corrected AIC 

through ODF did not change the modelling contents from Model 1 to 5. Also, 

datasets compiled from multiple sources, even for the best-performing model the 

scale of differences between the model fits and observed OS rates was higher than 

expected on the basis of binomial statistical uncertainties alone138,141,159. 

Overdispersion is often ignored but can be worked into the modelling process by 

dividing goodness-of-fit measures by an overdispersion factor. The effect is to 

reduce the measures to levels expected from binomial statistics, widen CI on fitted 

parameters, and potentially cause simpler models to be preferred over more 

complex ones, since in the AIC the penalty term for increased numbers of model 

factors remains unchanged whereas the goodness-of-fit factor is weighted down. 

Factoring overdispersion into the analysis presented here leads to Model 4 having 

a marginally better AIC than Model 5 and thus being marginally preferred if 

overdispersion is accounted for. Even allowing for overdispersion, the analysis 
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continues to point to a low α/β ratio for stage IIIB NSCLC but a significantly 

higher α/β ratio for stage IIIA, and to the repopulation rate during cCRT being 

significantly faster than during sCRT or RT alone. 

Even though the modelling data include recent dose-escalation trials IDEAL-

CRT83 and RTOG-061754, the external validation through the newest trial could 

enhance the model robustness. PACIFIC trial was selected since the patients were 

all treated using standard fractionation cCRT, and mainly composed by stage III 

NSCLC71,72. Model 5 can be appropriately validated by assuming a 1:1 stage-

mixed patient proportion, with a prediction value of 56.1% (Table 3.9), closely 

matching the placebo group results of 55.6% in PACIFIC. Intriguingly, 56.1% is 

still 10% away from successfully fitting improved OS given durvalumab after 

cCRT (66.3%), indicating the need to incorporate immune parameters in the future. 

This sets up the model well as a baseline for future work characterising the 

additional effects on survival of combined immuno-chemoradiotherapy treatments. 

 

3.4.5 Limitation 

Aside from the factors studied in this retrospective analysis, inevitable cohort-

to-cohort variations in other patient- and treatment-related characteristics may not 

only lead to overdispersion but also potentially bias the results obtained. We lacked 

enough histological information and did not specifically investigate lung, heart or 

oesophagus toxicity but used common NTCP for all death-threatening side effects. 

The radiation dose to normal tissues was non clearly mentioned in most data 

collated for this research, so modelling estimation using prescribed dose is an 

approximation. In this research, toxicity was hypothesised to arise in normal 

tissues lying close to the tumour, and the incidence is linked to the prescribed dose. 

Besides, although AJCC staging was recorded from the literature, the staging 
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system had slight changes between 2000 to 2016, which may cause internal bias 

within the dataset185.  

In this research, the hypotheses are very focused around radiation schedules 

and the radiation biology effects, while with relatively course description of 

chemotherapy. It is performed based on the medical physics perspective, with 

purposes to shed lights on understandings for radiation oncology community. In 

should be noted that this might cause potential limitations regarding to the 

chemotherapy drug features of related pharmacodynamics. 

This retrospective study is essentially hypothesis-forming, so more research 

is required to elucidate precisely how high α/β (SIIIA) and how low α/β (SIIIB) are, 

repopulation status under different schedules, and the toxicity difference between 

stages. Additionally, EQD2 analyses are based on prescribed doses, which may be 

slightly different if organ tolerance and toxicity are evaluated through actual tissue 

absorbed doses. Lastly, the PACIFIC validation was done using published OS and 

summarised data tables72, so better validation might be achieved if more 

information is accessible.  
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3.5 Conclusion 

 Improved prediction of NSCLC 2-year OS can be achieved by incorporating 

tumour stages and treatment toxicity as radiobiological parameters. 2-year OS was 

described best by a model fit in which tumour accelerated repopulation progressed 

at 1.47Gy EQD2-per-day for cCRT compared to 0.30Gy per day for sCRT and RT 

alone. These rates suggest that cCRT treatments should be given in the shortest 

times in which prescribed doses can be tolerated, but that treatment acceleration 

offers less advantage for RT alone or sCRT. Hypofractionation provides one way 

of accelerating cCRT, and the low overall fitted α/β ratio of 3.0Gy suggests this 

approach should be efficacious as well as practical provided normal tissue EQD2s 

are not increased in the process. It should, though, be noted that when split by 

cohort-type, α/β was low only for cohorts with more IIIB than IIIA patients. 

We have reached the limit of developing these models, and further research is 

required to improve prediction models, and efforts to incorporate patient and 

tumour specific characteristics of biology and imaging should be considered in the 

future. With these advanced models which incorporate the factors affecting dose-

responses of chemoradiotherapy, it provides us with good position to extend such 

research into characterising immuno-chemoradiotherapy combinations.   
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Chapter 4. LA-NSCLC immuno-chemo-

radiotherapy: effects of immune checkpoint 

blockade and factors affecting survival 

4.0 Chapter overview 

This chapter – 

• Quantifies the net contribution of immunotherapy on locally-advanced 

non-small cell lung cancer following concurrent chemoradiotherapy 

(cCRT), using models extended from Chapter 3. 

• Investigates the relationships between factors and immunotherapy induced 

survival contribution following cCRT. 

• Identifies whether patient/tumour/treatment factors have potential trends 

of affecting the survival outcomes of tri-modality treatment using 

immunotherapy plus cCRT. 

*This chapter has been tailored and submitted to Int J Rad Onc Biol Phys at the 

time of thesis submission. 

  

4.1 Clinical advances of LA-NSCLC treatments 

Lung cancer accounts for one in five cancer-related deaths globally8. More 

than 80% of cases are non-small cell lung cancer (NSCLC)11 and at diagnosis 

around 35% of NSCLC cases are locally-advanced (LA-NSCLC)60. Patients with 

inoperable LA-NSCLC and good performance status (PS) receive combined 
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chemoradiotherapy (CRT). Standardly, radiotherapy (RT) doses of 60-66 Gy in 

2Gy fractions are delivered over 6-6.5 weeks concurrently with platinum-based 

chemotherapy149. However, 5-year overall survival (OS) following concurrent 

CRT (cCRT) alone remains below 40% for stage III NSCLC13. 

Modified radiation schedules for LA-NSCLC have been evaluated in many 

trials. Radiotherapy dose-escalation is potentially harmful as randomised phase III 

trial RTOG-0617 showed the worse median OS using 74Gy cCRT than the standard 

60Gy cCRT, with a hazard ratio (HR) of 1.38 (95% CI: 1.09, 1.76, p=0.004)54. To 

date, the greatest improvement has been achieved by following cCRT with immune 

checkpoint blockade (ICB). ICB agents act at the interface between T-cells, tumour 

cells and their microenvironment, blocking signals that inhibit T-cell activation or 

the tumorcidal effects of activated T-cells. The most prominent results come from 

a randomised phase III trial PACIFIC, when cCRT was followed by durvalumab 

(MEDI 4736, anti-PD-L1 drug). The 2-year OS increased from 56% for cCRT 

alone to 66% for the cCRT-ICB treatment, with HR of 0.68 (95% CI: 0.53, 0.87, 

p=0.003)71,72. This finding changed the standard-of-care for inoperable LA-

NSCLC, and subsequently results have been published for other cCRT-ICB studies 

which have tested a range of CRT and ICB schedules75,76. Given the heterogeneous 

nature of these trials an analysis of outcomes may help identify patient and 

treatment related factors associated with survival following cCRT-ICB. Presently, 

for locally advanced disease there are no biomarkers to aid patient selection, while 

for metastatic lung cancer PDL1 is the only approved biomarker to aid treatment 

decisions aside from genomic factors. 

There is limited knowledge about modelling ICB, not to mention the models 

combining ICB with radiotherapy186. In contrast, RT outcomes can be analysed 

through tumour control probability (TCP) and normal tissue complication 

probability (NTCP). Recently, TCP and NTCP elements have been combined in a 

single survival dose-response model that could describe survival rates which 
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initially rise with increasing radiation dose before falling at higher dose-levels 

(Chapter 3)39,187. The combined model was fitted to a dataset detailing 2-year OS 

rates achieved by RT and CRT treatments of LA-NSCLC, and included terms that 

accounted for the effects of RT dose, dose-per-fraction and duration, NSCLC stage 

and delivery of chemotherapy sequentially (sCRT) or concurrently with RT. Here, 

this model is extended to describe the effects of ICB treatment, and used to analyse 

levels of survival seen in the cCRT-ICB studies and associations with patient 

characteristics, tumour pathology data, and CRT and ICB factors. 

This chapter was designed to respond to two unanswered questions as the 

success of cCRT-ICB combination in PACIFIC71,72 has triggered clinical interest 

and changed standard-of-care cCRT protocols for inoperable LA-NSCLC:  

1) Does meta-analysis across heterogenous published studies of cCRT-ICB 

support the OS gain seen with ICB addition in the PACIFIC study?  

2) Which patient/tumour/CRT/ICB factors would possibly affect the efficacy 

of ICB contribution on treatment outcomes?  

We collated data published for cCRT-ICB trials and investigated associations 

between reported OS levels and patient, tumour, CRT and ICB factors. We also 

investigated associations between changes in OS due to ICB agents and the factors. 

Because most cCRT-ICB studies were single-arm, the OS changes were estimated 

by fitting the extended survival model to data from studies of RT alone, CRT and 

cCRT-ICB. We assumed that patients in single-arm studies would have the same 

treatment response as in the randomised studies. The simplest form of extended 

model included a term describing an overall change in survival with ICB (referring 

as ‘OS gain’), and the significance of this term was tested. Then ‘OS gain’ was 

replaced by an indicator function, informing its relationships between factors. Thus, 

we aimed to delineate the ICB contribution to survival across studies and identify 

potential biomarkers associated with survival benefit (Fig. 4.1).  
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Figure 4.1 Flow chart of this chapter. This figure highlights the modelling 

structure in this chapter.   
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4.2 Materials and dataset processing 

4.2.1 Retrospective data 

  Two datasets were compiled from published results, ‘cCRT-ICB’ for studies 

of cCRT combined with ICB, and ‘CRT’ for studies of RT, sCRT, or cCRT alone. 

The cCRT-ICB dataset was collated from searches of PubMed and ScienceDirect 

databases, using the keywords ‘NSCLC’, ‘Radiotherapy’, and ‘Immunotherapy’. 

The last search being made on 25th July 2022. From these studies data were 

extracted for: American Joint Committee of Cancer (AJCC) tumour staging 

(version 7 to 8), median age, gender proportion, histology (squamous cell 

carcinoma, SCC or non-SCC), PDL1 immunohistochemistry (proportion of 

patients with PDL1>1%), Eastern Cooperative Oncology Group (ECOG) PS, ICB 

drug agents (Pembrolizumab, Atezolizumab, Durvalumab, Nivolumab, 

Sugemalimab), ICB drug type (anti-PD1 vs anti-PDL1), ICB timing (start during 

vs after cCRT), planned ICB treatment duration and the length of intervals between 

ICB drug administration, prescribed radiation dose, dose-per-fraction, and 

radiotherapy duration. Studies were excluded if they used profound 

hypofractionation (radiation dose-per-fraction > 3.0Gy), delivered non-photon RT, 

included patients with stage IV disease, added targeted drugs or did not report 2-

year OS.  

The CRT dataset has been used in Chapter 3. It provided LA-NSCLC survival 

following RT alone, sCRT or cCRT. It consisted of 51 cohorts comprising 4866 

patients treated in 33 studies published between 2000 and 2016. For each cohort, 

2-year OS, median age, sex, cancer stage-mix (AJCC versions 4-7), ECOG PS, 

histology (proportion of patients with SCC), use and scheduling of chemotherapy, 

and prescribed RT dose, dose-per-fraction and duration were tabulated.  
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4.2.2 OS standardisation 

2-year OS was analysed. Recruitment time-points varied between studies, 

either pre-cCRT or post-cCRT on confirmation of no progression. This potentially 

introduced a small degree of bias into some 2-year survival rates, including 

immortal time bias, which we took steps to eliminate. 

Recruitment time-points varied between studies, either pre-cCRT or post-

cCRT on confirmation of no progression. This potentially introduces bias in to 2-

year survival rates which we have attempted to reduce by applying correction 

factors close to one, standardising survival relative to the start of cCRT. 

Specifically, for studies that recruited post-cCRT and reported survival relative to 

the recruitment time-point we multiplied reported 2-year OS rates by three 

correction factors, thus – 

𝑶𝑺𝟐𝒚𝒓,𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅𝒊𝒔𝒆𝒅 = 𝑶𝑺𝟐𝒚𝒓,𝒓𝒆𝒑𝒐𝒓𝒕𝒆𝒅 × 𝑭𝟏 × 𝑭𝟐 × 𝑭𝟑  --- Equation 4.1 

where 𝐹1 =  𝑂𝑆𝑇 , the OS at the recruitment date (T after CRT began) relative to 

OS at the start of CRT; 

𝐹2 = (
𝑂𝑆2𝑦𝑟

𝑂𝑆2𝑦𝑟+𝑇
), the 2-year OS after the start of CRT relative to OS at 2 years + T; 

𝐹3 = 1 − 𝑂𝑆𝑇 + 𝑃𝐹𝑆𝑇, progression-free survival at T being denoted by PFST. 

           

For cohorts that recruited post-cCRT, 𝑂𝑆2𝑦𝑟,𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑑  is essentially 

(𝑂𝑆2𝑦𝑟+𝑇 𝑂𝑆𝑇⁄ ). Since the purpose of the correction process is to obtain estimates 

of 𝑂𝑆2𝑦𝑟, multiplication by F1 and F2 alone might seem sufficient, the third factor 

𝐹3 appearing unnecessary. However, studies that recruited after cCRT excluded 

patients who were still alive at the recruitment date but had progressed since the 

start of CRT. These patients would have been included in cohorts recruited pre-

cCRT and would likely have died by 2 years after cCRT. Thus, their exclusion from 
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post-cCRT cohorts artificially increased 2-year survival levels in those cohorts 

compared to levels in cohorts recruited pre-cCRT. This form of ‘immortal time 

bias’ is corrected for by F3, which reduces the standardised OS by a factor of 1 

minus the fraction of patients who had progressed but were alive at T, this fraction 

equalling the difference between overall and progression-free survival (PFS) levels 

at T.   

In principle F1, F2 and F3 all vary with T which is cohort-specific. However, 

for all relevant T, OST and thus F1 took values of 1.00 in the only Kaplan-Meier 

(KM) curve of survival relative to the start of CRT published for a cCRT-ICB 

cohort. Where possible, values of the second factor were obtained directly from 

KM curves published for cohorts for which survival was being standardised. For 

some cohorts, KM curves were not available and values of the second factor were 

set to averages of values obtained from KM curves published for the other cCRT-

ICB cohorts. The third factor was set to 0.98, reflecting OS and PFS rates at 10 

weeks after the start of 60Gy cCRT in the RTOG-0617 study57. 

Key data characteristics combining both datasets after OS standardisation are 

summarised in Table 4.1. 
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Table 4.1 Data characteristics of compiled datasets. Characteristics are listed by 

treatment-type (RT alone/sCRT, cCRT, or cCRT-ICB). Results are expressed as 

either total values or mean values with the range. 

 RT alone/sCRT cCRT cCRT-ICB Total 

Cohorts 36 15 10 61 

Patient #  

Stage I/II 400 62 16 478 (6.8%) 

Stage IIIA 1246 1020 1104 3370 (47.7%) 

Stage 

IIIB/C 
1338 800 1076 3214 (45.5%) 

Total 2984 (42.3%) 1882 (26.6%) 2196 (31.1%) 7062 (100%) 

Prescribed dose (Gy): mean (range)  

 70 (55 – 95) 69 (55 – 78) 60 (60 – 70) 69 (55 – 95) 

RT fractions (#): mean (range)  

 34 (20 – 58) 36 (20 – 58) 33 (30 – 35) 34 (20 – 58) 

Dose-per-fraction (Gy): mean (range)  

 2.1 (1.3 – 3.0) 2.0 (1.3 – 2.8) 2.0 (2.0 – 2.0) 2.1 (1.3 – 3.0) 

RT duration (days): mean (range)  

 40 (16 – 60) 43 (28 – 52) 43 (40 – 47) 41 (16 – 60) 

OS2-year (%): mean (range)+  

 37 (18 – 59) 49 (32 – 68) 66 (59 – 80) 43 (18 – 80) 

+OS2-year was standardised for cCRT-ICB cohorts. 
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4.2.3 Effective patient numbers of 2-year OS  

Data have been analysed using a maximum-likelihood technique, assuming 

the survival rate observed for each cohort i was distributed binomially according 

to Ni, the number of patients treated. In practice, however, the length of follow-up 

varied from cohort-to-cohort, and censoring due to short follow-up effectively 

reduced the number of patients contributing to survival estimates. To account for 

this, we replaced Ni for each cohort with an effective patient number, Neff,i, 

calculated from the 95% confidence interval width (CIi) on the cohort’s 2-year OS 

via  

𝑪𝑰𝒊 = 𝟑. 𝟗𝟐 𝝈𝒊 = 𝟑. 𝟗𝟐 × (𝑶𝑺𝟐𝒚𝒓,𝒊(𝟏 − 𝑶𝑺𝟐𝒚𝒓,𝒊) 𝑵𝒆𝒇𝒇,𝒊⁄ )
𝟏 𝟐⁄

 --- Equation 4.2 

that is, interpreting the CI width as  1.96 times i, the one standard deviation 

uncertainty on survival given Neff,i patients. When median follow-up was longer 

than 2-years, Neff,i values were similar to Ni.  

Where possible, CIs on 2-year OS were taken directly from study publications. 

For some cohorts, CIs were not published and were instead determined by 

scanning the cohorts’ KM curves into the IPDfromKM package188. For a few 

cohorts neither CIs nor KM curves were published, and CI widths were instead 

estimated from widths published for other cohorts with similar stage-mixes and 

median follow-up times, scaled by (Nother/N)1/2 where N and Nother are the numbers 

of patients in the cohort of interest and the other cohort.  
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4.3 Models and statistical methods 

4.3.1 Meta-regression of OS in cCRT-ICB cohorts 

The cCRT-ICB trials tested different treatment schedules and ICB agents in 

heterogeneous patient populations. We therefore used a chi-square test and 

associated I2 values to assess whether differences in survival between cohorts 

exceeded levels expected given the cohort variances σ2 alone, as underlying 

uncertainty (e.g. ICB pharmacokinetics) might affect the outcomes. Subsequently, 

we further analysed the OS data using a DerSimionian-Laird random effects 

model189–191. The binomial variance σ2 and I2 for cohort i is written as 

𝝈𝒊
𝟐 =

𝑶𝑺𝒊 × (𝟏−𝑶𝑺𝒊)

𝑵𝒆𝒇𝒇,𝒊
  --- Equation 4.3 

𝑰𝟐 =
[∑ (𝑶𝑺𝒐𝒃𝒔𝒆𝒓𝒗𝒆𝒅,𝒊−𝑶𝑺𝒎𝒐𝒅𝒆𝒍𝒍𝒆𝒅,𝒊)

𝟐
/𝝈𝒊
𝟐𝒏

𝒊=𝟏 ]−(𝒏−𝟏)

∑ (𝑶𝑺𝒐𝒃𝒔𝒆𝒓𝒗𝒆𝒅,𝒊−𝑶𝑺𝒎𝒐𝒅𝒆𝒍𝒍𝒆𝒅,𝒊)
𝟐
/𝝈𝒊
𝟐𝒏

𝒊=𝟏

=
𝒔𝒖𝒎 𝒐𝒇 𝒔𝒒𝒖𝒂𝒓𝒆𝒔−(𝒏−𝟏)

𝒔𝒖𝒎 𝒐𝒇 𝒔𝒒𝒖𝒂𝒓𝒆𝒔
  

   --- Equation 4.4 

where the I2 values describe the fraction of the difference between the model and 

observation explained by the binomial σ2. Values of weighted-mean survival 

𝑂𝑆̅̅̅̅ 2𝑦𝑟,𝑐𝐶𝑅𝑇−𝐼𝐶𝐵 and additional random variance Δ2 were obtained by minimising 

the log-likelihood (LL) term  

−𝟐𝒍𝒏𝑳 = ∑
(𝑶𝑺̅̅ ̅̅ 𝟐𝒚𝒓,𝒄𝑪𝑹𝑻−𝑰𝑪𝑩 − 𝑶𝑺𝟐𝒚𝒓,𝒊)

𝟐

𝝈𝒊
𝟐 + ∆𝟐

𝒏𝑰𝑪𝑩 𝒄𝒐𝒉𝒐𝒓𝒕𝒔
𝒊=𝟏 + 𝐥𝐧(𝝈𝒊

𝟐  +  𝚫𝟐)  --- Equation 4.5 

where nICB cohorts denotes the number of cCRT-ICB cohorts. The significance of  

Δ2 was derived from the change in LL between the best fit for the factor with the 

factor gradient and Δ2 both freely fit, and the best fit with the gradient freely fit 

but the Δ2 set to zero. 

Incorporating binomial and random variances allows testing OS with 

underlying uncertainty, as standard linear regression only tests uncertainty from 
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the spread of the data points (i.e. binomial uncertainty). With random variance, we 

could down-weight the variance of fits in smaller cohorts while still accounting for 

the between-cohort variation. 

Associations between levels of 2-year OS in the cCRT-ICB cohort and patient 

and treatment related factors f were investigated univariably by replacing 

𝑂𝑆̅̅̅̅ 𝑐𝐶𝑅𝑇−𝐼𝐶𝐵 in Equation 4.5 with (AICB   fi + CICB) in which AICB and CICB are fitted 

regression parameters and value fi is the value of f for the ith cohort. The 

significance of the regression term AICB and the ongoing significance of Δ2 were 

determined using the likelihood-ratio test. Associations were visualised by plotting 

the survival levels observed for each cohort against factor values, with the fitted 

regression lines added. 

Factors with fitted AICB coefficients having p-values <0.2 in univariable 

analyses were entered into a multiple regression analysis, and the multivariable 

model with the best Akaike information criterion (AIC) score was identified using 

bidirectional stepwise parameter selection. 

 

4.3.2 Estimation of the overall OS gain from ICB 

Most cCRT-ICB studies were single arm. Therefore gains in OS achieved by 

adding ICB to treatments were evaluated by simultaneously fitting data from 

studies of RT alone, CRT and cCRT-ICB, using the extended CRT Model (Model 

5 in Chapter 3)187. The extended CRT Model include terms describing the ICB 

gains in OS () and their associations with different factors.  

𝑶𝑺𝟐𝒚𝒓,𝑪𝑹𝑻−𝑰𝑪𝑩 = 𝑶𝑺𝟐𝒚𝒓,𝑪𝑹𝑻 𝑴𝒐𝒅𝒆𝒍(𝑫,𝒅, 𝑻, chemo, stage-mix) + 𝜺 × 𝑰 

--- Equation 4.6 

where D, d, T denote total RT dose, dose-per-fraction, and duration; chemo 

describes whether chemotherapy was given sequentially, concurrently or not at all; 
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stage-mix is the stage composition of a cohort, and further details of the CRT model 

have been described in Chapter 3 (Model 5, Chapter 3)187. The indicator function 

I took values of 0 for RT and CRT treatments and 1 for cCRT-ICB treatments. The 

model was fitted to the CRT and cCRT-ICB datasets, minimising the LL term 

−𝟐𝒍𝒏𝑳 =  −𝟐{∑𝑵𝒆𝒇𝒇,𝒊 × [
𝑶𝑺𝟐𝒚𝒓,𝒐𝒃𝒔,𝒊 × 𝒍𝒏 𝑶𝑺𝟐𝒚𝒓,𝑪𝑹𝑻−𝑰𝑪𝑩 𝑴𝒐𝒅𝒆𝒍,𝒊 + 

(𝟏 − 𝑶𝑺𝟐𝒚𝒓,𝒐𝒃𝒔,𝒊) × 𝒍𝒏(𝟏 − 𝑶𝑺𝟐𝒚𝒓,𝑪𝑹𝑻−𝑰𝑪𝑩 𝑴𝒐𝒅𝒆𝒍,𝒊)
]

𝒏𝒄𝒐𝒉

𝒊=𝟏

} 

  --- Equation 4.7 

where ncoh is the total number of cohorts fitted and OS2yr,obs,i is the observed survival 

for cohort i. Comparing to Chapter 3, we did a fine tuning on ‘study time 

calibration parameter’ R as newest study has now published in 2022 instead of 

2016 in the cCRT-ICB dataset. Besides, we replaced the patient numbers N using 

effective patient numbers (Neff) at 2-year for cCRT-ICB cohorts. 

 

4.3.3 Associations between OS gains from ICB and factors 

Associations between changes in OS due to ICB drug administration and 

patient and treatment related factors f were investigated by fitting the model 

𝑶𝑺𝟐𝒚𝒓,𝑪𝑹𝑻−𝑰𝑪𝑩 = 𝑶𝑺𝟐𝒚𝒓,𝑪𝑹𝑻 𝑴𝒐𝒅𝒆𝒍 (𝑫,𝒅, 𝑻, chemo, stage-mix)+ 

𝑨 × 𝒇 + 𝑪 + (𝑨𝑰𝑪𝑩 𝒈𝒂𝒊𝒏 × 𝒇 + 𝑪𝑰𝑪𝑩 𝒈𝒂𝒊𝒏) × 𝑰 --- Equation 4.8 

in which I was again set to a value of 1 for cCRT-ICB and 0 otherwise; (A  f + C) 

describes the association between factor f and survival following RT or CRT; and 

(AICB gain  f + CICB gain) describes the association between f and OS changes. 

For factors such as D, d and T which are already included in the CRT survival 

model, the CRT-ICB model is simplified to  
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𝑶𝑺2yr, CRT-ICB = 𝑶𝑺2yr, CRT Model (𝑫, 𝒅, 𝑻, chemo, staging) + (𝑨𝑰𝑪𝑩 𝒈𝒂𝒊𝒏 × 𝒇 + 𝑪𝑰𝑪𝑩 𝒈𝒂𝒊𝒏) ×  𝑰      

             --- Equation 4.9 

This simpler model was also used for ICB-specific factors such as drug-type 

and ICB start time, which are unrelated to outcomes of RT alone or CRT.  

Associations between survival gains and factors were visualised by plotting 

gains in 2-year OS for each cohort against factor values and adding fitted (AICB gain 

× f + CICB gain) lines. The survival gains were calculated as the 2-year OS observed 

for a cohort minus the OS predicted by the model fit for the cohort’s CRT treatment 

alone (i.e. the modelled survival for each patient cohort in the absence of ICB 

administration). Factors whose fitted A or AICB gain coefficients had p-values <0.2 

in univariable analyses were entered into a multiple regression analysis. 

 

4.3.4 Statistical analysis 

RStudio software (version 2022.02.3) was used for analyses. Model fitting and 

meta-regression were performed using maximum likelihood estimation through 

the bbmle package130, comparing fits using likelihood-ratio testing and the AIC. 

The multi-dimensional profile-likelihood technique was used to estimate 95% CIs 

on fitted parameter values157. Bidirectional stepwise parameter selection for 

multivariable analyses was executed using the MASS package137. Meta-regression 

results were plotted using the ggplot2156. Reported significance levels were two-

sided.   
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4.4 Results 

4.4.1 Data and OS standardisation 

The cCRT-ICB dataset is detailed in Table 4.2 and 4.3. It comprises 2196 

NSCLC patients (99% stage III) belonging to 10 cohorts treated with cCRT-ICB 

in eight studies published between 2018 and 202272,192–198. Median follow-up times 

for these cohorts had an average length of 21.0 months weighted by patient number, 

and a range of 13.7 to 32.6 months. The total effective patient number Neff at the 2-

year time-point was 1668. As the median follow-up was less than the 24-month 

endpoint timepoint, so we calibrate the patient number as described in the 

methodology section. It would not be a serious issue as PACIFIC trial also had a 

short median follow-up of 14.5 month when it was firstly published in 201771. 

The mean 2-year OS level reported for the cohorts was 64.8%, weighted by 

patient number. ICB administration began during cCRT in four cohorts and after 

completion of cCRT in six. Survival was reported relative to the recruitment time-

point, which in these latter six cohorts followed completion of cCRT. In two of 

these cohorts, patients were recruited on average 21 and 28 days after cCRT 

completion. In the other four, recruitment was assumed to be on average 28 days 

after cCRT, this time-point lying within all the ranges of recruitment times 

published for cohorts in which ICB began following cCRT. After correcting back 

to the start of cCRT, standardised 2-year OS levels across all cohorts had a 

weighted mean of 65.5% and a range of 59.0% to 80.0%. 
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Table 4.2 Patient, radiotherapy and ICB data characteristics for the cCRT-ICB cohorts. Average values are weighted by patient numbers 

per cohort.  

Cohort 1 2 3 4 5 6 7 8 9 10 
Total or 

average 

Author 
Durm  

et al (2020) 
Lin et al (2020)a 

Antonia  

et al (2018) 

Peters  

et al (2021) 
Reck et al (2022) a,b 

Bryant  

et al (2022) 

Landman  

et al (2021) 

Zhou  

et al (2022)c 
- 

Study 

name 

LUN-14-

179 
DETERRED PACIFIC NICOLAS KEYNOTE-799 

Institutiona

l series 

Institutiona

l series 

GEMSTONE

-301 
- 

Patient #         

Stage I/II 0 (0%) 1 (10%) 5 (17%) 8 (2%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 2 (1%) 16 (1%) 

IIIA 55 (60%) 2 (20%) 12 (40%) 252 (53%) 28 (36%) 41 (37%) 39 (38%) 574 (57%) 27 (69%) 74 (29%) 1104 (50%) 

IIIB/C 37 (40%) 7 (70%) 13 (43%) 212 (45%) 50 (64%) 71 (63%) 63 (62%) 432 (43%) 12 (31%) 179 (70%) 1076 (49%) 

Total 92 (100%) 10 (100%) 30 (100%) 472 (100%) 78 (100%) 112 (100%) 102 (100%) 
1006 

(100%) 
39 (100%) 255 (100%) 

2196 

(100%) 
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RT 

Dose d (Gy) (range). All treatments given in 2Gy fractions, 5 days-per-week. 

 

60 

(59.4, 66.6) 

66 

(60, 66) 

66 

(60, 66) 

60 

(54, 66) 

66 

(-e) 

60 

(-) 

60 

(-) 

60 

(-) 

69.9 

(-) 

60 

(-) 

60.5 

(-) 

Patient-related factors 

Median age (years) 

 66 66 68 64 62 66 64 69 66.5 61 66.2 

Eligibility criteria 

 
cCRT, no 

progression  

cCRT, no 

progression 

Standard 

for cCRT 

Standard 

for cCRT 

Standard for 

cCRT 

Standard 

for cCRT 

Standard 

for cCRT 

Standard 

for cCRT 

cCRT, no 

progression 

cCRT, no 

progression 
- 

Male/female (% of patients) 

 64.0/36.0 90.0/10.0 60.0/40.0 70.2/29.8 67.1/32.9 67.9/32.1 60.8/39.2 95.0/5.0 64.0/36.0 93.0/7.0 83.1/16.9 

Histology SCC/other (% of patients)        
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 45.0/55.0 70.0/30.0 23.0/77.0 47.1/52.9 35.4/64.6 65.2/34.8 0.0/100.0 48.2/51.8 28.2/71.8 70.0/30.0 47.9/52.1 

Tumour PDL1 immunohistochemistry 1%f (% of patients) 

 79.2 44.0 44.0 67.2 - 75.0 58.8 - 62.1 58.5 65.2g 

Performance status ≥1 (% of patients) 

 - - - 50.8 53.2 54.5 44.1 - 77.0 69.0 56.1g 

ICB-related factors 

ICB drug type: anti- (drug name)  

 
PD1(Pembr

olizumab) 

PDL1(Atez

olizumab) 

PDL1(Atez

olizumab) 

PDL1(Durv

alumab) 

PD1(Nivolu

mab) 

PD1(Pembr

olizumab) 

PD1(Pembr

olizumab) 

PDL1(Durv

alumab) 

PDL1(Durv

alumab) 

PDL1(Suge

malimab) 
- 

ICB timing, begun concurrently with or sequentially after cCRT 

 Sequential Sequential Concurrent Sequential Concurrent Concurrent Concurrent Sequential Sequential Sequential - 

Intervals between ICB drug administration (weeks) 

 3 3 3 2 3-4 3 3 2 2 3 2.3 
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Planned ICB duration (months) 

 12 12 12 12 12 12 12 12 12 24 13.4 

a The DETERRED and KEYNOTE-799 studies each included two separate cohorts treated with cCRT-ICB. 

b 2-year OS was reported in Reck et al (2022) while other KEYNOTE-799 data was taken from Jabbour et al (2021).  

c Aside from 86 patients in Cohort 10 treated with sCRT-ICB all the other 2110 patients (96%) in the cCRT-ICB dataset (96%) received cCRT-ICB. 

d Tabulated doses are medians, except for Cohort 9 for which the mean dose was reported. 

e In individual cohort columns, data items not available from study publications are indicated by ‘-’. 

f Tumor PDL1 immunohistochemistry was not available for every patient in every cohort. The figures shown here therefore represent numbers of patients with PDL1 ≥1% as percentages 

of those for whom data was available.  

g These values are averages over the sets of cohorts for which data was reported. 

 

Table 4.3 Follow-up, 2-year survival, and effective patient numbers Neff in the cCRT-ICB cohorts. 

Cohort 1 2 3 4 5 6 7 8 9 10 
Total or 

average* 
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Author 
Durm  

et al (2020) 
Lin et al (2020) 

Antonia  

et al (2018) 

Peters et al 

(2021) 
Reck et al (2022) 

Bryant  

et al (2022) 

Landman  

et al (2021) 

Zhou  

et al (2022) 
- 

Study 

name 

LUN-14-

179 
DETERRED PACIFIC NICOLAS KEYNOTE-799 

Institutional 

series 

Institutional 

series 

GEMSTONE

-301 
- 

Median follow-up (months) 

 32.2 22.5 15.3 25.2 32.6 18.5 13.7 19.9 20.4 14.3 21.0 

Median OS (months) 

 35.8 22.8 
Not 

reached 
Not reached 38.8 Not reached 

Not 

reached 
34.3 Not reached Not reached - 

Reported OS2yr (%) (95% CIs†) 

 

62.0 

(50.8, 71.3, 

published) 

44.0 

(19.8, 100.0, 

KM curve) 

80.0 

(65.3, 97.6, 

KM curve) 

66.3 

(61.7, 70.4, 

published) 

63.7 

(51.9, 73.4, 

published) 

64.3 

(-) 

 

71.2 

(-) 

 

61.9 

(58.5, 65.5, 

published) 

68.0 

(-) 

 

80.8 

(71.3, 90.8, 

KM curve) 

64.8 

 

 

Standardized OS2yr (%) 
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 63.9 59.0 80.0 69.2 63.7 64.3 71.2 61.6 67.7 79.6  65.5 

Neff at 2 years** 

 83 6 24 425 77 88 73 791 31 70 1668 

Time of recruitment/enrolment (‘Time 0’ from which published OS was recorded)  

 28-56 days 

after cCRT 

21 days  

after cCRT 

Start  

of cCRT 

1-42 days  

after cCRT 

Start  

of cCRT 

Start  

of cCRT 

Start  

of cCRT  

Start of ICB, 

after cCRT 

14-28 days 

after cCRT 

1-42 days  

after cCRT 
 

Typical time of recruitment after the start of cCRT*** 

 28 days 21 days  - 28 days - - - 28 days 21 days  28 days - 

* The average value of median follow-up was weighted by patient numbers in the different cohorts. Average values of reported and standardized 2-year OS were weighted by 

effective patient numbers. 

† 95% CIs shown are either published values or were determined from published KM curves using IPDfromKM. 

** For Cohorts 6, 7 and 9 neither the 95% CI on OS2yr nor the underlying KM curve were published. For Cohorts 6 and 9 Neff was therefore determined via scalings of the CI of Cohort 

8 which had a similar median follow-up time. For Cohort 7 Neff was similarly determined from the scaled CIs of Cohorts 3 and 10. 

*** For Cohorts 2 and 9, the tabulated typical times are average times following cCRT published for these cohorts. For cohorts 1, 4, 8 and 10 the typical time is assumed to be 28 days 

after the end of cCRT, a figure lying within the ranges of recruitment times published for cohorts 1, 4, 9 and 10.
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4.4.2 Meta-regression analysis of OS in cCRT-ICB cohorts 

The variance in 2-year OS rates reported for the cCRT-ICB cohorts 

significantly exceeded the level due to cohort binomial statistical uncertainties 𝜎𝑖
2 

alone (p<0.001), with the additional random effects variance Δ2 accounting for 

59.5% of the total according to the I2 index. Correspondingly, Δ2  was 

significantly different to zero in fits of Equation 4.5 to the cCRT-ICB survival data 

(p<0.001). With random effects included in the model, the fitted weighted mean 2-

year OS was 67.7% (95% CI: 64.8, 70.9%) for the cCRT-ICB cohorts.  

In univariable analyses, median age, planned ICB duration and tumour PDL1 

1% were significantly associated with OS (Table 4.4 and Fig. 4.2). The 

association between median age and survival was negative, the fitted value of AICB 

indicating a 1.5% absolute fall in 2-year OS per added year of age (95% CI: 0.9, 

2.1%; p<0.001). Longer planned ICB duration was positively associated with 

survival, the fit indicating an increase in 2-year OS of 13.6% absolute (95% CI: 

5.3, 21.7%; p=0.002) for a planned duration of two years vs one. Tumour PDL1 

1% was also positively associated with survival, 2-year OS increasing by 1.6% 

(95% CI: 1.3, 1.9%; p=0.023) for each 10% increase of patients with tumour PDL1 

1%. For these three factors, the added random effects variance Δ2 contributed 

13.5%, 28.6% and 34.3% respectively (according to I2 values. Equation 4.4) to the 

overall variance of regression residuals and was insignificantly different to zero.  

Age, ICB duration and tumour PDL1 1% were tested in a multivariable 

analysis of 2-year OS, together with the fractions of patients with stage IIIB/C 

disease and PS = 0 which also had univariable p-values <0.20. Multivariable 

models were fitted to survival levels in the six cohorts for which data existed for 

all these factors. Using stepwise factor selection, no multivariable model was 

found with an AIC better than that of the univariable regression of OS against 

intended ICB duration, which in these six cohorts had a p-value <0.001.
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Table 4.4 Univariable meta-regression of 2-year OS against patient and treatment factors f. 
 

Factors f 
Regression 

OSfit = AICB  f + CICB 

AICB  

95% CI 

AICB 

significance 

2 (random 

variance) 

2  

95% CI  

2 

significance 

Cohorts 

fitted 

None 67.7% - - 0.0016 (0.0004, 0.0051)    p < 0.001 10 

Patient/RT factors  

Median age (years) - 1.5%  f + 162.9% (-2.1, -0.9)% p < 0.001 0.0000 (0.0000, 0.0057)    p = 1.000  10 

Fraction with PDL1 1% + 16.1%  f + 58.3% (+13.2, +19.2)% p = 0.023 0.0001 (0.0000, 0.0055)    p = 0.590 9* 

Fraction with stage IIIB/C + 19.8%  f + 57.4% (-5.1, +41.6)% p = 0.110 0.0009 (0.0000, 0.0039)    p = 0.126 10 

Fraction with PS = 0 - 23.6%  f + 80.4% (-53.1, +5.9)% p = 0.119 0.0000 (0.0000, 0.0040)    p = 1.000 6* 

Fraction with SCC - 2.0%  f + 68.6% (-17.8, +13.5)% p = 0.806 0.0016 (0.0004, 0.0054)    p = 0.021 10 

RT duration (days) + 0.2%  f + 60.0% (-1.1, +1.5)% p = 0.777 0.0016 (0.0003, 0.0054)    p = 0.024 10 

RT dose (Gy) + 0.1%  f + 59.7% (-0.9, +1.1)% p = 0.806 0.0016 (0.0004, 0.0054)    p = 0.024 10 
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* PS and PDL1 factor data were not reported for every cCRT-ICB cohort. Regressions of OS against these factors were therefore carried out for the six and eight cohorts respectively 

for which data was available. For PACIFIC survival data was available separately for patients with PDL1 < and ≥1%, bringing the number of cohorts fitted for this factor to 9.  

† For these categorical variables f was set to 1 versus 0 for a planned ICB duration of two versus one years, for anti-PDL1 versus anti-PD1 drug-type, and for ICB began concurrently 

with versus after cCRT. 

ICB factors  

Planned ICB duration† + 13.6%  f + 66.0% (+5.3, +21.7)% p = 0.002 0.0006 (0.0000, 0.0025)    p = 0.287 10 

ICB drug type† + 0.2%  f + 65.4% (-5.5, +6.0)% p = 0.479 0.0013 (0.0002, 0.0053)    p = 0.039 10 

ICB timing† + 1.1%  f + 67.3% (-5.2, +7.3)% p = 0.708 0.0016 (0.0003, 0.0054)    p = 0.028 10 
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† The fraction of patients with PDL1 1% could only be regressed against OS for eight cohorts for which 

PDL1 data was published. For PACIFIC, however, survival data was available separately for patients with 

or without PDL1 1% (purple and red dots), bringing the number of cohorts up to nine. 

 

 

(A) 
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† The fraction of patients with PDL1 1% could only be regressed against OS gain for eight cohorts for 

which PDL1 data was published. However, for PACIFIC survival data was available separately for patients 

with or without PDL1 >1% (purple and red dots), bringing the number of cohorts up to nine. 

  

(B) 
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Figure 4.2 Univariable regression of 2-year OS in cCRT-ICB cohorts against 

selected patient and treatment factors. A single 95% CI on OS is shown for key 

cohorts (A); all 95% CIs are shown in (B). Significant associations are asterisked.  

 

4.4.3 Associations between ICB OS gains and factors 

The fitted value of the gain in OS across the cCRT-ICB cohorts was 9.9% 

(95% CI: 7.6, 12.2%). It indicated that the net contribution brought by ICB was 

significant against OS of cCRT alone (p=0.018). Modelled fits with OS gain 

parameter ε, values of parameters were listed in Table 4.5. 

Table 4.6 (A) and Figure 4.3 describe associations between estimated ICB 

gains in 2-year OS and treatment and patient factors considered one at a time. The 

fraction of patients with PDL1 1%, the fraction with stage IIIB/C disease and the 

planned ICB duration were all significantly positively associated with estimated 

OS gains. Each 10% increase in the fraction of patients with PDL1 1% 

corresponded to a 2.4% absolute increase in 2-year OS gain (95% CI: 0.5, 4.4%; 

p=0.034), and each 10% increase in the fraction of stage IIIB/C patients 

corresponded to a 3.2% increase in OS gain (95% CI: 0.6, 5.7%; p=0.021). A 

planned ICB duration of two years vs one year corresponded to a 14.8% increase 

in 2-year OS gain (95% CI: 4.2, 23.5%; p=0.008). Age was significantly negatively 

associated with OS gain. No other factors investigated, including RT dose and start 

timing of ICB during vs after cCRT, were associated with estimated OS gains. 

Survival trends in cohorts treated using RT or CRT alone are summarised in 

Table 4.6 (B). Greater median age was significantly negatively associated with 2-

year OS in these cohorts, as it was with the OS gains from adding ICB to cCRT in 

cCRT-ICB cohorts. The fraction of patients with PDL1 1% was also significantly 

negatively associated with survival in RT and CRT cohorts, 2-year OS falling by 

1.1% for each 10% increase in patients with PDL1 1% (95% CI: 0.4, 2.8%, p 
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=0.012). The scale of this trend was less than that of the significant positive 

association between the PDL1 factor and the ICB survival gain in cCRT-ICB 

treatments, and therefore OS following cCRT-ICB was significantly positively 

associated with patient PDL1 status (Table 4.5). 

In a multivariable analysis of all factors with univariable p-values <0.20, the 

best model of OS according to the AIC was built from the fraction of patients with 

PDL1 1% and planned ICB duration (Table 4.6 (C)). The directions of 

associations between these factors and estimated OS gains from ICB were positive 

in the multivariable model, as they had been in the factor-by-factor analysis of 

Table 4.6 (A).  

 

Table 4.5 Fitted parameter values in the underlying and extended CRT models.  

Parameters 
CRT model fitted to 

published CRT 

dataset (Chapter 3) 

CRT model  

fitted to  

both datasets 

CRT model with ε 

term fitted to 

both datasets 

λcCRT (Gy/day) 1.47 1.07 1.06 

Tk, cCRT (days) 24 39 19 

α/β (Gy) 

Searly: 10.0 

SIIIA: 32.1 

SIIIB/C: 0.6 

Searly: 10.0 

SIIIA: 32.3 

SIIIB/C: 0.4 

Searly: 10.0 

SIIIA: 32.0 

SIIIB/C: 0.7 

𝐸𝑄𝐷2,tum50 (Gy) 54 55 55 

m 0.15 0.14 0.15 

OSmax,CRT (%) 91 92 93 

RScCRT 1.40 1.07 1.40 

𝐸𝑄𝐷2,SLT50 (Gy) * 54 64 61 

mSLT 
* 0.31 0.16 0.18 

R (per year) 0.016 0.016 0.013 
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FSLT *† 

Searly: 0.33 

SIIIA: 0.41 

SIIIB/C: 0.58 

Searly: 0.20 

SIIIA: 0.39 

SIIIB/C: 0.48 

Searly: 0.28 

SIIIA: 0.43 

SIIIB/C: 0.52 

ε - - 0.099 

AIC - 8537.2 8533.5 

Likelihood ratio 

test 
- reference p = 0.018 

* In Chapter 4, I renamed normal tissue complication probability (NTCP) term used in Chapter 3 with 

survival-limiting toxicity (SLT) term following the publication of Chapter 3. 

† Fitted values of FSLT were constrained so that FSLT,IIIB/C ≥ FSLT,IIIA ≥ FSLT,early stage.  

Nomenclature: λcCRT, dose-per-day repopulated during cCRT; Tk,cCRT, repopulation kick-off time during 

cCRT; α/β, tumour fractionation dependence; EQD2,tum50, EQD2 required to achieve 50% tumour control; m, 

tumour dose-response relative gradient; OSmax,CRT, maximum overall survival for chemoradiotherapy; 

RScCRT, radiosensitisation of dose-effects by cCRT; EQD2,SLT50, EQD2 causing a 50% modelled survival-

limiting toxicity rate; mSLT, survival-limiting toxicity response relative gradient; R, variation of 2-year OS 

with study publication year; 𝐹𝑆𝐿𝑇,𝑆𝑖, survival-limiting toxicity weighting for stage Si; ε, the gain in 2-year 

OS that results from adding ICB to cCRT. 
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Table 4.6. Analysis of associations between patient or treatment factors f and changes in 2-year OS due to adding ICB to cCRT. (A) 

& (B) Univariable analysis details, showing fitted values of (A) terms added to the underlying CRT survival model to describe differences in 

survival following cCRT-ICB compared to cCRT alone, and (B) further terms added to describe associations between survival following RT 

or CRT alone and factors not included in the underlying CRT model. (C) The multivariable model with the lowest AIC score built from 

AICBgain and A terms for factors with p-values <0.20 on univariable analysis; the model was fitted to the 50 RT, CRT or cCRT-ICB cohorts for 

which data was available for all these factors. 

(A) 

Univariable analysis  

of factors f 
OSgain = AICB gain  f + CICB gain 95% CI on AICB gain Statistical significance 

Cohorts 

fitteda 

Overall OSgain 9.9% -  p = 0.018b 61 

Patient/RT factorsc  

Median age (years)d - 0.66%  f + 50.0% (-1.08, -0.29)% p = 0.012 50 

Fraction with PDL1 1%d + 24.4%  f + 3.2% (+4.6, +43.7)% p = 0.034 60 

Fraction with stage IIIB/C + 32.0%  f - 6.0% (+6.0, +56.6)% p = 0.021 61 
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Fraction with PS=0d - 19.1%  f + 16.5% (-26.2, +12.2)% p = 0.439 35 

Fraction with SCCd - 11.6%  f + 14.9% (-34.6, +11.3)% p = 0.210 49 

RT duration (days) + 0.13%  f + 5.1% (-0.51, +1.33)% p = 0.776 61 

RT dose (Gy) + 0.16%  f + 0.3% (-0.60, +0.88)% p = 0.614 61 

ICB factorsc  

Planned ICB duratione + 14.8%  f + 9.0% (+4.2, +23.5)% p = 0.008 61 

ICB drug typee + 0.94%  f + 8.7% (-4.92, +6.61)% p = 0.777 61 

ICB timinge + 3.3%  f + 7.9% (-3.2, +7.8)% p = 0.348 61 
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(B) 

 

 

 

 

 

(C) 

 

 

 

 

Univariable analysis  

of factors f  
OSfit = A  f + C 95% CI on A 

Statistical 

significance 

Cohorts 

fitted † 

Median age (years) - 0.82%  f + 56.5% (-1.13, -0.20)% p = 0.017 50 

Fraction with PDL1 1% -11.1%  f + 7.5% (-27.7, -3.8)% p = 0.012 60 

Fraction with PS=0 - 6.0%  f + 11.7% (-8.9, +3.0)% p = 0.163 35 

Fraction with SCC + 2.6%  f - 0.7% (-8.2, +13.6)% p = 0.247 49 

Multivariable analysis of 50 cohorts     

Best model according to AIC Fitted AICB gain 95% CI on AICB gain Fitted A 95% CI on A AIC 

Fraction with PDL1 1% + 13.5%f (+2.0, +25.1)% - - 6240.8 

&      

Planned ICB duration (years) + 11.9% per year (+0.8, +21.3)% - -  
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a The cohorts fitted are generally those for which data about the factor being tested were available. However, PDL1 data was only available for two of the cohorts 

treated using CRT alone. Consequently, for this factor the whole model was fitted to all cohorts (except two cCRT-ICB cohorts for which PDL1 data was 

unavailable), but the (AF +C) term was fitted only to the arm of PACIFIC receiving CRT alone, split into two sub-cohorts with PDL1 < or 1.   

b The significance of the overall OSgain was tested for a constant gain across all cCRT-ICB cohorts versus no gain.  

c The significance levels reported for associations between OSgain or OS and factors are for fitted versus zero gradients.  

d For factors not included in the underlying CRT survival model and which do not describe ICB treatment regimens (eg age but not immune drug type or RT dose) 

the additional terms listed in Table 4.6(B) also formed part of the model fit and contributed to total OS rates calculated for CRT and cCRT-ICB treatments (equation 

4.8). 

e For these categorical variables, f was set to 1 versus 0 for a planned ICB duration of two versus one years, for anti-PDL1 versus anti-PD1 drug type, and for ICB 

began concurrently with versus after cCRT. 

f Absolute percentage change in OS gain as the fraction of patients changes from zero to one (i.e. from 0 to 100%) 
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(A) 

 

† The CI on the OS gain for a cohort c and factor f was obtained by first reparametrising the OS gain term 

of the model fit as AICB gain  (f - fc) + CICB gain, where fc is the value of f for cohort c, and then using the 

profile-likelihood method to obtain the CI on CICB gain which corresponds to the OS gain for cohort c. 

†† The fraction of patients with PDL1 1% could only be regressed against OS gain for eight cohorts for 

which PDL1 data was published. For PACIFIC, however, survival data was available separately for patients 

with or without PDL1 >1% (purple and red dots), bringing the number of cohorts up to nine. 
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† The CI on the OS gain for a cohort c and factor f was obtained by first reparameterizing the OS gain term 

of the model fit as AICB gain  (f - fc) + CICB gain, where fc is the value of f for cohort c, and then using the 

profile-likelihood method to obtain the CI on CICB gain which corresponds to the OS gain for cohort c. 

†† The fraction of patients with PDL1 1% could only be regressed against OS gain for eight cohorts for 

which PDL1 data was published. However, for PACIFIC survival data was available separately for patients 

with or without PDL1 >1% (purple and red dots), bringing the number of cohorts up to nine. 

(B) 
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Figure 4.3 Gains in 2-year OS due to ICB plotted for the cCRT-ICB cohorts 

against selected factors. The OS gains are differences between each cohort’s 

observed OS and the model-predicted OS for the cCRT component of treatment. 

95% CIs on OS gains are shown for key cohorts in (A) and for all cohorts in (B). 

Solid, dashed and dotted lines respectively show fitted linear regression terms, the 

fitted overall OS gain and its 95% CI. Significant associations are asterisked.  
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4.5 Discussion 

We aimed to answer two questions about the cCRT-ICB regimen for 

inoperable LA-NSCLC treatment:  

1) Does ICB’s contribution across multiple studies support the results seen in 

the PACIFIC study? 

2) Which patient/tumour/CRT/ICB factors might affect the cCRT-ICB 

outcomes?  

We have investigated associations between 2-year OS and factors in datasets 

collated from results published for cCRT-ICB, RT and CRT treatments of LA-

NSCLC. We also assessed associations between these factors and gains in OS due 

to the ICB components of the cCRT-ICB treatments. To our knowledge, this is the 

first systematic analysis of factors associated with survival following immuno-

cCRT for NSCLC.  

 

4.5.1 Data and modelling processing 

Since many of the published studies were single arm, associations between 

OS gain and patient and treatment factors were determined by jointly fitting a 

model to OS rates reported for both cCRT-ICB treatments and RT/CRT alone, the 

model including terms describing the gain in OS due to immune treatment and its 

possible variation with different factors. This approach provided a practical way 

of distinguishing the effects of the immune treatments tested in trials of cCRT-ICB 

from the effects of different CRT schedules and cohort-to-cohort differences in 

patient factors. Compared to direct fitting of OS gains observed in phase 3 trials of 

cCRT-ICB vs cCRT, the method will introduce some bias due to differences 

between cohorts not being fully accounted for by patient and treatment data 

included in the analysis. To date, however, results have only been published for 
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one phase 3 trial of cCRT-ICB, PACIFIC. Changes in the NSCLC staging system 

over time will also have introduced some inconsistencies into cohort stage-mixes, 

AJCC versions 4-7 having been used for the CRT cohorts and versions 7-8 for the 

cCRT-ICB cohorts. We sought to limit these inconsistencies by categorising 

patients into broad stage bands, grouping stage IIIC patients with stage IIIB, and 

not splitting down stages I or II into sub-stages. 

CRT Model was designed to model the outcomes after the starting of cCRT187, 

so delayed randomisation in the cCRT-ICB regimen should be corrected. The 

Kolmogorov-Smirnov test was applied for each OS estimation to ensure no 

discrepancy between read-in KM curves and extracted KM curves188. In terms of 

patient eligibility, selecting patients without post-cCRT progression might bias the 

treatment outcomes, while no difference was found between these subgroups, 

either using reported OS (p=0.628) or standardised OS (p=0.570). The length of 

intervals between ICB drug administration has been recorded, while given the 

discrepancies of ICB half-life, and pharmaco-kinetics of each drug, no factors 

related to ICB delivery intervals or ICB dose intensity were tested. 

    

4.5.2 Factors affecting cCRT-ICB outcomes 

After accounting for the stage-mixes of the patient cohorts and the cCRT 

regimens used to treat them, the fitted gain in 2-year OS achieved across the whole 

dataset by adding ICB to cCRT was 9.9%, in good agreement with the 10.7% OS 

gain reported for the cCRT-plus-durvalumab arm of PACIFIC relative to the cCRT-

alone arm72. We also tried splitting the OS gain by ICB timing, where 12.0% (95% 

CI: 6.1%, 17.5%) for concurrent and 8.8% (95% CI: 6.3%, 11.2%) for sequential 

showed no statistical difference (p=0.237), in line with the findings that ICB timing 

was not a significant factor against OS gain (p=0.348, Table 4.6 (A)). Tumour 

PDL1 1%, clinical stage IIIB/C and 2-year planned ICB duration were 
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significantly and positively associated with greater OS gains from ICB, whereas 

greater age was significantly negatively associated with OS gain.  

 The positive association between 2-year planned ICB duration and 2-year OS 

gain was dependent on a single 2-year duration cohort197 and should be interpreted 

with caution unless confirmed in further studies since scheduling of 

immunotherapy is an evolving field. Intriguingly, OS rates reported for the ten 

cohorts comprising the cCRT-ICB dataset fell by a median of 16.3% (range 0.0, 

33.8%) between 1 and 2 years, but in the cohort receiving ICB for two years the 

fall was only 5.8%. This was the second lowest fall in survival during the second 

year recorded for any of the cohorts and contributed to the high 2-year OS seen for 

the cohort. A similar effect has been seen in CheckMate 153, a study of 1 year vs 

continuous ICB monotherapy (nivolumab) for previously treated advanced or 

metastatic NSCLC. In that study, continuous ICB resulted in a lower risk of death 

(HR 0.62; 95% CI: 0.42, 0.92), with a divergence in progression-free survival 

occurring after treatment discontinuation in the 1-year arm199. 

The positive association between the fraction of patients with PDL1 1% and 

OS gain (p=0.034) is consistent with the rationale for designing immune drugs that 

block PDL1 and its receptor PD1, and with results from sub-group analyses of 

PACIFIC in which a significant improvement in progression-free survival was seen 

for PDL1 1% patients receiving durvalumab, but not for patients with PDL1 

<1%200. While the fraction of patients with PDL1 1% was significantly positively 

associated both with OS gain and with 2-year OS itself following cCRT-ICB, the 

association with OS was less steep than the association with OS gain, implying 

that the greater survival gains achieved for patients with PDL1 1% by adding 

immune treatment to CRT were partly offset by lower baseline survival levels for 

these patients when treated using CRT alone. In PACIFIC patients receiving cCRT 

alone, 2-year OS was indeed lower for those with PDL1 1% than for others, 

53.7% vs 66.4% (Figure 4.4), consistent with findings for several cancers that 
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PDL1 overexpression is associated with poorer prognosis201. This data lies behind 

the significant negative association between PDL1 1% and OS following CRT 

alone seen in our analysis.  

 

* ‘Reported HR’ values shown for panel A were taken directly from Paz-Ares et al. (2020), ‘Estimated HR’ 

values were obtained by reading Kaplan-Meier curves from the same publication into the IPDfromKM 

package.    

Figure 4.4 Survival levels for patients with PDL1 expression < or 1% treated 

with cCRT  durvalumab. (A) Observed 2-year OS levels and hazard ratios (HR*) 

in data reported by Paz-Ares et al. (2020) for PACIFIC200. (B) 2-year OS levels 

predicted by our fitted model for cohorts with a 50:50% split of stage IIIA versus 

IIIB/C patients, similar to the stage-mix in PACIFIC. 

 

The association between ICB effectiveness and the fraction of patients with 

different tumour staging is a novel finding, as the OS shows no difference (p=0.110) 

while the gain in OS achieved by adding ICB (p=0.021) is significant for stage 

IIIB/C cancer. A plausible explanation is that immuno-CRT provides a more 

effective treatment of micro-metastatic disease than does CRT alone, the OS gain 

from ICB consequently increasing with the extent of the disease.  

. 
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 The negative associations between median age and both 2-year OS (p<0.001) 

and OS gain (p=0.012) are consistent with findings that age is an adverse 

prognostic factor for lung cancer treated using RT, chemotherapy, cCRT, 

immunotherapy or immuno-RT202–204, and with the greater competing risks of 

death in older patients.  

It has been suggested that better outcomes might be achieved by starting 

immune treatments concurrently with cCRT, potentially increasing the extent to 

which T-cells activated by antigens released from radiation-damaged tumour cells 

can kill further tumour cells205,206. Presently, though, there is no consensus on the 

scheduling of ICB relative to RT, and both adjuvant and concurrent/adjuvant ICB 

treatments are being investigated in ongoing trials193,194. Despite analysing data for 

322 patients belonging to four cohorts in which ICB began concurrently with cCRT, 

and for 1874 patients belonging to six cohorts in which ICB began after cCRT, we 

did not find a significant difference between OS gains in the two sets of cohorts. 

Neither were survival gains associated with the choice of anti-PD1 or anti-PDL1 

immune drug. The latter finding is perhaps unsurprising since anti-PD1 and anti-

PDL1 drugs respectively bind to PDL1 on tumour cells and its receptor PD1 on 

immune cells, both targeting the same immune checkpoint. 

PS and SCC histology do not affect treatment outcomes. Most cCRT-ICB 

patients had PS=0 or 1, while PS should be ≥2 to correlate with heart base radiation 

toxicity and related survival207. No consensus has been reached on whether SCC 

adds prognostic information independently on NSCLC208,209. The HR between 

SCC (0.72; 95% CI: 0.52, 0.99) and non-SCC subgroup (0.61; 95% CI: 0.44, 0.86) 

was similar in PACIFIC; recent meta-analyses showed that ICB can provide 

benefits for LA-NSCLC regardless of histology210.  

The ICB gains were not significantly associated with RT doses or durations. 

Thus, in this dataset there was no indication of an interaction between immune and 

RT treatments that might cause ICB survival gains to be higher or lower at 
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escalated radiation dose levels. However, while median doses in the cCRT-ICB 

cohorts ranged from 60 to 70Gy, cohorts receiving median doses above 66Gy 

comprised only 39 patients (2%), limiting the power to detect such an interaction. 

Additionally, fits of the CRT survival model suggested that OS following CRT 

alone can be improved by using shorter, more intense, RT schedules187, and 

therefore that survival following cCRT-ICB treatments might be further improved 

by using such intensified RT schedules if they are tolerable in the immuno-cCRT 

setting. 

 

4.5.3 Statistical robustness 

PACIFIC outcomes were recorded through original literature published by 

Antonia et al.72 as it is the prominent report which has been widely discussed. 

Recently published 5-year follow-up with the updated 2-year OS of 66.3% (95% 

CI: 61.8%, 70.4%)211 was nearly the same as the reported OS in the selected 

publication (66.3%; 95% CI: 61.7%, 70.4%). 

OS and OS gain were estimated using the single time point due to limited 

availability of the continuous survival curves from the literature. However, direct 

regression of survival against factors was seen to be more informative than relative 

measures such as hazard ratio, which assumes the risk rate ratio was proportional 

to factors212. With fixed time point analyses, the absolute risk with greater interest 

than the relative risk against factors could be calculated213.  

It is arguable that the cohort-by-cohort OS gain differs between the factors 

with and without common effects (whether there is A  f + C before Again  f + 

Cgain). This cohort-by-cohort study was based on aggregated data, and its statistical 

power would have been greater if individual patient-by-patient data had been 

analysed. Nevertheless, by collating data from multiple clinical series we have 

been able to assess OS variations across wider ranges of treatment factors than 
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would have been possible using patient-by-patient data from a single trial. The 

immuno-chemoradiotherapy landscape is becoming more complex, with ongoing 

studies evaluating the addition of other immune agents and combinations to 

standard cCRT-ICB204. Analyses of results collated from multiple studies will 

therefore have ongoing utility. 

 

4.5.4 Limitation 

Although meta-regression analyses identify the impacts of factors against 

ICB-induced OS gain, the modelled OS gain is still hypothetically generalised. 

There were only ten cCRT-ICB cohorts, so the multivariable results might not be 

that conclusive. Most studies were designed following the encouraging results of 

the PACIFIC trial, so treatment schedules were similar.  

Some factors have limited variance in this retrospective study. PDL1% was 

not an evaluable marker in the CRT era, so there was no information in the CRT 

dataset. Consequently, we added the placebo cohort from the PACIFIC study in 

common effects analyses (A  f + C)200, as we were unaware of any other PDL1 

information for cCRT alone. Besides, all cCRT-ICB cohorts received standard 

radiation fractionation in 2Gy-per-fraction, and all ICB drugs targeted PD1/PDL1. 

In addition, biological factors such as lymphocyte counts, neutrophil counts, and 

neutrophil-lymphocyte ratio have been reported to have possible impacts on cCRT-

ICB214,215, but they were not usually reported in studies with 2-year outcomes. 

Greater availability of individual patient level data, and detailed collection and 

reporting of clinical parameters in current trials, will increase the precision of such 

analyses aiming to identify tumour-specific biomarkers and treatment strategies 

that maximise individual patient benefit.  
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4.6 Conclusion 

The estimated gain in OS from ICB was significantly positively associated 

with the fraction of patients with tumour PDL1 1%, the fraction with stage IIIB/C 

disease and the planned duration of ICB. The fitted increase in OS gain achieved 

by giving ICB for two years rather than one was considerable but had a wide 95% 

CI and was driven by data from a single study of 2-year ICB duration. Further 

investigation into ICB duration may be warranted, though, given some similar data 

in the advanced disease setting (CheckMate 153). The OS gain from ICB was 

significantly negatively associated with patient age but was not associated with 

radiation prescribed dose, radiation duration or whether immune treatment began 

concurrently with CRT. In summary, this analysis suggests that survival following 

cCRT-ICB may be further increased by prolonging administration of ICB beyond 

one year, and that gains in survival due to ICB are greater in younger patients and 

those with tumour PDL1 1% or more advanced disease.  
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Chapter 5. Survival following immuno-

chemo-radiotherapy of LA-NSCLC: 

exploration of variation with dose and 

treatment duration across an extended range 

5.0 Chapter overview 

This chapter – 

• Predicts overall survival (OS) for chemoradiotherapy and immuno-chemo-

radiotherapy treatments of locally-advanced non-small cell lung cancer.  

• Explores the OS within and beyond the ranges of radiation dose and 

fractionations found in the datasets fitted. Bootstrapped confidence 

intervals were used to judge the precision of the predictions, since the 

uncertainties outside the range of fitted values may be large. 

 

5.1 Computational modelling of immunotherapy 

effects on radiation therapy 

 Immune checkpoint blockade (ICB) has contributed to significantly improved 

overall survival (OS) for locally-advanced non-small cell lung cancer (LA-

NSCLC)71,72. However, questions remain unanswered across different perspectives, 

such as the interaction with chemotherapy/radiotherapy and best ICB delivery 
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schedules. Computational modelling allows the investigation of schedules and 

treatment responses for the ICB-radiotherapy combination. 

 In Chapter 4, I empirically analysed the effects of ICB on chemoradiotherapy 

outcomes. In this chapter, I extend the simple modelling that I used in that analysis, 

to predict outcomes across ranges of doses, doses-per-fractions, and treatment 

duration.  

 Several mechanistic bottom-up models have been devised to describe the 

dynamics of the interactions between the anti-tumour immune system, tumour 

microenvironment and compartmental drug distribution of ICB monotherapy186. 

Serre et al.216 first proposed the concepts of modelling ICB-radiotherapy. They 

simplified the complicated anti-tumour dynamics into three compartments – 

tumour, doomed tumour, and lymphocytes. The model used equations describing 

radiation cancer-killing, ICB-induced primary (tumour-killing) immune response, 

ICB-induced secondary (memory) immune response, and radiation-induced 

secondary immune response. This model accounted for those doomed tumours that 

had become antigen debris and been recognised by the immune system. Although 

it was just a conceptual model focusing on tumour size changes, it established 

some fundamentals of mathematical modelling of ICB-radiotherapy.  

Relatedly but based on different perspectives, Kosinsky et al.217 added the 

radiation effects on standard pharmaco-kinetic models. Radiation-induced cell 

death was described as liberating tumour antigen which systemically circulate, 

contributing to ICB anti-tumour response. Recently, Gonzalez-Crespo et al.206 

chose standard linear-quadratic (LQ) radiation survival equations as the base to 

incorporate ICB effects, in particular, modelling the biological delay between 

radiation cell-killing, antigen activation of immune cells, and further tumour cell 

killing by the activated immune cells. The model suggested that the effectiveness 

of combined treatment may be reduced if the administration of ICB is delayed 

beyond two days post-start of radiotherapy. However, these models were all fitted 
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using animal data, representing the conditions some way from the clinic. None of 

them had modelled clinical treatment outcomes using either OS or progression-

free survival (PFS), leaving a large gap between the pre-clinical models and their 

implication in clinics.  

Regarding data-driven top-down models, a few studies have developed the 

simpler mathematical descriptions of the pharmaco-kinetics of ICB monotherapy 

and checked them against pre-clinical and clinical outcomes from treatments using 

single anti-PD-1 drug, pembrolizumab218–220. These models varied between studies, 

so further validation is needed before interpreting them confidently.  

When I started this research, there were no clinical data-driven models for 

ICB-radiotherapy, and only a limited number of pre-clinical mechanistic models 

had been published. The randomised phase III PACIFIC study has shown a 

significant and substantial improvement in survival for LA-NSCLC following 

concurrent chemoradiotherapy (cCRT)-ICB versus cCRT alone72,221. Such 

outcomes suggest there may be underlying ‘head room’ to optimise radiation dose 

fractionation, such as radiation dose de-escalation. Therefore, I aimed to model 

how LA-NSCLC OS might change as radiotherapy dose, fractionations, and 

duration are varied by extending the largely empirical models I have previously 

developed187.  

In this chapter, I build a hypothesis-generating model to –  

1) Predict the OS of cCRT-ICB given ranges of radiation dose, fractions, 

treatment durations. 

2) Predict the OS of sequential chemoradiotherapy (sCRT)-ICB, which has 

not broadly been tested in the clinic.  

In Chapter 4, I analysed the ICB effect empirically as an additional percentage 

change in OS. That worked fine when analysing observations across the dataset 

studied. However, the approach might ultimately prove problematic when 
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exploring a wide range of dose fractionations because logically, if the radiation 

dose is sufficiently escalated it alone could kill off all tumours entirely, reducing 

the OS gain from ICB to nothing. Therefore, in this chapter I reframe the model, 

hypothesising that the ICB gain can be quantified as an effective increase in 

radiation dose (unit: Gy) rather than a % increase in OS. This approach is described 

further in the methods. 

The benefits of cCRT-ICB over cCRT alone are potentially derived from 

ICB’s effects on both metastases72 and primary tumours222. In the modelling of this 

chapter, I focused on the tumour effects for reasons discussed below. In Chapter 4, 

I found no evidence of interactions between radiotherapy and immune effects (i.e. 

‘OS gain’ did not depend on the radiation dose or duration). Therefore, in this 

chapter, I assumed that ICB makes a purely additive contribution to cCRT tumour 

control. 

 

5.2 Materials and methodology 

5.2.1 Retrospective data 

This study used two independent datasets with published clinical trials – 

cCRT-ICB and CRT datasets. Both datasets were introduced and used in previous 

chapters. The fitted datasets were the same as in Chapter 4. 

 

5.2.2 Dose-response models  

Outcome models were fitted using 2-year OS as the endpoint analysed. The 

two datasets were fitted together. The ICB contribution to OS gain was quantified 

as a fixed increase in the equivalent dose per-2-Gy fraction (EQD2) on tumour 

control in the CRT-ICB model.  
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CRT model (Model 5, Chapter 3)187 

The baseline CRT model was clearly described in Chapter 3. Equations 5.1 to 

5.4 are the same as in the earlier work and included for completeness. Normal 

tissue complication (NTCP) has been renamed as survival-limiting toxicity (SLT) 

following the publication of Chapter 3.  

𝑻𝑪𝑷𝑺𝒊 = 𝜱 [
𝑬𝑸𝑫𝟐𝒕𝒖𝒎 − 𝑬𝑸𝑫𝟐𝒕𝒖𝒎𝟓𝟎(𝑺𝒊)

𝒎 × 𝑬𝑸𝑫𝟐𝒕𝒖𝒎𝟓𝟎(𝑺𝒊)
]  × 𝟏𝟎𝟎%       --- Equation 5.1 

 𝑺𝑳𝑻𝑺𝒊 = 𝑭𝑺𝑳𝑻,𝒊 ×𝜱[
𝑬𝑸𝑫𝟐𝑺𝑳𝑻 − 𝑬𝑸𝑫𝟐𝑺𝑳𝑻𝟓𝟎

𝒎𝑺𝑳𝑻 × 𝑬𝑸𝑫𝟐𝑺𝑳𝑻𝟓𝟎
] × 𝟏𝟎𝟎%    --- Equation 5.2 

𝑶𝑺 =  ∑ 𝒇𝒊  × 𝑻𝑪𝑷𝑺𝒊 × (𝟏 − 𝑺𝑳𝑻𝑺𝒊)𝒊 ×𝑴𝒂𝒙𝒄𝒉𝒆𝒎𝒐 × 𝑻𝒆𝒄𝒉𝒊𝒎𝒑𝒓𝒐𝒗𝒆𝒅  

  --- Equation 5.3 

𝑻𝒆𝒄𝒉𝒊𝒎𝒑𝒓𝒐𝒗𝒆𝒅 = (𝟏 − 𝑹 × (𝟐𝟎𝟐𝟐 − 𝑺𝒕𝒖𝒅𝒚 𝑷𝒖𝒃𝒍𝒊𝒔𝒉𝒆𝒅  𝒀𝒆𝒂𝒓)  

--- Equation 5.4 

CRT-ICB model 

In this chapter, I slightly adjusted the CRT-ICB model to account for ICB by 

adding a dose-equivalent parameter Deff,immune rather than a percent increase in 

survival. ICB leads to the death of cells in both the primary tumour and metastases, 

and I chose to model its effects on primary tumour control. Consequently, EQD2tum 

was modified by adding a parameter Deff,immune, describing the overall effects in 

cohorts treated with ICB as 

𝑬𝑸𝑫𝟐𝒕𝒖𝒎  =  𝑬𝑸𝑫𝟐𝒕𝒖𝒎 + 𝑫𝒆𝒇𝒇,𝒊𝒎𝒎𝒖𝒏𝒆       --- Equation 5.5 

Any contribution to OS provided by improved metastatic control could be 

quantified as a systemic effect similar to that of chemotherapy, and represented in 

the model by splitting the Maxchemo term into the current two parameters 

respectively describing the maximum OS rates following radiotherapy alone and 

cCRT that would be seen if these treatments kill all primary tumours, plus an 
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additional third parameter describing the same rate for cCRT-ICB. In the interests 

of model simplicity, I chose to include only one parameter, Deff,immune, rather than 

both Deff,immune and Maxchemo-ICB.  

Regarding LA-NSCLC, Abe et al. found out that cCRT-ICB significantly 

improved one-year local control compared to cCRT alone (86% vs 62%, p=0.005), 

where their patients received following-up computed tomography (CT) every 2 to 

3 months for evaluating local control222. This supported my focus of ICB’s benefits 

on tumour control. In addition, modelling ICB as Deff,immune allowed clear 

understanding of predicting OS given various radiation fractionation schedules.  

In principle, ICB could further impact OS by increasing survival-limiting 

toxicity rates. However, in a pooled meta-analysis, no increase in radiation-related 

adverse effects were seen when ICB was added within 90 days of radiotherapy223
. 

Therefore, it seems reasonable to leave the toxicity term unchanged from the 

baseline CRT model. 

After fitting the modified model, I explored how predicted OS would vary 

with different radiation doses, fractionations, treatment durations and 

chemotherapy schedules (cCRT vs sCRT). Clinical studies of radiotherapy for LA-

NSCLC have often explored schedules based on standard fractionation, 2Gy-per-

fraction, five days a week. Additionally, schedules delivering 30 fractions in six 

weeks and 20 fractions in four weeks are also of interest (see Chapters 2 and 3). 

Consequently, these are the schedules studied in this chapter. 

 

5.2.3 Statistical analysis 

RStudio (version 2022.02.3) was used, with bbmle package130 for maximum 

likelihood fitting and ggplot2 package156 for visualisation of dose-response curves. 

Uncertainties of fitted parameters were estimated using multi-dimensional profile-
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likelihood 95% confidence intervals (CI)157. Two-sided significance was reported 

for a likelihood ratio test comparing the efficacies of two models. 

Stratified blocked bootstrapping (1000x) was used to robustly estimate the 

uncertainties on predicted 2-year OS levels predicted by the model fit, across 

ranges of radiation dose, treatment durations and fractions. In this approach, the 

cCRT-ICB and CRT datasets were bootstrapped independently, resampling the 

cohorts comprising each dataset with replacement. Pairs of the resampled cCRT-

ICB and CRT datasets were combined to form bootstrapped datasets and the model 

was repeatedly refitted to 1000 of these bootstrapped datasets. For all the doses, 

doses-per-fraction and treatment durations of interest, I then determined 95% CIs 

on OS as ranges between the 2.5% and 97.5% percentiles of the bootstrapped OS 

distribution.  

 

5.3 Results 

5.3.1 Modelling fits of ICB effects 

As expected from clinical results and the analysis of Chapter 4, the improved 

outcomes achieved by cCRT-ICB caused the CRT model to be outperformed by 

the CRT-ICB model, which included an additional effective dose contributed by 

the ICB treatment (p=0.006). The overall effects of ICB accounted for 13.5Gy 

(parameter Deff,immune, 95% CI: 0.3, infinite) of EQD2 dose on tumour control 

(Table 5.1).  

I further tried splitting the Deff,immune factor to have different values for cohorts 

starting ICB concurrently with vs sequentially after cCRT, but without achieving 

a significant improvement in the model fit (p=0.708). Consequently, the model 

used to predict the OS values plotted in the rest of the chapter included a single 

common value of Deff,immune. 
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Table 5.1 Outcome modelling results. Fits of CRT and CRT-ICB models, 

including degrees of freedom (df) in fitting, fitted parameters (with 95% profile-

likelihood CIs), log-likelihood values, AIC and likelihood ratio test. 

Parameters 
CRT model 

(df = 42) 

CRT-ICB model 

(df = 41) 

λ (Gy/day) 
RT & sCRT: 0.29 (0.22, 0.43)                   

cCRT: 1.07 (0.70, 2.41) 

RT & sCRT: 0.31 (0.22, 0.44)   

  cCRT: 1.06 (0.74, 2.19) 

Tk (days) 
RT & sCRT: 17 (16†, 27) 

cCRT: 39 (22, 43) 

RT & sCRT: 17 (16†, 25) 

cCRT: 19 (16†, 40) 

α/β (Gy) 

SI/II: 10.0 (1.2, infinite) 

SIIIA: 32.3 (14.1, infinite) 

SIIIB/C: 0.4 (0.0, 0.8) 

SI/II: 10.1 (1.5, infinite) 

 SIIIA: 39.0 (16.6, infinite) 

SIIIB/C: 0.6 (-0.1, 1.0) 

𝐸𝑄𝐷2tum50 (Gy) †† 

SI/II: 55 (48, 58) 

SIIIA: 55 (49, 58) 

SIIIB/C: 55 (49, 58) 

SI/II: 55 (47, 58) 

SIIIA: 55 (47, 58)     

SIIIB/C: 55 (47, 58) 

m 0.14 (0.09, 0.22) 0.15 (0.13, 0.25) 

Maxchemo (%) 92 (85†, 100†) 93 (85†, 100†) 

RScCRT 1.07 (1.03, 1.34) 1.40 (1.03, 1.40†) 

𝐸𝑄𝐷2SLT50 (Gy) 64 (50, 105) 61 (52, 112) 

mSLT 0.16 (0.11, 0.75) 0.25 (0.18, 0.76) 

R (per year) 0.016 (0.012, 0.021) 0.013 (0.008, 0.017) 

FSLT †† 

SI/II: 0.20 (0†, 0.58) 

SIIIA: 0.39 (0.19, 0.80) 

SIIIB/C: 0.48 (0.31, 1†) 

SI/II: 0.27 (0.10, 0.80) 

SIIIA: 0.45 (0.21, 1†) 

 SIIIB/C: 0.55 (0.33, 1†) 

Deff,immune (Gy) - 13.5 (0.3, infinite) 

log-likelihood -4247.6 -4243.8 

AIC score 8537.2 8527.6 
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Likelihood ratio 

test 
reference p = 0.006 

† The profile-likelihood CIs were truncated at the lower or upper boundary of the range explored. 

†† Fitted values of 𝐸𝑄𝐷2tum50 and FSLT were constrained as stage IIIB/C values ≥ IIIA ≥ II/I. 

Parameters: λ, dose-per-day repopulated; Tk, repopulation kick-off time; α/β, tumour fractionation 

dependence; EQD2tum50, EQD2 required to achieve 50% tumour control; m, tumour dose-response 

gradient; Maxchemo, maximum overall survival for chemoradiotherapy; RScCRT, radiosensitisation 

of dose-effects by cCRT; EQD2SLT50, EQD2 causing a 50% modelled survival-limiting toxicity 

rate; mSLT, survival-limiting toxicity response gradient; R, variation of the 2-year OS with study 

publication year; FSLT, survival-limiting toxicity weighting for stage Si; Deff,immune, ICB effects on 

tumour control.  

 

5.3.2 Overall survival prediction with different radiation 

fractionation schedules, chemotherapy schedules and ICB 

Modelled 2-year OS rates for immuno-chemo-radiotherapy giving 50 to 74Gy 

prescribed doses are plotted in Fig. 5.1 (cCRT-ICB) and 5.2 (sCRT-ICB) for three 

fractionation schemes. The corresponding highest OS levels for each fractionation 

scheme given different doses-per-fraction are listed in Table 5.2 (cCRT-ICB) and 

5.3 (sCRT-ICB).  

The best modelled treatment outcomes were achieved using cCRT-ICB, 

reaching 71% (95% CI: 62%, 84%) and 73% (95% CI: 55%, 90%) for stage IIIA 

and IIIB/C, respectively. For stage IIIB/C, the four-week schedules gave the best 

OS. However, there was not really any significant indication that four weeks is 

better since the CIs of the best OS for each schedule extensively overlapped. 

Compared to cCRT alone, there was around a 10% increase in modelled OS for 

cCRT-ICB under standard 2Gy-per-fraction, consistent with the ICB-induced OS 

gain I quantified in Chapter 4. For standard 2Gy-per-fraction, 60Gy provided the 

best modelled OS for cCRT-ICB, and both escalation and de-escalation of dose 

from this point reduced the modelled OS.  
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The results for dose ranges <58Gy in 2Gy-per-fraction and six weeks and 

<55Gy or >65Gy for four-week schedules are greyed out. In these regions, the CIs 

on OS were wide as only relatively few fitted data points lay within them (see 

Figure 5.3 below). As dose was increased to 65Gy given in standard 2Gy fractions, 

modelled OS rates for cCRT alone remained steady for standard 2Gy fractionation 

and rose progressively for six-week schedules. However, for cCRT-ICB, 2-year 

OS dropped by around 0.5 to 1% for each 1Gy of prescribed dose increases beyond 

60Gy, regardless of fractionation schedules. 

 

Figure 5.1 Predicted 2-year OS rates for cCRT-ICB and cCRT alone, plotted 

for three radiation fractionation schemes. The predicted OS with prescribed 

dose <58Gy and ‘<55Gy/>65Gy for four weeks’ are greyed out due to limited fitted 

data in these regions and corresponding higher OS uncertainty. †Standard EQD2 

was a rough estimation for clinical comparison. It was calculated by taking 

prescribed dose, assuming all dose ranges given in 2Gy-per-fraction, with a 

radiosensitivity value α/β of 10, and no repopulation effects. 
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Table 5.2 Best 2-year OS rates for different radiation dose-fractionation 

schedules, in treatments giving cCRT alone or cCRT-ICB. Bootstrapped 95% 

CIs on OS are also shown.  

 cCRT alone cCRT-ICB 

 
Std 

2Gy/Fx 

6  

weeks 

4  

weeks 

Std  

2Gy/Fx 

6  

weeks 

4 

weeks 

Stage IIIA       

Prescribed dose  60Gy 64Gy 58Gy 58Gy 60Gy 52Gy 

Best 2-year OS  

(Bootstrap 95% 

CIs) 

61% 

(46%, 

80%) 

64% 

(52%, 

78%) 

59% 

(37%, 

78%) 

71% 

(62%, 

84%) 

70% 

(62%, 

84%) 

67% 

(41%, 

88%) 

Stage IIIB/C       

Prescribed dose  60Gy 62Gy 52Gy 58Gy 60Gy 50Gy 

Best 2-year OS  

(Bootstrap 95% 

CIs) 

56% 

(41%, 

76%) 

61% 

(41%, 

76%) 

68% 

(46%, 

86%) 

67% 

(53%, 

84%) 

66% 

(53%, 

81%) 

73% 

(55%, 

90%) 

I have also modelled 2-year OS for sCRT-ICB even though our dataset 

included no results for cohorts treated using sCRT-ICB. The best modelled OS 

levels for sCRT alone appeared above 68Gy, reaching 55 to 60% using standard 

2Gy-per-fraction. This reflected the lower fitted repopulation rate for sCRT (0.31 

vs 1.06 Gy/day for cCRT; Table 5.1), meaning that dose-escalation with schedule 

protraction was more effective for sCRT.  

For sCRT-ICB, the best modelled OS rate for stage IIIA was achieved by 

giving 70Gy, either in 2Gy-per-fraction or over six weeks; whereas for IIIB/C, the 

best modelled OS rate was seen at 52Gy in four weeks. Again, however, the CIs of 

the best OS rates for the four-week and 2Gy-per-fraction schedules were wide and 

heavily overlapping. Nonetheless, the best modelled OS rates for sCRT-ICB were 

59% for IIIA and 66% for IIIB/C, compared to 53% for IIIA and 60% for IIIB/C 

when treated using sCRT alone, suggesting that sCRT-ICB would be a useful 

treatment option for patients unfit for cCRT. It should be remembered, though, that 
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the data to which the models were fitted did not include any sCRT-ICB cohorts, 

and therefore the OS rates predicted for these treatments will reflect the structure 

of the fitted model, as well as the data fitted for sCRT alone in comparison to cCRT 

and cCRT-ICB.  

 

Figure 5.2 Predicted 2-year OS for sCRT-ICB and sCRT alone, delivered 

using three fractionation schemes.  

 

Table 5.3 Best 2-year OS rates for different radiation dose-fractionation 

schedules, in treatments giving sCRT alone or sCRT-ICB. Bootstrapped 95% 

CIs on OS are also shown.  

 sCRT alone sCRT-ICB 

 
Std 

2Gy/Fx 

6  

weeks 

4  

weeks 

Std 

2Gy/Fx 

6  

weeks 

4  

weeks 

Stage IIIA       

Prescribed dose  74Gy 74Gy 70Gy 70Gy 70Gy 62Gy 

Best 2-year OS  

(Bootstrap 95% 

CIs) 

51% 

(36%, 

65%) 

53% 

(37%, 

70%) 

50% 

(30%, 

71%) 

59% 

(46%, 

74%) 

59% 

(46%, 

74%) 

56% 

(41%, 

72%) 
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Stage IIIB/C       

Prescribed dose  74Gy 68Gy 56Gy 66Gy 64Gy 52Gy 

Best 2-year OS  

(Bootstrap 95% 

CIs) 

42% 

(23%, 

55%) 

50% 

(32%, 

61%) 

60% 

(41%, 

74%) 

51% 

(35%, 

61%) 

55% 

(40%, 

66%) 

66% 

(46%, 

79%) 

 

5.3.3 For which radiotherapy doses and durations are the 

modelled OS rates most likely to be reliable?  

Fig. 5.3 (A) shows the prescribed dose and treatment duration ranges for the 

cohorts in the fitted CRT and cCRT-ICB datasets, with treatment type annotated. 

In Fig. 5.3 (B) I have plotted the doses and treatment durations for which OS rates 

were calculated from the fitted model, and shaded them red, blue, or green 

according to the fractionation schemes to which they belong. Fig 5.3 (C) merges 

these plots, providing an intuitive picture of how the ranges and durations of 

schedules for which modelled OS rates were calculated compare to the data 

underpinning the model used. Many cohorts were treated using standard 2Gy-per-

fraction schedules, some were treated in six weeks, and a few in shorter times. For 

schedules delivered in six weeks or more, prescribed doses were ≥60Gy; while for 

shorter schedules, they were between 55 and 65Gy. Thus, OS predictions for doses 

outside these ranges should be viewed as tentative. 
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Figure 5.3 Scatter plots describing 

radiotherapy schedules in the 

datasets. (A) A scatter plot of the 

doses and durations of the schedules 

used to treat patients in the datasets; 

(B) A scatter plot of all the doses and 

durations of schedules for which the 

OS levels show in Figures 5.1 and 5.2 

were calculated using the models; (C) 

A plot shows how the fitted data line 

up with the schedules that the predicted 

OS was modelled.  
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5.4 Discussion 

The success of the cCRT-ICB combination in PACIFIC71,72 has changed the 

standard of care for inoperable LA-NSCLC. However, many questions remain 

unanswered. I aimed to answer two here –  

1) How should radiation fractionation schedules be selected for cCRT-ICB 

and sCRT-ICB to achieve the best survival rates possible?  

2) What are the best modelled OS rates achieved by cCRT-ICB and sCRT-ICB? 

To my knowledge, this is the first study focusing on dose-response modelling 

for immuno-chemo-radiotherapy. One key finding is that the 2-year OS rate from 

cCRT-ICB is unlikely to be improved by escalating or de-escalating from 60Gy in 

2Gy-per-fraction for which modelled OS rates were 70% and 66% for stage IIIA 

and IIIB/C, respectively. Another is that sCRT-ICB might be a good alternative for 

patients who are not fit for cCRT, achieving a best modelled OS rate of 59% for 

IIIA and 66% for IIIB/C.  

 

5.4.1 Chemo-radiotherapy schedules with the addition of ICB 

Modelled 2-year OS rate for cCRT rose when dose was escalated from 50 to 

60Gy, given in standard 2Gy-per-fraction or six weeks, regardless of ICB. 

However, there was no OS gain following the radiation dose escalation of cCRT-

ICB above 60Gy. Although no ICB cohorts were actually treated using 50 to 60Gy, 

the modelled outcomes align with results from the RTOG-7301 study of 

radiotherapy alone reported in 1980s. This study compared doses of 40, 50, and 

60Gy given in 2Gy-per-fraction and reported median times to treatment failure of 

8, 12, and 19 months at these dose levels48,224.  
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Since modelled OS rates for cCRT-ICB do not fall very rapidly as doses are 

reduced below 60Gy in 2Gy-per-fraction, treatments giving 55Gy might be useful 

for patients in whom critical OARs receive high radiation doses, as they would 

reduce toxicity with only 2% modelled reduction in OS (Fig. 5.1).  

In the randomised phase III GEMSTONE-301 study197, sub-analyses of sCRT 

(4% patients; HR: 0.59, 95% CI: 0.39, 0.91) and cCRT (96% patients, HR: 0.66, 

95% CI: 0.44, 0.99) showed positive impacts of ICB on PFS for both treatments. 

This partially supports the prediction of our models which show increased OS for 

sCRT-ICB versus sCRT alone. These considerations suggest that sCRT-ICB 

treatments should be trialled in UK clinics, since 55% of stage III NSCLC patients 

treated with curative radiation doses are given sCRT225.  

 

5.4.2 Modelling methodology 

 There were some differences between fitted parameters of the CRT and CRT-

ICB models. For example, tumour repopulation for cCRT starts at day 39 (95% CI: 

22, 43) in the fitted CRT model but at day 19 (95% CI: 16, 40) in the CRT-ICB 

model. Some underlying differences between the CRT and cCRT-ICB datasets may 

lie behind the differences in fitted parameter values. A greater dose-response might 

be seen in cCRT-ICB treatment, which would favour an increased radio-

sensitisation parameter (RScCRT) offset by greater repopulation loses resulting from 

earlier start time. Over the ranges of radiotherapy doses and durations fitted, these 

differences in parameter values will offset each other to some degree, introducing 

only small net changes in modelled OS rate. They may, however, have greater 

effects on OS rates predicted for dose schedules lying outside the fitted dataset. 

Consequently, in plots of modelled OS rates, I have greyed out dose ranges in 

which limited data were available for fitting. 
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A single time point (two-year) was used as the modelled OS endpoint. 

Arguably, datasets with multiple time points would provide more detail regarding 

OS, but limited published clinical data is available.  

 For CRT-ICB cohorts, all fitted data correspond to prescribed doses of 60 to 

70Gy, given concurrently with chemotherapy, similar to the PACIFIC protocols. 

Thus, the CIs on modelled OS rates for treatments giving ICB are quite wide at 

dose levels below and above the 60-70Gy range. More generally, predictions for 

doses <58Gy given in 2Gy-per-fraction or in six weeks, and <55Gy or >65Gy 

given in four weeks should be viewed more as a best guess than a reliable indicator, 

since the fitted datasets included no treatments giving doses in these ranges. 
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5.5 Conclusion 

No gains were made in modelled OS rates for cCRT-ICB, by either escalating 

or de-escalating from the standard 60Gy in 2Gy-per-fraction treatment. 

Nevertheless, the reduction in modelled OS for cCRT-ICB when radiation dose 

was decreased from 60Gy to 55Gy, given in 2Gy-per-fraction, was only 2%, 

potentially making modest dose de-escalation a useful option for patients with 

heavily irradiated OARs.  

The best modelled OS rate for sCRT-ICB is 6% higher than for sCRT alone, 

raising the question of whether sCRT-ICB should be used to treat the 55% of UK 

LA-NSCLC patients who currently receive sCRT alone. It should be noted, though, 

that the modelled gain from ICB is simply a reflection of the gain seen clinically 

for ICB combined with cCRT, together with the structure of the fitted model which 

does not distinguish between the effective dose contribution of ICB in sCRT and 

cCRT treatments. Consequently, the modelled increase in OS when ICB is added 

to sCRT should be viewed with some caution. 

In the future, outcomes modelling of CRT-ICB treatments would benefit from 

the collation and analysis of data for individual patients rather than cohort averages. 

This would better allow modelled predictions to be used in the design of stratified 

or personalised treatments.  
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Chapter 6. Cardiac-sparing optimisation for 

LA-NSCLC radiotherapy 

6.0 Chapter overview 

This chapter – 

• Is exploratory research, investigating the effects of cardiac-sparing on 

overall survival (OS) and survival-limiting toxicities; specifically, how 

modelled OS might change if the mean heart dose was varied relative to the 

prescribed dose. 

• Compares the effects of ‘proton’ versus ‘optimised photon’ cardiac-sparing 

treatment, both against regular photon treatment (not optimised to spare the 

heart). 

• Determines whether the effect of cardiac-sparing on OS varies substantially 

with tumour location. 

• Quantifies modelled rates of 2-year OS achievable for locally-advanced 

non-small cell lung cancer using (immuno)-chemoradiotherapy with 

different cardiac-sparing techniques. 

 

6.1 Cardiac toxicity in LA-NSCLC 

Cardiac irradiation during radiotherapy for locally-advanced non-small cell 

lung cancers (LA-NSCLC) is an increasing concern. Both heart V5 (volume 

receiving ≥5Gy) and V30 (volume receiving ≥30Gy) have been reported as 

independent predictors for poorer overall survival (OS) in the phase III randomised 
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dose-escalation study RTOG-061754. Existing dose constraints are based on the 

Quantitative Analyses of Normal Tissue Effects in the Clinic (QUANTEC)99. 

However, those are old and easily made, and in practice, heart doses can often be 

reduced substantially below these levels without substantially raising doses to 

other structures. Additionally, new evidence has been emerging, suggesting that 

doses delivered to some cardiac substructures may be of particular importance100.  

Across studies, no consistent picture has yet emerged of which dose levels and 

substructures might be particularly critical. A review of thoracic radiotherapy listed 

studies that identified various factors associated with poor OS 100:  

1) > 8.5Gy of mean heart dose (MHD),  

2) > 19.5Gy of maximum dose to the right atrium, aortic valve, and right 

coronary artery,  

3) > 2.2% of left atrium wall receiving > 63Gy,  

4) > 80% of heart receiving dose > 40Gy (V40 > 80%),  

5) > 29% of the pericardial region receiving dose > 30Gy (V30 > 29%).  

Additionally, several associations between cardiac dose and cardiac events have 

been reported in this review. The dose to the superior vena cava has been found to 

be associated with the electro-cardiogram signal changes. And the dose to 

ventricles on both sides and the left anterior descending aorta was associated with 

cardiac events.  

Most currently published studies with cardiac dosimetric analyses were for 

photon-based radiotherapy. Theoretically, proton beam therapy, given its lack of 

exit dose, might reduce radiation exposure to organs at risk (OARs) such as the 

heart46. Planning studies have shown that protons provide good tumour coverage, 

together with sparing of the lung in treatment of LA-NSCLC226,227. However, such 

advantages have not been fully seen in the clinic yet, as the only published 
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randomised study comparing photon (N=92) and proton (N=57) LA-NSCLC 

treatment reported improvements in dose-volume indices for the heart (p=0.002) 

but not for lung (p=0.818) or oesophagus (p=0.717)47. Relatedly, rates of grade ≥3 

radiation pneumonitis (the primary endpoint) were similar in the photon and proton 

arms of this study. 

In previous chapters, I have analysed OS using a model that comprised terms 

describing tumour control and survival-limiting toxicity (SLT) rates. In this chapter, 

I have extended the models to estimate how OS might change if heart doses in 

treatment plans were reduced. Specifically, several studies have reported 

associations between OS and MHD, quantifying these as hazard ratios (HR) for 

death per 1Gy increase in MHD. I therefore hypothesised the OS did indeed 

depend on MHD, but that the tumour control rate depended only on tumour dose, 

not the heart dose. Accordingly, I developed a procedure for translating the HR for 

death (HROS) into a HR for SLT (HRSLT), as described in detail in Section 6.2. Then 

working from the published literature, I estimated the reductions in average MHDs 

in patients that could be achieved using protons or optimised photons treatment 

planning. By combining these reductions with HRSLT per 1Gy change in MHD, I 

estimated the resulting OS changes. 

This modelling analysis was carried out for concurrent chemoradiotherapy 

(cCRT) alone and for cCRT with immune checkpoint blockade (ICB). Additionally, 

I investigated whether reductions in MHD varied with tumour location, and carried 

out further analyses to estimate any resulting dependence of OS levels in ‘proton’ 

and ‘optimised photon’ treatments on tumour site. 
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6.2 Tabulation of cardiac dosimetry and hazard, and 

modelling the effect on OS 

6.2.1 Dosimetric indices 

For photon radiotherapy, cardiac dose indices were taken from a planning 

study carried out at Liverpool Clatterbridge Cancer Centre between 2016 and 

2017108. In the study, plans were created for 20 LA-NSCLC patients, giving cCRT 

in 63 to 73Gy in 30 fractions. Having initially planned the patients following the 

standard IDEAL-CRT isotoxic protocol83,228, the investigators studied how much 

heart doses could be reduced without exceeding doses to other OARs or 

compromising planning tumour volume (PTV) coverage.   

In the Liverpool study, initial treatment planning was done using the 

volumetric arc therapy (VMAT) technique. Plans were reoptimised to prioritise the 

cardiac dose reduction. Among the 20 patients studied, 7 had ‘T7’ tumours, which 

overlapped or lay below the 7th thoracic vertebra (T7). These received greater 

cardiac doses as their superior-inferior locations overlapped the heart. The 

treatment reoptimisation was executed with the requirement that the following 

tumour coverage constraints were met: DPTV-90% >95% of prescribed dose; DPTV-98% 

>90% of prescribed dose. Thus, the study provided the cardiac dose indices for 

‘standard photon’ and ‘optimised photon’ using optimised planning regulations. 

For proton beam therapy, dosimetric indices were taken from a published 

study carried out at Oxford Cancer Centre109. In twenty patients with stage III 

NSCLC, the study determined how much heart doses could be reduced using 

proton rather than photon treatments, and whether the reductions depend on 

tumour location. Therefore, both intensity-modulated proton therapy (IMPT) and 

photon VMAT plans were created for each patient. As will be seen, the MHDs of 

photon plans in the Oxford study were very similar to those of reoptimised photon 
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plans in the Liverpool study. Since the Oxford study investigated potential gains 

from expensive proton treatment, it would have made no sense to compare these 

to unoptimised photon plans. Thus, this study presumably provided cardiac dose 

indices for protons and optimised photons, but I only use the proton data in this 

chapter because the photon data was similar to that in the Liverpool study. 

In the Oxford treatment plans, a prescribed dose of 70Gy was given in 35 

fractions. A relative biological effectiveness (RBE) of 1.1 was used for IMPT. 

Planning including tumour target, OAR delineation, and dose constraints 

following protocol for RTOG-1308, the ongoing clinical study comparing proton 

and photon cCRT for LA-NSCLC45. Specifically, for VMAT treatment, the internal 

target volume (ITV) was expanded by 8mm to form the clinical target volume 

(CTV); and by a further 5mm to form the PTV. For IMPT, 99% of the CTV was 

covered by the prescribed dose as there was no PTV for proton.  

The average MHD of standard photon treatments for all patients in the 

Liverpool study was considered to represent the typical clinical situation. 

Consequently, it was used as a baseline against which MHDs tabulated for other 

types of treatment plan and for selected groups of patients were compared. Tables 

6.1 and 6.2 summarise these MHDs for proton and optimised and standard photon 

plans, and for overall, T7, and non-T7 tumour groups. 

 

Table 6.1 Summary of retrospective dosimetric studies used in Chapter 6. 

Cardiac dose indices for standard and optimised photon plans were taken from the 

Liverpool study108, while indices for proton plans were taken from the Oxford 

study109. 

 Liverpool study Oxford study 

Study 

purpose 

Determine cardiac-sparing 

achieved by reoptimising the 

standard photon beam cCRT 

Identify sub-group for possible 

patient selection using IMPT 
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Patient and 

prescribed 

dose 

• 20 patients, 7 had tumours 

covering T7 and below 

• 10 patients had left side 

primary tumour 

• 68.8Gy (63 – 73Gy) in 30 

fractions 

• 20 patients, 16 had tumours 

covering T7 and below 

• 10 patients had left side 

primary tumour 

• 70Gy in standard 

2Gy/fraction 

Tumour 

target 

regulations 

DPTV-90% > 95% of prescribed dose  

DPTV-98% > 90% of prescribed dose 

DPTV-95% > prescribed dose for 

VMAT 

DCTV-99% > prescribed dose for 

IMPT 

Toxicity 

constraints 
Follow SCOPE-1, IDEAL-CRT  

Heart delineation follows RTOG-

1106, while dose constraints follow 

RTOG-1308 

 

Table 6.2 Mean heart dose (MHD) indices recorded in both studies. MHDs 

were recorded for standard photon, optimised photon, and proton treatment plans, 

and for overall and T7 and non-T7 tumour groups. 

 Tumour locations Std photon Optimised photon Proton 

Liverpool 

study 

T7 (N=7) 26.3Gy 15.7Gy - 

Non-T7 (N=13) 6.2Gy 4.5Gy - 

Weighted average 13.2Gy 8.4Gy - 

Oxford 

study† 

T7 (N=16) - 16.7Gy* 6.5Gy 

Non-T7 (N=4) - 4.4Gy* 1.9Gy 

†Weighted averages are not presented for the Oxford study, because the T7/non-T7 patient split 

is not representative of typical patient population. 

*These values are not used subsequently because they are very similar to the ones in the 

Liverpool study.  

 

6.2.2 Cardiac-sparing estimation and survival modelling 

Given that ICB does not increase the risks of radiation-induced adverse effects 

when given together with radiotherapy223, I have characterised it as having no 

effect on the (1-SLT) term in OS models, the same approach taken in Chapter 5.  
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Transferring HROS to HRSLT 

The risks of cardiac exposure have been reported using HRs for death229,230, 

which are related to OS, thus,  

𝒅𝑵

𝒅𝒕
= −𝑵 × 𝒉𝟎(𝒕) →

𝑵

𝑵𝟎
= 𝑺𝟎 = 𝒆𝒙𝒑(−∫𝒉𝟎(𝒕) 𝒅𝒕)   --- Equation 6.1 

where N is patient number at time t, N0 is patient number at time 0, h0(t) is the 

hazard rate for death, and S0 is survival. If the hazard function increased by a 

constant factor (i.e. the HR), the survival S becomes 

𝑺 = 𝒆𝒙𝒑(−𝑯𝑹 × ∫𝒉𝟎(𝒕) 𝒅𝒕) ≡ 𝑺 = 𝑺𝟎
𝑯𝑹      --- Equation 6.2 

Consequently, OS using the cardiac-sparing technique can be estimated via 

𝑶𝑺 𝒘𝒊𝒕𝒉 𝒔𝒑𝒂𝒓𝒊𝒏𝒈 = (𝑩𝒂𝒔𝒆𝒍𝒊𝒏𝒆 𝑶𝑺)𝑯𝑹𝑶𝑺      --- Equation 6.3 

However, my dose-response models assumed that OS was a combination of 

tumour control probability (TCP) and (1-SLT), accounting for the dose delivered 

to the tumour and the OARs, respectively. Therefore, mechanistically the TCP term 

is unaffected by any cardiac-sparing, leaving its contribution to the OS curve 

unchanged; whereas the (1-SLT) term is affected by the cardiac-sparing, and 

therefore this is the term the HR modifies. However, the HR acting on (1-SLT) is 

not the original HROS because that describes changes in OS rates rather than (1-

SLT). Instead, it can be determined by transferring HROS
 to the SLT term as follows 

(𝑩𝒂𝒔𝒆𝒍𝒊𝒏𝒆 𝑶𝑺)𝑯𝑹𝑶𝑺 = ∑ 𝒇𝒊  × 𝑻𝑪𝑷𝑺𝒊 ×𝒊 (𝟏 − 𝑺𝑳𝑻𝑺𝒊)
𝑯𝑹𝑺𝑳𝑻

 --- Equation 6.4 

For example, there was a 4.8Gy MHD decrease between ‘standard photon’ 

and ‘optimised photon’ plan108. Raising HROS
 (∆1Gy), the HROS per 1Gy reduction 

in MHD of 0.954 (95% confidence interval, CI: 0.913, 0.993)230, to the power of 

4.8, gives an HROS
 for this reduction in cardiac dose of 0.798230. I took the HROS 

(∆1Gy) value from an analysis published for patients treated in Oxford230. The 

HRSLT values obtained from Equation 6.4 depend not only on HROS but also on the 
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patient stage split represented by fi and splits of treatments used to treat a cohort. 

For consistency, I used the stage and treatment split reported for the study from 

which I took the HROS
 (∆1Gy) value, specifically, 1:1 stage IIIA vs IIIB/C, and a 

2:1:1 split of patients treated using radiotherapy alone, sequential CRT (sCRT) and 

cCRT. 

Other studies have reported different HROS (∆1Gy) values, either higher or 

lower. The effects of this source of uncertainty on the OS values that I calculated 

is described in the discussion section 6.4. 

MHD values versus technique and tumour location 

Anatomically, the heart is located at or below the T7 vertebra, and so will 

likely receive higher doses when T7 tumours are treated rather than tumours lying 

higher in the lung. This will lead to poorer OS, represented by greater HROS and 

HRSLT. In the Liverpool study, there was a 20.1Gy difference in the averaged MHD 

of patients with T7 versus non-T7 tumours108. In Table 6.3, I list averaged MHDs 

for patients receiving standard and optimised photon treatments and proton 

treatments, both for overall patient groups, and for patient subgroups with T7 and 

non-T7 tumours. The T7/non-T7 splits in MHDs were taken directly from the 

Liverpool and Oxford datasets. The average photon and proton MHDs of all 

patients were weighted based on the T7/non-T7 ratio seen in the Liverpool study 

(7:13). There are literatures support such ratio split as NSCLC is less likely 

distributed at the right middle lobe, right lower lobe, and left lower lobe45,231,232. 

 I also tabulate the differences between these MHDs and the baseline 13.2Gy 

value for the overall patient group treated using the standard photons. And I list 

the HRSLT values corresponding to these MHDs differences. 

For each technique and patient group, the OS was calculated using model 

fitted in Chapter 5, raising the (1-SLT) term to the power of the HRSLT value listed 

for that technique and patient group in Table 6.3. 
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Table 6.3 Averaged MHD values for standard and optimised photons and 

protons, in all patients and in T7 and non-T7 patient subgroups. Also shown 

are differences between MHDs and the baseline 13.2Gy values and the 

corresponding HROS and HRSLT values.  

Technique 
Tumour 

location 

Ave 

MHD 

∆MHD 

(Ave MHD – 

13.2Gy baseline) 

HROS 
† 

(95% CI) 

HRSLT 
†† 

(95% CI) 

Standard 

photon 

T7 26.3Gy +13.1Gy 
1.80 

(1.10, 2.98) 

2.75 

(1.30, 5.19) 

Non-T7 6.2Gy -7Gy 
0.73 

(0.56, 0.95) 

0.53 

(0.18, 0.99) 

Weighted 

average 
13.2Gy 

Baseline 

reference 
1 1 

Optimised 

photon  

T7 15.7Gy +2.5Gy 
1.12 

(1.02, 1.23) 

1.34 

(1.13, 1.57) 

Non-T7 4.5Gy -8.7Gy 
0.68 

(0.48, 0.94) 

0.42 

(0.02, 0.97) 

Weighted 

average 
8.4Gy -4.8Gy 

0.80 

(0.67, 0.97) 

0.69 

(0.41, 1.02) 

Proton  

T7 6.5Gy -6.7Gy 
0.74 

(0.57, 0.95) 

0.55 

(0.21, 1.00) 

Non-T7 1.9Gy -11.3Gy 
0.60 

(0.39, 0.92) 

0.27 

(0.00, 0.94) 

Weighted 

average** 3.5Gy -9.7Gy 
0.65 

(0.45, 0.93) 

0.36 

(0.00, 0.96) 

*∆dose changes in Gy refers to the total dose change versus standard photon delivery of 13.2Gy. 

** Weighted according to the T7/non-T7 patient split seen in the Liverpool cohort.  

† HROS was calculated directly. For example, the HROS of 2.5Gy refers to 1.046(2.5) = 1.119. The 

95% CI was calculated by converting the CI of 1.046 (per Gy change, i.e. 1.007, 1.087) as reported.  

†† HRSLT was calculated using a two-step method, where they can only be estimated once HROS 

had been calculated. The 95% CI was calculated by converting the CIs of HROS. 
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6.3 Results  

As in Chapter 5, modelled 2-year OS values are plotted for three types of 

schedules, 2Gy fractionation, 30 fractions and 20 fractions. Furthermore, results 

are shown for standard photon treatment, optimised photon treatment, and protons, 

and for whole patient groups, and T7/non-T7 subgroups. The dose ranges over 

which OS values are plotted are those that were not greyed out in Chapter 5, these 

being ranges for which data exist in the dataset to which models were fitted. All 

the doses for which OS levels have been plotted are physical doses, and in the 

model these are converted into EQD2s via the usual linear-quadratic model before 

being converted on into TCP and SLT effects. 

Modelled predictions shown in this chapter are less tightly linked to the 

datasets to which the OS models were fitted than those presented earlier, because 

they include the effects of changes in MHDs, which have been estimated using 

data from an independent study230. The effects of this on uncertainties in the plotted 

OS rate are described in the discussion section. 
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Figure 6.1. Modelled two-year OS rates for cCRT alone for all patients, 

treated with standard photon, optimised photon cardiac-sparing and proton. 

OS values are plotted for doses of 58 to 74Gy, for standard 2Gy-per-fraction and 

six-week schedules, and for 54 to 66Gy for the four-week schedule.   

 

Figure 6.2. Modelled two-year OS rates for cCRT-ICB treatment for all 

patients.  
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Figure 6.3. Modelled two-year OS rates for cCRT alone for patients with T7 

tumours. 

 

 

Figure 6.4. Modelled two-year OS rates for cCRT-ICB treatment for patients 

with T7 tumours.  
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Figure 6.5. Modelled two-year OS rates for cCRT alone for patients with non-

T7 tumours.  

 

 

Figure 6.6. Modelled two-year OS rates for cCRT-ICB treatment for patients 

with non-T7 tumours.  
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It can be seen in Fig. 6.1 that across all patients receiving cCRT alone, 

regardless of dose fractionation schedules, a 5 to 10% increase in modelled 2-year 

OS was achieved by optimising photons to reduce MHDs compared to standard 

photons, with protons providing a further roughly 5 to 10% OS increase.  

Fig. 6.2 shows modelled 2-year OS rates calculated for cCRT plus ICB. The 

same increases in modelled OS were achieved using cardiac dose-sparing as for 

cCRT alone, namely 5-10% for optimised photons and protons each.  

Fig. 6.3 shows the effects of cardiac-sparing in patients with T7 tumours 

receiving cCRT alone. 10-15% increases in modelled OS could be achieved by 

reoptimising photon treatments to spare the heart (Fig. 6.3), with proton sparing 

roughly achieving a further 20%. Comparing Fig. 6.3 and 6.4, ICB contributed to 

another 5 to 10% of 2-year OS above cCRT alone for radiation given in 2Gy-per-

fraction or six weeks, regardless of cardiac-sparing (Fig. 6.4).   

Fig. 6.5 and 6.6 show modelled 2-year OS rates for patients with non-T7 

tumours receiving cCRT alone and cCRT-ICB, respectively. In this group, standard 

photon delivery of cCRT alone was good enough to achieve OS levels of 60% or 

slightly higher, as cardiac doses were relatively low. Correspondingly, gains from 

cardiac-sparing were also lower for these patients, with ≤5% for optimised photons 

and around 5% more for protons. 
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6.4 Discussion 

 Two scenarios of MHD changes and associated modelled OS changes have 

been studied: cardiac-sparing achieved using optimised photon or proton treatment 

plans versus standard photon plans. These changes were studied for all patients 

and for subgroups with T7 and non-T7 tumours. This is the first study applying the 

relative MHD risks to the radiation dose-response models, even exploratorily 

investigating with the ICB addition. 

Key findings indicate that MHD photon cardiac-sparing provides 5-10% gains 

in modelled 2-year OS across all patients, rising to 10-20% for protons. For T7 

tumours protons are particularly useful, potentially providing an additional OS 

gain of around 20% above optimised photons.  

Uncertainties of cardiac-sparing modelling 

 The institutional cardiac indices were chosen as the HR definition, where 

MHD was 7.6Gy (range: 0.5, 32.2Gy) with HROS (∆1Gy) of 1.05 (95% CI: 1.01, 

1.09) against OS230. Other studies have reported a range of HRs. In analyses 

against OS, Lee et al. found an HR of 1.03 (95% CI: 1.01, 1.05) with an average 

12.6Gy MHD (range: 4.8, 19.5Gy)233; Dess et al. reported an HR of 1.01 (95% CI: 

0.98, 1.03) with an average 11Gy MHD (range: 0.3, 46Gy)234; and Wang et al. 

reported an HR of 1.01 (95% CI: 1.00, 1.03) with 12.3Gy average MHD235. In a 

meta-analysis combining 1013 patients from three studies, the HR for developing 

late cardiac toxicity after (chemo-)radiotherapy was 1.06 (95% CI: 1.04, 1.08) per 

Gy MHD increase236. Thus, the 1.05 HR that I selected is close to other published 

results. 

 A negative association between OS and cardiac dose is a finding of data 

analysed and published, and I built this finding into OS dose-response models in a 

straightforward way. Therefore, the results for OS gains from cardiac-sparing for 

radiotherapy and cCRT are fairly data based. In contrast, the modelled OS for 
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cCRT-ICB reflects the results from CRT studies, together with an assumption in 

my modelling that the SLT term for CRT carries over directly to cCRT-ICB. No 

one has analysed the cardiac dose for cCRT-ICB studies to the best of my 

knowledge, and so empirically it is possible that future data might show no link 

between cardiac-sparing and OS for treatments that include ICB.  

 This research aimed to inform the comparisons of commonly used dose ranges 

instead of predicting many out-of-box effects with modelling randomisation. It 

might be arguable that both the Liverpool and Oxford studies which quantified 

MHD reductions used moderately escalated prescription doses (mean dose: 

68.8Gy108; 70Gy109), resulting in possibly higher cardiac dose exposure as these 

doses are about 10% higher than standard ones. Therefore, if patients had been 

planned at regular tumour dose levels, changes in MHD might well have been 10% 

relatively lower. For example, the 9.7Gy difference between average MHDs for all 

patients obtained using proton and standard photon plans might have worked out 

around 8.7Gy instead, little different. Uncertainty on the HR used to convert 

dosiemtric changes into modelled OS changes is a far greater source of possible 

errors in the results. 

 The CIs were not plotted in the results section, as the prediction combining 

HR and ICB uncertainties would have wider CIs than shown for cCRT-ICB in 

Chapter 5. Fig. 6.7 (i.e. Fig. 6.1 with CIs) shows CIs accounting for the uncertainty 

in HR alone. These CIs range from around 20% absolute (on modelled 2-year OS 

rates) for optimised photons to 30% for protons. This source of uncertainty will 

widen the bootstrap CIs shown in Chapter 5, leading to large overall uncertainties 

on modelled OS. Thus, caution is needed when interpreting these results, as some 

extrapolate beyond the data. For example, no prospective study has tested the OS 

of T7 tumours given proton cardiac-sparing, or investigated cardiac-sparing with 

cCRT-ICB. 
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Figure 6.7. Modelled two-year OS rates for all patients with 95% CIs 

accounting for uncertainty on HR alone. Cohorts were treated with cCRT alone 

for all tumours. The 95% CIs were generated using best fits plus CIs of HRSLT for 

cardiac-sparing effects. 

 

Towards better cardiac toxicity optimisation 

 Several studies have reported significant associations between cardiac 

irradiation and OS for LA-NSCLC108,207,229. Such phenomena might be cancer-type 

specific, as there was a 13% OS decrease in the high-dose arm of RTOG-061754. 

In comparison, there was only a 0.5% death risk increase related to ischaemic heart 

disease in breast cancer patients receiving additional 2Gy cardiac irradiation, 

similar to the increased doses reported in the high-dose arm of RTOG-061754,108. 

There is a limited understanding of toxicity for lung cancer compared to lymphoma 

or breast cancer, as the lung cancer toxicity model suffers heavy death-related 

censoring, which does not occur to nearly the same extent in breast or lymphoma 

where most patients are cured99. In addition to the short OS, lung cancer is usually 
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seen in older patients237, increasing the difficulties of defining safe and consistent 

dose constraints due to worse performance status and comorbidities.  

 The causal relationships between cardiac irradiation and chronic cardiac 

symptoms have yet to be fully understood100,238. An institutional study comparing 

photon- and proton- based cardiac-sparing (N=13 for each condition) generally 

supports my modelling assumptions, reporting that the average spared proton 

MHD (5.3Gy) was significantly lower than in photon plans (11.4Gy) (p=0.032)239. 

However, high 2-year OS rates for LA-NSCLC patients treated with protons have 

yet to been reported, perhaps due to the limited number of patients enrolled with 

T7 tumours. 

 For T7 patients, the gain from protons is much greater than optimised photons, 

whereas for non-T7 patients it is only a limited difference. Protons stop at specific 

depth whereas photons do not, causing the proton doses to be lower. Such 

characteristic benefits both T7 and non-T7 tumours. However, the penumbra of 

protons can be wider than those of photons238, which may cause the cardiac doses 

from protons to be higher than from photons, reducing the advantage of protons. 

In particular, the penumbra effects may be greater for parts of non-T7 tumours 

which finish just above the heart, as the heart lies in the inferior margin of the 

radiation beams. In contrast, the cardiac doses of non-T7 tumours which locate 

much higher than the heart are usually very low, regardless of penumbra effects. 

 The ongoing trial RTOG-1308 compares the efficacies of photon and proton 

cCRT using a prescribed dose of 70Gy in 2Gy-perfraction45. Therefore, I made an 

exploratory comparison according to its radiotherapy schedules (70Gy in standard 

2Gy-per-fraction) and listed in Table 6.4. Protons provide >20% of additional OS 

over optimised photons for T7 tumours, whereas optimised photons seem good 

enough for non-T7 tumours. Such very large modelled benefits of protons would 

only require limited T7 patient numbers to test. It is worth noting that RTOG-1308 
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planned the photon treatments more like regular photons than optimised photons. 

Such predictions can be compared with published outcomes once data matures. 

 

Table 6.4 Modelled 2-year OS with MHD sparing considering schedules given 

in RTOG-1308 study: 70Gy in standard 2Gy-per-fraction. Cardiac-sparing 

values of all patients and patient subgroups with T7 and non-T7 tumours are listed 

in (A), (B), and (C), respectively. 

(A) 

All tumours IIIA (with 95% CIs) IIIB/C (with 95% CIs) 

cCRT, standard photon 59% (45%, 73%) 51% (36%, 62%) 

cCRT, optimised photon 66% (59%, 81%) 59% (51%, 76%) 

cCRT, proton 72% (61%, 85%) 65% (53%, 81%) 

(B) 

T7 tumours IIIA (with 95% CIs) IIIB/C (with 95% CIs) 

cCRT, standard photon 40% (21%, 56%) 30% (13%, 47%) 

cCRT, optimised photon 53% (47%, 59%) 44% (38%, 50%) 

cCRT, proton 74% (63%, 83%) 68% (54%, 78%) 

(C) 

Non-T7 tumours IIIA (with 95% CIs) IIIB/C (with 95% CIs) 

cCRT, standard photon 68% (60%, 74%) 61% (52%, 68%) 

cCRT, optimised photon 72% (60%, 87%) 66% (52%, 87%) 

cCRT, proton 75% (61%, 92%) 69% (53%, 92%) 

 

 This study is hypothesis-generating, as cardiac toxicity might not be 

explicable via cardiac doses alone. The cardiac dose has been reported with 

possible immunosuppressive effects on LA-NSCLC radiotherapy. Heart V50 

(volume receiving ≥50Gy) >25% shows a correlation with a higher neutrophil-to-
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lymphocyte ratio at four months, with reduced OS (odds ratio: 2.0, p=0.02)240. 

Higher doses of irradiation to the immune system have been proved to link to the 

poor OS in LA-NSCLC241,242; however, no research has tested whether such effects 

would change following the addition of ICB. Relatedly, higher c-reactive protein 

and higher neutrophil/lymphocyte ratio have been identified as prognostic factors 

for cCRT-ICB, indicating that systemic immune response (inflammation) might 

affect the treatment outcomes243. Additionally, it is worth noting that treatment 

planning should be done cautiously, as a study (N=15) suggested that CTV with 

proton sparing may be jeopardised by breathing pattern alteration, where 20% 

(N=3) of patients lacked CTV coverage using proton planning244. 

 Reducing irradiation to the heart benefits OS, although without caution in plan 

optimisation, it may reciprocally increase lung dose. Elevated lung dose can also 

lead to severe and unmanageable toxicity, such as breathlessness, radiation 

pneumonitis and lung fibrosis. How to prioritise cardiac-sparing over lung 

protection needs further investigation, although reductions in cardiac irradiation 

might be expected to have limited impact on integral lung doses, since the volume 

of the heart (~0.35 litres) is much smaller than the volume of the lung (~6 litres). 

Radiation dose fractionation schedules 

According to my analysis, modest dose de-escalation of 5Gy might be 

plausible for cCRT-ICB, matching my modelled results in Chapter 5 – with the 

addition of ICB, dose de-escalation seems to be appealing for patients with heavily 

irradiated OARs. 

With cardiac-sparing, modelled 2-year OS rates for schedules giving 55 to 

60Gy in four weeks (20 fractions) were as good as the best achieved using standard 

60 to 66Gy in 2Gy-per-fraction given cardiac-sparing. Four-week schedules give 

a relatively high dose-per-fraction (i.e. ≥2.75Gy); but the negative effects of the 

high dose-per-fraction on toxicity are reduced by cardiac-sparing, making the four-
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week schedule competitive in terms of modelled OS. A four-week 20 fraction 

schedule would also be cheaper to deliver than schedules giving 30 or more 

fractions. Dose constraints for specific OARs should be carefully considered, since 

reducing treatment duration by 1/3 might change the tolerance of OARs.  

 

6.5 Conclusion 

 Across all patients, photon-based cardiac dose sparing led to gains in modelled 

2-year OS of 5 to 10%, while proton-based sparing led to increases of 10-20%. 

The degree of cardiac-sparing and associated modelled OS gain was particularly 

large for T7 tumours, with photon- and proton-based cardiac-sparing achieving 

modelled OS gains of around 10-15% and 30-35% respectively. However, gains 

from cardiac-sparing were more limited for non-T7 tumours, modelled OS gains 

being only ≤5% for photon sparing, and around 5-10% for protons. For non-T7 

patients, cardiac-sparing with photons seems a useful option, since it costs nothing 

and moderately improves modelled OS rates. For T7 patients, proton beam therapy 

seems a promising option despite its cost, since the large modelled increase in OS 

rates for these patients suggests that up to 2-years post-treatment it would prevent 

1 death per 3 patients treated. 

 This analysis provides no indication that dose escalation might be useful for 

any of cCRT, cCRT-ICB, cCRT or cCRT-ICB with cardiac-sparing. It should, 

though, be borne in mind that results presented in this chapter have large statistical 

uncertainties and depend to some extent on the structure of the model fitted. They 

do, though, suggest it would be worthwhile testing four-week radiation schedules 

with cardiac-sparing, since these achieve as good or better modelled OS rates than 

do six-week and 2Gy-per-fraction schedules, and they are cost-effective in the 

clinic.    
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Chapter 7. Conclusion 

7.0 Chapter overview 

This chapter – 

• Summarises the key findings of previous chapters.  

• Highlights valuable findings described in this thesis which may contribute 

to future studies. 

 

7.1 Summary of findings 

Optimisation of radiotherapy fractionation schedules in combination 

treatments of inoperable locally-advanced non-small cell lung cancer (LA-NSCLC) 

is complicated with the effects of chemotherapy and immunotherapy. In this work 

I have developed novel survival models that incorporate radiotherapy and 

chemotherapy schedules, immunotherapy factors, and cardiac radiation toxicity 

indices. And I have fitted them to databases summarising results obtained for a 

wide range of treatments. Using the fitted models, options were explored for 

widening the therapeutic window for LA-NSCLC chemoradiotherapy (CRT) and 

immuno-CRT.  

In Chapter 3, recently developed radiation dose-response survival models 

were extended by splitting parameters describing tumour repopulation, 

fractionation effects (α/β) and survival-limiting toxicity by treatment type 

(chemotherapy schedules: none vs sequential vs concurrent) and tumour stage. 

These efforts aimed to provide quantitative descriptions of reasons for the failure 

of radiation dose-escalation studies, and to reveal the underlying causes of the 

apparently inconsistent outcomes achieved using different radiation prescription 
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schedules. The best description of 2-year overall survival (OS) was achieved 

through a model that accounted for tumour accelerated repopulation progressing 

at a rate of 1.47Gy EQD2 (equivalent dose in 2Gy fractions) per day for concurrent 

CRT (cCRT), compared to 0.30Gy/day for sequential CRT (sCRT) and 

radiotherapy alone. These rates suggest that cCRT treatments should be 

administered in the shortest feasible time while maintaining prescribed doses, but 

that treatment acceleration offers less benefit for radiotherapy alone or sCRT. 

Hypofractionation can be used to accelerate cCRT, and the relatively low overall 

fitted tumour α/β ratio of 3.0Gy suggests this approach will be both effective and 

practical as long as the EQD2 for normal tissues is not increased in the process. 

These findings imply that moderate cCRT hypofractionation within normal tissue 

toxicity limits should be efficacious. 

Chapter 4 quantified the survival benefits (OS gain) provided by adding 

immune checkpoint blockade (ICB) to cCRT for LA-NSCLC. Also, this research 

tried to identify factors which might affect the OS gain provided by ICB. A meta-

analysis helped to understand outcomes from multiple trials of cCRT-ICB with 

heterogeneous study design. The estimated gain in 2-year OS from ICB was 9.9% 

overall and was significantly positively associated with patients with tumour PDL1 

≥1%, those with stage IIIB/C disease, and with duration of ICB greater than one 

year. The OS benefit from ICB was significantly negatively linked to patient age 

but showed no association with prescribed radiation dose, radiation duration or 

whether immune treatment began concurrently with or after completion of cCRT. 

This analysis suggests that OS following cCRT-ICB could be further enhanced by 

extending the delivery duration of ICB treatment beyond one year. Additionally, 

gains in survival due to ICB were more pronounced in younger patients and those 

with tumour PDL1 ≥1% or tumours with advanced staging. 

In Chapter 5, fitted dose-response models of 2-year OS following CRT and 

cCRT-ICB were used to study the OS rates predicted for ranges of prescribed doses 
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delivered using three different types of radiation schedule, aiming to find which 

doses and schedules achieved the best survival. As this chapter studied the effects 

of different dose-levels, including those higher than typically given, the structure 

of the immune component of the model used was changed from the purely 

empirical approach of Chapter 4, which represented ICB benefits as increases in 

OS (%) beyond those achieved by CRT, to a semi-mechanistic approach in which 

ICB was described as contributing to tumour cell killing via an additional effective 

total radiation dose (Gy). Specifically, the model fit described the impact of ICB 

on tumour control as an effective 13.5Gy increase in tumour radiation dose. In 

terms of radiation fractionation schedules, there was little benefit in either 

escalating or de-escalating doses from the standard cCRT-ICB schedule of 60Gy 

in 2Gy-per-fraction. However, modelled OS was only 2% lower at 55Gy than at 

60Gy, suggesting that modest dose de-escalation might be an appealing option for 

patients with heavily irradiated organs at risk (OARs). Additionally, exploring the 

feasibility and outcomes of sCRT-ICB could be worthwhile. 

Chapter 6 describes exploratory research, investigating the possible scale of 

OS benefits achieved at different prescribed doses using mean heart dose cardiac-

sparing of cCRT and immuno-cCRT treatments. Sparing was achieved using 

optimised photons or protons, with both showing improvements in modelled OS. 

For patients with tumours anatomically overlapped the heart (T7 tumours), protons 

provided prominent OS advantages and should be considered as a treatment option. 

In summary, this thesis comprises a sequence of studies investigating possible 

gains from modified radiotherapy, CRT and immuno-CRT treatments of inoperable 

LA-NSCLC. Chapter 3 was an analysis of cCRT treatments, the previous standard-

of-care before the addition of ICB changed the landscape. It provided a thorough 

understanding of cCRT dose-responses, establishing a fitted model that was used 

in Chapter 4 as a foundation on which to construct a model of greater complexity 

describing outcomes from cCRT-ICB treatments. Using the extended model I 
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identified patient and treatment factors affecting OS following cCRT-ICB, the 

current standard-of-care (Chapter 4). Then I used a related model to study how 

modelled OS rates following cCRT/sCRT-ICB changed with radiation dose and 

schedule (Chapter 5). Finally, the modelling was extended further to account for 

changes in OS with the extent of heart irradiation, and with sparing of mean heart 

dose using different techniques and for different tumour locations (Chapter 6). 

Together, these analyses provide information about likely effects on OS of 

changes in radiation dose and scheduling, cardiac avoidance, immune agent and 

patient factor, guiding the design of improved treatments and possible trials of 

these treatments. In particular, I found no indication that OS would be improved 

by changing the radiation dose given in cCRT-ICB treatments from 60Gy, though 

the use of 5Gy lower doses may be advantageous for patients with heavily 

irradiated OARs. But I found that gains may be made by administering ICB for 2 

years rather than one. And I found strikingly large gains in modelled 2-year OS 

rates for proton-based cardiac-sparing for patients with T7 tumours.  
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7.2 Future directions 

 I have found several interesting and practically applicable findings in this 

thesis, allowing the clinic to test new LA-NSCLC treatment conditions. For 

examples, delivering ICB in 2-year versus 1-year and proton cardiac-sparing for 

patients with T7 tumours. Prospective clinical trials are needed to verify the 

modelled outcomes, evaluate cost-effectiveness, and update the clinical guidelines. 

 The treatment response of inoperable LA-NSCLC is complicated, especially 

in the tri-modality era of immuno-chemo-radiotherapy. More work is needed to 

analyse the clinical outcomes (e.g. OS, progression-free survival, toxicity) and 

related indices (e.g. dosimetry or genomics), to elucidate the associations and even 

causal relationships between observed results. In-silico models, such as the dose-

response models that I used in this thesis, must keep updating with the newest 

datasets and proper hypotheses. Future models are needed to incorporate more 

biomarkers, imaging data, and longitudinal dynamic changes in tumour responses.  

With a clearer understanding informed by future studies, further 

individualisation of dose prescriptions and toxicity tolerance might be achievable, 

leading the care of inoperable LA-NSCLC towards personalised treatment. 
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Chapter 8. Appendices 

Appendix 1. Detail of CRT dataset. Authors, published year, study names and phases, randomisation, radiotherapy (RT) dose, fractions 

(Fx), dose-per-fraction, RT days, chemotherapy conditions, patient numbers with staging, and 2-year OS were listed. 
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Appendix 2. Detail of cCRT-ICB dataset. Authors, published year, study names, RT dose, Fx, dose-per-Fx, RT days, chemotherapy 

conditions, patient numbers with staging, 2-year OS, and ICB information were listed. 
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