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Abstract 

Radiobiology has developed a methodology to evaluate the radiation response of a wide 

spectrum of cell lines, which can be used to validate a radiation response using mathematical 

models. The fundamental motivation for this thesis was to examine the ability of a mechanistic 

TCP model to predict treatment outcomes for a wide range of treatment strategies for NSCLC, 

such as hypofractionation, standard fractionation, and hyperfractionation. A fully 

heterogeneous population TCP model based on the linear-quadratic (LQ) cell survival concept 

combined with the Poisson statistic was established to predict local tumour control after one, 

two and three years. The TCP model was created using data from 25 publications. The TCP 

model was fitted to the clinical outcome data using optimised radiosensitivity values produced 

by the Nelder–Mead simplex algorithm. The statistical analysis for early-stage NSCLC resulted 

in R2 values of 0.96, 0.96 and 0.97 and wRMSE values of 3.9%, 5.2% and 5.9% for one-, two- 

and three-year local tumour control rates, respectively. Based on variations in the TCP with the 

clonogenic density model, it was estimated that 60% of the dose was sufficient to maintain the 

TCP after two years for areas with lower clonogenic cell density. The predicted TCP for the 

T1a vs T1b group after applying 2 Gy in 30 fractions was 48% ± 1.09% vs 43% ± 1.05% 

according to the 7th edition, and 51.5% ± 0.80% vs 47.8% ± 0.85% according to the 8th edition. 

Furthermore, the TCP model outcomes for the radiochemotherapy arm exhibited superior TCPs 

than the radiotherapy alone arm. For the radiochemotherapy arm, TCPs were as high as 75.5%, 

50.6% and 41.4% at one-, two- and three-year local tumour control rates, respectively. In 

contrast to the radiotherapy alone arm results, the model yielded low TCPs values: 51.8%, 

38.1% and 33.2% at one-, two- and three-year local tumour control rates, respectively. An 

important finding of this research is that the T distribution schema of the 7th edition was slightly 

inferior to that of the 8th edition in terms of specifying the adjacent T subcategories. For 

instance, the statistical analysis for 3D-CRT resulted in R2 values of 0.89, 0.95 and 0.93 for the 

7th edition and R2 values of 0.93, 0.95 and 0.94 for the 8th edition. This thesis concludes that 

the TCP model is appropriate for the analysis and evaluation of radiotherapy treatment plans 

as well as radiochemotherapy plans. 
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Structure of the thesis 

Chapter 1 introduces readers to the overall context of the project by highlighting the 

fundamental perspectives of radiotherapy physics, including external beam 

radiotherapy, brachytherapy and radiotherapy treatment planning. This chapter also 

describes the importance of radiobiological concepts in radiation oncology. 

Thereafter, the chapter details gaps in the literature that concern TCP modelling of 

NSCLC. The chapter ends with descriptions of the approaches adopted to fill these 

gaps. 

Chapter 2 presents an in-depth review of the fundamental principle of radiation 

biology. The review includes the concepts of the cell survival curve, the linear 

quadratic model and the four (Rs) of radiotherapy. 

Chapter 3 describes fundamental components of the TCP model that evolved for 

NSCLC. A comprehensive meta-analysis of clinical outcomes for a broad spectrum of 

NSCLC fractionation schemes, such as standard fractionation, hyperfractionation and 

hypofractionation is also presented. This outcome analysis for clinical radiotherapy of 

local tumour control for NSCLC has not previously been undertaken or reported by 

other scholars. Thereafter, the chapter details the novel proposed radiobiological 

approach for modelling clonogenic cell density, addressing the current limitations of 

TCP research in the literature using a new mathematical approach. Ultimately, the 

author introduces the bootstrap statistical procedure, which is used to validate the TCP 

model.   
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Chapter 4 explores in depth the main discrepancies between the 7th and 8th editions 

of the TNM classifications scheme for NSCLC. The chapter also establishes a 

conceptual TCP framework based on non-quantitative tumour descriptors T in 

accordance with the recommendations of the 7th and 8th editions of the TNM 

categorisation schema. New insight is thereby provided into the debate over the 

superiority of the 8th TNM edition over the 7th within the context of radiobiological 

modelling of NSCLC. 

Chapter 5 compares and analyses clinical outcomes of chemoradiotherapy with 

radiotherapy alone in patients with histologically verified, locally advanced 

nonresectable NSCLC. A TCP model then utilises 8 clinical trials to clarify the 

influence of synergistic chemotherapy with radiotherapy for locally advanced NSCLC 

patients. 

Chapter 6 provides brief sub-conclusions and explains various methodological and 

findings contributing to the overall thesis objectives. Ultimately, the author discusses 

the implications of the findings for future research regarding the radiobiological 

modelling field.  
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Chapter 1 Introduction 

1.1 Thesis aims 

This thesis explores three themes from the perspective of the tumour control 

probability (TCP) modelling of non-small cell lung cancer (NSCLC).  

1) The fundamental motivation for this thesis is to examine the ability of a mechanistic 

TCP model to predict treatment outcomes for a wide range of NSCLC treatment 

strategies, such as hypofractionation, standard fractionation and hyperfractionation. 

Variations in the TCP with clonogenic density are further investigated by introducing 

a new mathematical model to vary the clonogenic cell and radiation dose distribution 

across the treated volume.  

2) Additionally, the central considerations when making medical oncology treatment 

decisions are disease type and extent, which are described by stage—according to the 

tumour, node, metastasis (TNM) classification system. Notably, no previous study has 

developed a model based on the TNM classification system. Thus, one of the aims of 

this thesis is to incorporate the T descriptor of the TNM classification system into the 

TCP model. 

3) Currently, synergistic cytotoxic chemotherapy with radiotherapy is most prevalent 

in treating locally advanced NSCLC. Clinical trial experience from multiple 

references has reported that the risk of locoregional relapse and distant metastasis was 

less evident for patients treated with concomitant radiochemotherapy than for those 

treated with radiotherapy alone. Although the influence of radiotherapy alone can be 

adequately described by the TCP model, the combined impact of concomitant 

chemotherapy and radiotherapy is still subject to extensive research. Therefore, the 
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mechanistic TCP model developed in the present thesis will be further extended to 

assess the effect of synergistic chemotherapy with radiotherapy for locally advanced 

NSCLC patients. 

1.2 Thesis objectives 

1) To develop a TCP model that can accurately predict the clinical response of NSCLC 

to external beam radiotherapy for a variety of fractionation regimens, including 

conventional fractionation, SABR and CHART.  

2) To validate the TCP model using the bootstrap validation approach. 

3) To establish a new radiobiological approach for modelling clonogenic density, 

thereby addressing the current limitations of TCP as reported in the literature. 

4) To establish a TCP model based on the non-quantitative tumour descriptors T in 

accordance with the recommendations of the 7th and 8th editions of the TNM 

categorisation schema. 

5) To extend the TCP model to evaluate the feasibility of quantifying the effect of 

cytotoxic chemotherapy for locally advanced NSCLC patients. 
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1.3 Lung cancer statistics 

Cancer is identified by the uncontrolled proliferation of cells that have the potential to 

invade adjacent tissues. Cancer cells can take many forms. Solid tumours grow 

together forming a solid mass either within or on the surface of a particular organ or 

tissue.  

Other cancers, such as leukaemias and lymphomas, are able to move freely around the 

body through the blood or the lymphatic system. Untreated cancers have the potential 

to inhibit and even destroy the function of the host tissue or organ (Zugazagoitia et al., 

2016). 

Lung cancer remains the most common cause of cancer mortality. In 2020, an 

estimated two million individuals were diagnosed with lung cancer globally, as 

depicted in Figure 1.1 (WHO, 2020). Currently, the two primary lung cancer 

categories are non–small cell lung cancer (NSCLC), which alone accounts for 80% of 

all lung cancers, and small-cell lung cancer (SCLC), which is designated the remaining 

20% (Molina et al., 2008).
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Figure 1.1: Lung cancer incidence (A) and mortality (B) global statistics according to the 

International Agency for Research of Cancer (IARC), (WHO, 2020) . 
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1.4 Management of NSCLC cancer 

Both the stratification and prognosis of patients diagnosed with NSCLC and other 

solid cancers are highly contingent on the disease stage. The disease stage of any 

particular cancer is considered a vital factor through which therapeutic decisions are 

made. When establishing the stage of NSCLC, there is the need to employ various 

combinations of radiological, pathological and laboratory examinations (Purandare 

and Rangarajan, 2015, Koyi et al., 2015).  

Presently, the tumour, node and metastasis (TNM) classification scheme is the most 

commonly accepted cancer staging terminology (Haro et al., 2019). This classification 

scheme significantly relies on the following three categories: 

1. The extent and size of the tumour (T). 

2. The extent of tumour spread to lymph nodes (N).  

3. The presence of distant metastases (M). 

In clinical practice, a category combination consisting of a number and a letter is used 

to signify the primary tumour size and the extent of its progression.  Moreover, this 

mode of classification is also used to describe the spread of the disease. For instance, 

tumours that are classified as stage T1a are ones demonstrating the least advanced 

disease stage which is associated with superior outcomes (see Chapter 4).  

In contrast, cancer cells that are classified as stage IV, are ones that have spread 

(metastasised) to other organs such as the brain or the liver. This classification is 

elaborated in greater detail in Table 4.1 of Chapter 4. Metastatic cancers are 

remarkably challenging to cure (Goldstraw et al., 2016). 

The aim of cancer therapeutics is the eradication or destruction of the cancer cells and 

the prevention of further proliferation. The predominant forms of cancer treatments 

include surgery, which aims to remove the bulk of a tumour, and the application of 

ionising radiation (radiotherapy) which seeks to destroy the cancer cells. Treatment 

may also involve the use of cytotoxic drugs (chemotherapy) or the harnessing of the 
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body’s defence mechanisms (immunotherapy). These modalities are employed to both 

kill and prevent the proliferation of cancer cells (Zappa and Mousa, 2016). 

Additionally, these treatment modalities can be employed either alone or in 

combination. In the context of NSCLC, ensuring optimal management of patients is a 

complex feat. Not only is the management regimen stage-specific, but it also relies on 

prior therapies, the patient’s age, co-morbidities and functional status (Duma et al., 

2019). Surgical resection is typically the treatment of choice for early-stage NSCLC, 

with an overall survival rate of more than 80% and a local tumour control rate of over 

90% after one-year (Kastelijn et al., 2015). Nonetheless, a number of NSCLC patients 

are considered ineligible for surgical procedures given their long history of smoking 

and cardiovascular risk factors.  

1.5 Radiotherapy 

Radiotherapy has consistently been indicated as a fundamental cancer treatment, with 

approximately half of all cancer patients undergoing radiotherapy at a particular phase 

during their management (Barton et al., 2006). Ionising radiation can destroy all types 

of living cells. However, different cells vary in their respective radiosensitivities 

(Chavaudra et al., 2004).  

Accordingly, these differences can be harnessed by altering the radiation dose and 

ensuring a specific degree of cell destruction is achieved (see Section 2.8). Low dose 

radiation can be employed in palliative care as a means of attaining partial tumour 

regression for temporary symptomatic relief rather than for radical or curative intents.  

Moreover, radiotherapy can be administered prior to surgery to shrink the tumour, 

thereby enhancing its resectability (neoadjuvant radiotherapy). Conversely, 

radiotherapy can also be used following a surgical procedure to destroy any residual 

tumour cells (adjuvant radiotherapy) (Wang et al., 2018). 
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It is noteworthy that radiotherapy presents specific practical challenges, including an 

inability to treat tumour cells in isolation. Any tumour mass would typically be 

situated close to or within a healthy organ. Thus, of primary concern is the 

conservation of the organ’s functionality following treatment. Additionally, any 

radiation beam directed at a tumour would have to pass through the healthy structures 

surrounding it. Accordingly, the primary reason for employing radiotherapy in cancer 

treatment is for the delivery of a sufficiently high radiation dose to the cancer cells, 

whilst simultaneously striving to maintain the irradiation of normal tissue at a dose 

that would not cause a serious complication (morbidity). 

Historically, radiotherapy administration has followed two principal routes: internal 

beam radiotherapy (also termed brachytherapy) and external beam radiotherapy 

(EBRT). As the most common form of radiotherapy, EBRT is typically performed 

with photon beams. These beams are high-energy X-rays produced by medical linear 

accelerators (linacs). Other approaches can also be utilised, including gamma-ray 

beams from cobalt-60 (60Co) units and lower-energy X-rays in the energy range of 

150–500 kVp (orthovoltage). Notably, the use of charged-particle beams, such as 

protons, has led to the realisation of a significant clinical advantage. This advantage is 

attributed to the pattern of proton energy deposition, as illustrated in Figure 1.2. For 

instance, proton beam dose deposition initially exhibits a slow increase in dose with 

depth, followed by a sharp increase near the end of the range. This peak or sharp rise 

in dose deposition is termed the Bragg peak. Unfortunately, the instalment of proton 

therapy machinery is associated with prohibitively expensive generating equipment. 

For instance, the cost of a proton machine can be three to four times greater than that 

of a typical linac, thus limiting its widespread use (Durante and Flanz, 2019). Note 

that a state-of-the-art linac such as Varian TrueBeam or Elekta Versa HD costs 

between €750,000–€1,500,000 (ROS, 2020).    
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Figure 1.2: Central axis depth dose distribution for a 187-MeV protons beam. The dose reaches 

a sharp peak well-known as Bragg peak at a depth of approximately 23 cm (Gunderson and 

Tepper, 2015). 

The functional principle governing the use of linacs is their ability to accelerate 

electrons through a linear tube (waveguide) using a high-frequency electromagnetic 

wave. The accelerated electrons exit the linac as an electron beam. The electron beam 

is focused onto a target that possesses a high atomic number, such as tungsten (Z = 64), 

thereby resulting in a bremsstrahlung interaction that yields photon beams (Greene 

and Williams, 1997).  

Consequently, linacs are considered remarkably versatile machines as they facilitate 

two separate treatment modes; namely, using photons or electrons. Moreover, they 

enable the use of a diverse set of energies that can be selected according to the depth 

of the tumour, as illustrated in Figures 1.3 and 1.4. 
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Figure 1.3: Central axis percentage depth dose distribution for varying quality photon beams 

(Khan and Gibbons, 2014). 

Within the radiotherapy framework, photon beams are employed in the treatment of 

deep-seated tumours such as lung, prostate, brain, bladder or bowel tumours. 

Conversely, electron beams are utilised in the management of superficial to medium 

lesions that stretch to a depth of approximately 2–5 cm. 

Increasing the beam energy corresponds to a higher beam penetration power, as 

illustrated in Figures 1.3 and 1.4. The fundamental advantage of the electron treatment 

mode is the pattern of the percentage depth dose (PDD) curve. Its shape results in a 

region of relatively uniform dose from the surface to a particular depth, termed as the 

‘depth of maximum dose’ (Dmax). Beyond Dmax, the dose drops off rapidly, thereby 

resulting in minimal irradiation of organs at risk situated beyond the tumour. 
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Figure 1.4: Comparison of the percentage depth dose (PDD) curves for different electron beam 

energies (Khan and Gibbons, 2014). 

In comparison, brachytherapy is a treatment modality that utilises sealed radioactive 

sources placed either within or close to the tumour. Employing brachytherapy allows 

for the distribution of the radiation dose within the vicinity of the target volume. Thus, 

this mode of treatment is suited to clinical sites where sources can be placed in close 

contact with the tumour. This can either be by placing them within an existing body 

cavity (uterus, vagina, bronchus, oesophagus) or by surgically inserting them into the 

tissues (breast, rectum, anus, prostate, cheek).  

Consequently, this form of therapy opens up the use of various methods of radiation 

delivery, including intracavitary, interstitial and intraluminal means. Moreover, based 

on the inverse square law, the falloff in dose as a function of distance from the source 

in brachytherapy allows the tumour to receive a high dose of radiation while the 

surrounding normal tissues and organs are only exposed to a minimal radiation dose 

(Otter et al., 2019).  
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Traditional radiotherapy protocols prescribe a 1.8–2 Gy of radiation dose to be 

delivered each day for five days per week, Monday to Friday, for a fixed number of 

fractions and a predetermined total dose. Note that the lack of weekend radiotherapy 

sessions is not based on radiobiological notions. Rather, this lack of weekend service 

is determined based on the logistics of staffing and the funding of radiation oncology 

centres at weekends. Furthermore, the lack of weekend radiotherapy sessions results 

in treatment gaps that might adversely affect the level of local tumour control due to 

the accelerated repopulation of tumour cells. This issue is discussed further in Chapter 

2. 

Additionally, delivering radiotherapy fractions in several small doses can improve 

clinical outcomes. This approach led to the initiation of the continuous 

hyperfractionated accelerated radiotherapy (CHART) regime at Mount Vernon 

Hospital in January 1985 (Turner et al., 1995). The treatment course was reduced from 

40 to 12 days to diminish the likelihood of clonogenic cell proliferation (see Section 

2.11). A small dose per fraction of 1.5 Gy was applied to enhance local tumour control 

and was delivered three times per day, every day – including the weekend – as 

described in greater depth in Chapter 3.  

The last 10 years have seen the development of significant technological advances in 

radiotherapy. Currently, the management of lung cancer is typically designed to 

include the use of four-dimensional (4D) computed tomography (CT) scans, through 

which breathing-related tumour motion can be accounted for in an individualised 

manner (Brown et al., 2019, Hof et al., 2009). Additionally, volumetric-modulated arc 

therapy (VMAT) is one technique that is increasingly accepted for various tumour 

types to yield more conformal dose distribution – and thus, less toxicity to healthy 

tissue – than the conventional 3D radiotherapy approach. VMAT delivers the 

radiotherapy prescription doses by modulating photon beam intensities through the 

continuous variation of dose rates, gantry speeds and multileaf collimator (MLC) 

positions at each control point (Teoh et al., 2011). 
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The use of 4D CT allows the tight conformation of the high-dose area to the tumour, 

thereby facilitating the widespread adoption of stereotactic ablative radiotherapy 

(SABR). With SABR, very high doses of radiation are delivered over a limited number 

of fractions. Consequently, this approach allows for significant shortening of the 

overall treatment times (see Chapter 3). Similarly, the accuracy of the treatment set-

up has also been enhanced as a result of the development of image guidance at the 

point of delivery through the use of the cone-beam computed tomography (CBCT) 

(Shimohigashi et al., 2016).  

1.6 Target volume definitions 

To facilitate the accurate, practical and reliable interchange of clinical experience, the 

use of a common language and concept definitions in radiation therapy is vital. 

Accordingly, the International Commission on Radiation Units and Measurements 

(ICRU) has published numerous guidelines aimed at standardising the processes used 

when prescribing and reporting radiation therapy treatment (Wambersie et al., 1992, 

Stroom and Heijmen, 2002, Gregoire and Mackie, 2011). These reports provide 

standard definitions of volumes to be delineated and reported (see Figure 1.5). 

Therefore, such standardisation allows for clinical outcomes from multiple oncology 

centres to either be objectively compared or accumulated to provide greater statistical 

strength. These tumour volume definitions are described briefly in the following 

subparagraphs.  

The gross tumour volume (GTV) is defined as the gross palpable or 

visible/demonstrable size and location of a tumour at the macroscopic level. GTV 

might comprise the primary tumour (GTV-T), or metastatic lymphadenopathy (GTV-

N) or the distant metastases (GTV-M). The GTV predominantly consists of the 

malignant growth lesions with the highest tumour cell density. To achieve local 

tumour control, the radiation dose given to the overall GTV must be sufficiently high 

to combat the great density of the bulky tumour cells within the GTV.  
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Figure 1.5: Depicts typical delineations of GTV, CTV and PTV, as well as the at-risk organs 

indicated during radiotherapy treatment planning for an NSCLC patient: (A) axial view of the 

CT scan, (B) coronal view of the CT scan, and (C) sagittal view of the CT scan. Patient images 

were adapted anonymously from the treatment planning system of the radiation oncology 

department at the King Fahad Medical City. 

 

 (A) 

 (B) 

 (C) 
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To accomplish this, the GTV is initially delineated on CT images, and then a margin 

surrounding the GTV is added to account for any spread of the microscopic disease. 

Together, this diagram yields the clinical target volume (CTV). In the instance of 

postoperative irradiation, following complete surgical resection, there is no GTV to 

define. Instead, in such a situation, the delineation only accounts for the CTV 

(Gregoire and Mackie, 2011). 

Subsequently, the CTV is enlarged with a margin for expected random and systematic 

uncertainties throughout the treatment course. Such uncertainties include the setup 

uncertainty regarding the position of the patient during treatment. These geometric 

uncertainties perceive as planning target volume (PTV) (Gregoire and Mackie, 2011). 

1.7 Radiotherapy treatment planning 

To ensure the fulfilment of the radiation therapy objective, whether seeking palliation 

or a cure, the treatment plans are designed according to the individual anatomy of the 

patient. Consequently, the initial phase in the treatment planning procedure is the 

acquisition of CT images that accurately describe the anatomy and the dimensions of 

the tumour. The acquired CT images are then exported to the treatment planning 

system (TPS). Once registered in the TPS, a radiation oncologist manipulates the 

images by delineating the target volumes described in the previous sections (e.g., 

GTV, CTV and PTV). The radiation oncologist also delineates the healthy tissues 

surrounding the tumour that are defined as the organs at risk (OAR).  

It is crucial to note that other imaging modalities, including but not limited to positron 

emission tomography (PET) and magnetic resonance imaging (MRI), are frequently 

employed to assist in establishing the exact tumour shape and location. Once the target 

volumes and OARs have been identified, a dosimetrist initiates the process of 

generating a treatment plan.  
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Designing a treatment plan involves the selection of suitable radiation beam modes, 

radiation angles and energy levels. The TPS also benefits from the use of radiation 

dose calculation algorithms that can estimate the probability of different radiation 

interactions as it travels through specific tissue densities. 

The quality of the treatment plan must also be evaluated. Both the physicists and 

oncologists continuously assess the plan to fulfil the recommendations set by ICRU 

report number 83 (ICRU83). This report states that the minimum and maximum 

coverage of the PTV should be 95% and 107% of the prescribed dose, respectively 

(Gregoire and Mackie, 2011). The recommendations in this report also ensure that the 

OARs should not receive more than the recommended tolerance radiation doses as 

described by the Quantitative Analysis of Normal Tissue Effects in the Clinic 

(QUANTEC) guidelines (see Table 1.1) (Bentzen et al., 2010). 

These guidelines originated from a proposal defined by the Science Council of the 

American Association of Physicists in Medicine (AAPM) that aimed to review and 

update recommendations and guidelines published previously by Emami (Emami et 

al., 1991). Thus, to accomplish these aims, a dose-volume histogram (DVH) which is 

a graphical display of the radiation dose as a function of volume, must be examined 

(see Figure 1.6). 

 

Figure 1.6: An illustration of a typical dose-volume histogram (DVH) for lung cancer  case 

(Glide-Hurst and Chetty, 2014). 
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Additionally, the typical OARs within the thorax are the lungs, heart, spinal cord and 

oesophagus. Notably, the radiation dose tolerances of these OARs regulate the daily 

radiotherapy practice and are adopted in multicentre trials in cooperative groups such 

as the Radiation Therapy Oncology Group (RTOG) (see Table 1.1). 

Table 1.1: Summary of radiation dose tolerances of the common OARs within the thorax; note 

that V20 represents the volume receiving ≥20 Gy and V30 represents the volume receiving ≥30 

Gy. 

Dose limits for 

OARs 

QUANTIC 

(Marks et al., 

2010) 

3D-CRT (RTOG 

0617) 

(Bradley et al., 

2015) 

SABR (RTOG 

0618, 18 Gy 

delivered in 3 

fractions) 

(Timmerman et 

al., 2013) 

Lung  V20 ≤ 30%  Mean lung 

dose ≤ 20 

Gy 

 V20 ≤ 37% 

 V20 ≤ 10% 

Heart  Mean dose 

<26 

 V30 <46% 

 ≤60, ≤45, 

≤40 Gy for 

1/3, 2/3, 3/3 

of heart 

 ≤30 Gy (10 

Gy/fraction) 

Spinal cord (point 

dose) 

 ≤50.0 Gy  ≤50.0 Gy  ≤18 Gy (6 

Gy/fraction) 

Oesophagus  Mean dose 

≤34 Gy 

 Mean dose 

≤34 Gy 

 ≤27 Gy (9 

Gy/fraction) 

 

According to the ICRU reports, the OARs can be functionally characterised as parallel, 

serial or a mixture of both. “Serial” organs are those with functional subunits that are 

configured in a branching or linear shape. They are designated serial organs as there 

is interdependence between the subunits of the organ (see Figure 1.7A). In such 

situations, destruction in one subunit can compromise or damage the entire organ. A 

good example of a serial organ is depicted by the spinal cord.  
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Figure 1.7: Classifications of the organs at risk based on the functional sub unit concepts proposed 

by the ICRU. (A) Serial organ, (B) parallel organ and (C) a combination of serial and parallel 

organs (Wambersie et al., 1992, Stroom and Heijmen, 2002, Gregoire and Mackie, 2011). 

In contrast, for “parallel” organs, the functional subunits of the organ are independent. 

Therefore, functional redundancy exists (see Figure 1.7B). Consequently, damage to 

a particular functional subunit of a parallel organ does not result in damage to the other 

subunits. Accordingly, the other subunits will remain functioning. Typical parallel 

functioning organs involve the kidneys, liver and lungs. Some organs are classed as 

both parallel and serial organs (see Figure 1.7C). The heart is one organ that possesses 

parallel subunits, such as the myocardium, and serial subunits such as the coronary 

arteries. Whether an organ is a parallel, serial or a combination organ is a factor that 

is considered during the evaluation stage of the treatment plan. 

1.8 Role of radiobiology in radiation oncology 

Radiobiological modelling has been an essential component of radiotherapy for many 

decades. The need for radiobiological modelling is attributed to how it enhances our 

understanding of the interaction mechanism taking place between the radiation and 

the organism.  

For instance, a common application of the radiobiological concept is observed in the 

conversion of a specific physical quantity such as the absorbed dose, to a clinically 

relevant quantity. Examples of clinically relevant quantities include the equivalent 

dose estimated in 2 Gy per fraction (EQD2) and the biologically equivalent dose 

(BED) (Bentzen et al., 2012).  

 

A B C 
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The measurement of these quantities permits optimisation of the treatment plan. In 

addition to the assessments noted in Sections 1.4 and 1.5, radiobiological modelling 

has recently been included in the treatment planning system because of its optimisation 

benefits. When treatment plans are generated in this manner, they are referred to as a 

biologically based treatment planning system (Barry et al., 2020). Within this 

framework, the linear-quadratic (LQ) model is employed as the standard practice for 

describing the influence of the radiation dose on cell survival and tissue responses. 

The LQ notion is employed to compute the TCP.   

Both the TCP and the normal tissue complication probability (NTCP) are presented as 

sigmoid curves that are frequently used to characterise the radiotherapy principle. 

Figure 1.8 below illustrates typical sigmoidal curve plots representing the TCP and 

the NTCP. Due to the steep nature of the TCP curve, a marginal increase in dose can 

lead to a notable enhancement in the clinical outcomes.  

Notwithstanding the preceding, the NTCP curve is also illustrated and it clearly 

follows a similar distinctive pattern to the TCP curve. Thus, a higher level of risk is 

demonstrated by the NTCP curve with each increase in dosage. Overall, it is this 

combination of challenging patterns that led to the establishment of the therapeutic 

ratio concept. 

The therapeutic ratio concept is often used to represent the optimal radiotherapy 

treatment. In general terms, the therapeutic ratio refers to the ratio of the TCP and the 

NTCP at a specific level of response. Significantly, the further the NTCP curve is 

positioned to the right of the TCP curve, the more easily the radiotherapeutic goal can 

be achieved. In such a situation, the therapeutic ratio would be larger and treatment 

complications will be less likely, as illustrated in Figure 1.8C. 
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Figure 1.8: Graphical representation of the therapeutic ratio following three scenarios in which 

the correlation between the tumour control and normal tissue tolerance dose-response curves is 

(A) undesirable (B), desirable and (C) optimal (Gunderson and Tepper, 2015). 
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Bio-mathematical modelling of both the TCP and the NTCP can be used to predict the 

clinical outcome following radiotherapy treatment. The models employed can either 

be empirical or mechanistic in nature depending on whether they are based on clinical 

observations or on the cell-kill mechanism. The general theme of the current thesis is 

to develop a mechanistic TCP model that is highly capable of describing the response 

of NSCLC to external beam radiotherapy. The following section will outline the gaps 

in the literature that require further research.  

1.9 Overview of the project 

Local tumour control is an essential determinant of cancer survival. Moreover, 

radiotherapy dose escalation is expected to improve long-term outcomes. Research on 

radiotherapy dose escalation suggests a potential benefit regarding local tumour 

control when higher radiation doses per fraction are administrated for early-stage 

NSCLC patients (Guckenberger et al., 2016, Zheng et al., 2014). SABR is one 

radiotherapy modality employed in dose escalation to tumours while simultaneously 

avoiding an increase in the dose conveyed to healthy tissues. From this perspective, 

optimum survival and local tumour control can be managed using SABR rather than 

the traditional employment of three-dimensional conformal radiation therapy (3D-

CRT).  

This is particularly true for early-stage NSCLC patients who are frequently considered 

unsuitable candidates for surgery or who may refuse surgery (Song et al., 2009). 

SABR also represents a philosophy that differs from other radiotherapy regimens as it 

delivers very high doses of radiation over a few days. The potential advantage of 

SABR in the treatment of small tumours is the increased accuracy of delivering high 

BEDs through the use of respiratory motion management systems such as 4D CT and 

more precise delivery of multiple radiation beams than other modalities (Boily et al., 

2015). 
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Nevertheless, the central debate remains on whether LQ-based TCP modelling can 

adequately describe tumour control when observed at a high dose per fraction, as is 

the case with SABR treatment of NSCLC. The LQ model describes cell responses to 

radiation and is, therefore, the basis for TCP models (see Chapter 3). For instance 

Kirkpatrick et al. (2008) argued that the LQ model might be inappropriate for 

radiotherapy regimens that employ a high dose per fraction. Several researchers have 

supported this hypothesis by claiming that tumour eradication at a high dose per 

fraction is governed by biological phenomena that are qualitatively different from 

those of radiotherapy fractionated schemes. Such schemes include 3D-CRT and 

CHART, which require a low dose per fraction (Fuks and Kolesnick, 2005). 

Additionally, the number of clonogens in the tumours of interest is a fundamental input 

parameter for TCP modelling. In the case of solid tumours, clonogenic cell density 

can vary widely, ranging from 105-109 cm−3 (Nahum et al., 2003).The exact value of 

this number for different tumour types is not known. Moreover, how this number can 

vary between tumours in different patients is not understood. Within this context, 

various radiobiological methods have been developed and introduced to calculate TCP 

(Alaswad et al., 2018, Walsh et al., 2016, Ruggieri et al., 2013, Ruggieri et al., 2010, 

Baker et al., 2015, Stavreva et al., 2019) .However, the majority of radiobiological 

research has assumed that the treated volume contains a fixed number of clonogenic 

cells, which is perceived as one of the major limitations of these models. 

Furthermore, the TCP concept is significant for both the clinical and research sides of 

radiation oncology. Thus, there is a need to apply appropriate statistical methods to 

assess the reproducibility and generalisability of a TCP model’s performance. This 

process of model evaluation is often termed ‘model validation’. Diverse frameworks 

for validating predictive models have been proposed in the literature (Steyerberg et 

al., 2003). Validation of TCP models is highly desirable; however, it remains 

uncommon in practice. 
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As previously mentioned, accurate prognosis and relevant therapy decisions rely on 

establishing the accurate staging of NSCLC. The recently proposed 8th edition TNM 

staging system exhibited significant amendments in the distribution of the T and M 

descriptors. As noted by Goldstraw et al. (2016), every revision to the TNM 

classification should contribute to clinical improvement. This is particularly necessary 

regarding patient stratification, therapy and outcomes.  

While several studies reported the superiority of the 8th TNM edition in comparison 

to the previous 7th TNM edition (Sui et al., 2017, Chansky et al., 2017, Yang et al., 

2017) in terms of both the discrimination ability among the various T subgroups and 

clinical outcomes, others argued against this interpretation (Jung et al., 2018) . Despite 

these contradictory perspectives, not a single study exists that serves to compare the 

differences between the 7th and the 8th TNM editions from a TCP modelling 

perspective. 

Regarding the treatment of locally advanced NSCLC, current practice has seen an 

increase in the application of synergistic cytotoxic chemotherapy with radiotherapy. 

This approach is believed to offer superior local tumour control (Auperin et al., 2006). 

Whilst the effect of radiotherapy alone can be well described using a TCP model, the 

quantification of the combined effect of the concomitant use of chemotherapy and 

radiotherapy is still subject to intensive research. 
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Chapter 2 Fundamental principles of 

radiobiology 

2.1 Introduction 

Radiobiology as a scientific field concerns the exploration of the impact of radiation 

on diseased and healthy organs. Through this field, radiation oncologists and medical 

physicists strive to comprehend the nature and chain of events that arise as a 

consequence of the absorption of ionising radiation energy. Accordingly, they 

examine the biological implications of any resulting damage and the mechanisms that 

enhance, compensate for, or repair the damage. 

2.2 Mechanism of biological response to radiation 

Irradiation of any biological system produces a sequence of events that vary 

substantially in their timescale, as illustrated in Figure 2.1. The events that occur can 

be subdivided into three stages. The first is the physical phase, which encompasses the 

interaction of charged particles with a tissue’s atomic structure. During this stage, an 

electron primarily interacts with orbital electrons. In doing so, the charged particles 

raise some electrons to higher energy level within an atom (i.e., excitation) and eject 

others from the atoms (i.e., ionisation) (Williams, 2019). 

The second stage is the chemical stage, in which injured molecules and atoms respond 

through rapid chemical reactions. The third stage consists of the biological damage 

that occurs when the energy from the ionising radiation is absorbed by the organs or 

tissues.   
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Figure 2.1: Represents the timescales of the effects of radiation exposure on biological systems 

(Williams, 2019). 

A large and growing body of literature has established that the most vulnerable and 

critical cell component impacted by ionising radiation damage is DNA (Chew et al., 

2019a, Willers et al., 2004, Stewart et al., 2011). The most clinically notable 

radiotherapeutic influences occur as a consequence of irreparable DNA lesions. This, 

in turn, leads to the proliferative cells’ lacking the ability for sustained cell division. 

Note that a lack of proliferative capability (see Section 2.5) by tumour cells is an 

essential condition for the realisation of a tumour cure. More precisely, such a lack of 

proliferation is required for the attainment of local tumour control. 
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Figure 2.2: Depiction of the structure of DNA. The DNA helix has a diameter of approximately 

2mm (20 Å). The figure illustrates the direct and indirect influences of ionising radiation on the 

biological system. Regarding the direct effect, secondary electrons originating from the 

absorption of an X-ray photon interact directly with the DNA. Conversely, in the indirect effect, 

secondary electrons interact with a water molecule to yield a hydroxyl radical group, resulting in 

DNA damage (Hall and Giaccia, 2012). 

Two DNA damage (breakage) mechanisms have been described, that is, consequences 

from the direct or indirect influence of ionising radiation on the DNA molecule. In the 

direct mechanism, ionising radiation directly interacts with the DNA molecules, 

disrupting the molecular structures. Such alterations in structure cause cell damage or 

even cell death (see Figure 2.2) (Hall and Giaccia, 2012). 

Alternatively, in the indirect mechanism, the ionising radiation primarily interacts with 

water molecules. The likelihood of such an interaction is high, as nearly 80% of a cell 

is composed of water. The interaction of the radiation with the water yields free 

radicals, which can diffuse into the cell and damage the critical region within the cell. 

Thus, the water molecule may become ionised and can be chemically expressed, as 

noted in Equation (2.1).  
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 𝐇𝟐𝐎 = 𝐇𝟐𝐎+ + 𝐞− (2.1) 

Regarding the use of high-energy photons for radiation therapy and imaging purposes, 

five primary interaction mechanisms exist. These mechanisms include the (1) 

photoelectric effect (PE), (2) Compton interaction, (3) pair production (PP), (4) 

Rayleigh (coherent) scatter and (5) photodisintegration. Figure 2.3 exhibits a brief 

illustration of these interactions.1  

  

 

Figure 2.3: Outline of the classical photon interaction mechanisms within a medium. (A) In the 

photoelectric effect, the incident photon is fully absorbed by the inner shell electrons of the atoms. 

This interaction is vital for diagnostic imaging. (B) Compton scattering describes the interaction 

of the photon with the loosely bound electron of the atom. This scattering is important in 

radiotherapy. (C) pair production is observed where the interaction involves the atom’s nuclear 

field which leads to the emission of an electron and a positron pair, hence the term pair 

production (Hall and Giaccia, 2012). 

 

 

                                                 

¹For a comprehensive overview, see Halperin et al. (2020), Hendee et al. (2013), Khan and Gibbons (2014) and Mayles et al. 

(2007). 
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To further clarify the descriptions of the various mechanisms involved in indirect 

radiation effects, several concepts must be outlined. An ion is a molecule or an atom 

that has lost an electron, thus making it electrically charged. Furthermore, a free 

radical comprises an unpaired electron in the outer shell, causing it to be significantly 

reactive. Thus, H2O+ is a free radical and an ion. Through a sequence of chemical 

reactions, H2O+and e− yield highly reactive free radicals. For instance, the hydroxyl 

radical (OH) can diffuse through tissue twice the diameter of a DNA double helix. 

Moreover, OH has a remarkably short lifespan of approximately 10−10 seconds. 

Ultimately, the hydroxyl radical’s action can cause both single- and double-strand 

DNA breaks (see Figure 2.4) (Hall and Giaccia, 2012). 

 

Figure 2.4: Mechanism of DSBs and SSBs induced by ionising radiation: (A) a 2-D sketch of the 

typical DNA helix. The base pairs carrying the cell’s genetic codes are harmonious (i.e., guanine 

pairs with cytosine and adenine pairs with thymine). (B) Damage in one strand has a minimal 

effect as the cell can repair it promptly by employing the opposite strand as a template. (C) DSBs 

are breaks in both strands. If the breaks are widely separated, then they would be repaired as 

independent breaks. (D) Damages in both strands distanced by a few base pairs. Such breaks 

result in DSBs (Hall and Giaccia, 2012). 
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Furthermore, if cells are exposed to a modest dose of ionisation radiation in the range 

of 1–3 Gy, this could result in 40 double-strand breaks (DSBs) and 1000 single-strand 

breaks (SSBs). In intact DNA, however, SSBs are of minor biological significance 

from the standpoint of cell killing because they are smoothly repaired by employing 

the opposite strand as a template, as displayed in Figure 2.4B. If the strand is mis-

repaired, it might lead to a mutation. 

In the event that both strands of the DNA are destroyed, and the regions of damage 

are widely separated (see Figure 2.4C), the damage can still be repaired, as each break 

would be addressed independently. Conversely, when the damages in the two strands 

are opposite each other or isolated by only a few base pairs, this might cause a DSB, 

which leads to the cleavage of chromatin into two sections (see Figure 2.4D). 

2.3 Linear energy transfer 

Substantial variation is seen in the spatial deposition of the ionising radiation 

generated by different particles (see Figure 2.5). Consequently, this has led to the 

development of the linear energy transfer (LET) concept within the context of 

radiobiology. The LET for a specific radiation type explains the local energy 

deposition density, which significantly influences the biological radiation effects. The 

LET can be represented in units of eV or KeV per μm. Additionally, the LET of a 

charged particle is proportional to the square of the charge and inversely proportional 

to the particle’s kinetic energy (i.e., LET ∝ Q2/Ek).  

The interaction of photons produces fast electrons, while neutrons give rise to recoiled 

protons. Additionally, the spatial distribution of ionising events produced by proton 

beams varies compared to electron beams. Ionising events from photons are minimal, 

thus, they are referred to as sparsely ionising radiation, or well-known low energy 

transfer (low-LET) radiation.  
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As X-rays possess a LET of approximately 0.4 keV μm−1, they are categorised as 

low-LET radiation. Conversely, the alpha-particles possess a LET of approximately 

100 keV μm−1 and are a classical type of high-LET radiation (see Table 2.1). 

Typically, for a specific absorbed dose, the ionisation paths of high-LET radiation 

deposit their energy over a considerably shorter range. Thus, they have a greater 

destructive effect on tumour cells compared to the spare ionisation patterns associated 

with low LET radiations (Bushberg and Boone, 2011).  

 

 

Figure 2.5: Discrepancy in the density of ionising events along an incident particle’s path for 

radiations of diverse values of LET. The more closely spaced the ionising events, the more 

radiation energy would be imparted in the region of interest. Thus, the radiation nature would 

be more biologically efficient per unit dose (Gunderson and Tepper, 2015). 

 In addition to the aforementioned, it is vital to note that ionising radiation is deposited 

in increasingly energetic packets that are categorised as short tracks (500–5000 eV), 

blobs (100–500 eV) or spurs (≤100 eV deposited). Each of these yields a few to 

several dozen ionised atoms along its path (see Figure 2.6). If the clusters of ionising 

events (thus, either spurs or blobs) have a diameter that approximately equates to the 

dimension of the DNA (2 nm), it is possible for these ionising events to cause damage 

to multiple target sites (Gunderson and Tepper, 2015). 
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Figure 2.6: Energy deposition events along the particle’s path. An individual event is categorised 

in accordance with the amount of energy deposited locally. Thus, this indicates the number of 

ionised atoms created (Gunderson and Tepper, 2015). 

 

Table 2.1: Linear energy transfer values for several types of ionising radiation (Murshed, 2019). 

Beam quality LET (KeV/um) 

Cobalt-60 (1.17-1.33) 0.2 

X-rays (6-15 MeV) 0.4 

Beta particle (1 MeV) 0.4 

Protons beam (150 MeV) 0.5 

Neutrons 0.5–100 

Carbon ions 40–90 

Alpha particles 50–200 
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2.4 Deterministic and stochastic effect of radiation 

Radiation effects have been assessed in terms of radiation-induced cell death. Most of 

the body’s tissues and organs are uninfluenced by the loss of small amounts of cells. 

However, the loss of a substantial number of cells will lead to an observable harm, 

which typically presents as a loss of tissue function. At small radiation doses, the 

probability of causing harm is negligible. However, once a specific threshold dose is 

exceeded, the likelihood of harm rises rapidly with the dose – up to 100%.  This effect 

is commonly referred to as deterministic. Figure 2.7 exhibits a schematic 

representation of the severity of the deterministic influence as a function of the 

radiation dose. Figure 2.7 also shows the indicated threshold dose. Radiation-induced 

cataracts are the result of a deterministic effect because there is a threshold dose 

(McClellan, 2019).  

The severity of the effect is associated with the quantity of the radiation dose. Henk et 

al. (1993) determined that the adult lens can tolerate a total radiotherapy dose of 6 Gy 

without indicating any symptoms of cataract formation. This study also has revealed 

that irradiating the lens to dose of 15 Gy or greater would almost invariably result in 

visual impairment. 

If the irradiated cell is viable but modified, then the outcome of irradiation differs 

substantially. Moreover, such a modification is retained beyond the irradiation period. 

The delayed effect of such a reaction is carcinogenesis. Thus, the possibility of 

inducing cancer rises with each dose, but without a threshold dose. Notably, the 

prognosis of the cancer is not dose related. This implies that a cancer induced by 50 Gy 

is not more severe than a cancer induced by 0.5 Gy. Such an outcome is perceived as 

the stochastic effect of radiation (random effect). 

 

 

https://www.powerthesaurus.org/result_in/synonyms
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Figure 2.7: Schematic interpretation of two fundamentally distinct radiation dose-effect relations. 

(A) For a stochastic effect, the likelihood of incidence increases with the received radiation dose, 

presumably without a dose threshold. (B) The deterministic effect possesses a threshold with the 

radiation dose, and hence, the severity of the outcome is associated with a specific amount of a 

radiation dose (McClellan, 2019). 

2.5 Cell survival 

What is implied by ‘survival’? Cells survival, or its inverse, cell death, can be 

interpreted differently depending upon the context; hence, a specific description is 

crucial. For instance, for differentiated cells that are incapable of proliferating, such 

as nerve and muscle cells, death is interpreted as the loss of a particular function 

(Williams, 2019).  

The opposite is true for proliferating cells, such as those of the intestinal epithelium or 

stem cells in the haematopoietic system. In the latter, the loss of ability for sustained 

proliferation (also well-known as a loss of reproductive integrity) is a reasonable 

description. Crucially, this loss of reproductive integrity is often recognised as 

reproductive death (Williams, 2019). 

It is crucial to note that at the physical level, cells might remain physically existing 

and apparently intact. Moreover, it might also have the ability to make proteins or 

synthesise DNA. 
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However, if cells have lost the ability to divide indefinitely and generate a substantial 

quantity of progeny then according to the definition, cells have not survived (dead). 

Additionally, surviving cells that have retained their reproductive integrity and are 

capable of proliferating indefinitely to generate a massive clone or colony are 

conceived to be clonogenic. Thus, for a tumour to be eradicated, it is only crucial that 

cells are “killed” within the context that they are rendered incapable to divide. If they 

are unable to divide then they would not produce additional growth or spread of the 

malignancy (Douglass, 2018). 

Furthermore, the capacity of an individual cell to grow into a large colony that can be 

clearly perceived with the naked eye is conclusive evidence that such a cell has 

maintained its reproductive integrity. The loss of this capacity as a function of the 

radiation dose is characterised by the dose-cell survival curve. A cell survival curve is 

a plot of the fraction of surviving cells following its exposure to an incremental dose 

of radiation. The dose-survival curve can be assessed through use of clonogenic assays 

(see Section 2.6). Additionally, mathematical models such as the single-target model, 

the single-multivariable target model and the linear-quadratic model are also used to 

describe the cell survival curve (see Section 2.7). 

2.6 Cell survival colongenic assay 

Regarding cell death, there is a vital need to recognise how mammalian cell death is 

defined and quantified following irradiation in vitro and in vivo. The colony-forming 

assay is the gold standard for examining cell killing by radiation. This procedure 

involves irradiating tumour cells in a suspension culture. Using modern tissue culture 

techniques, it is possible to extract a specimen of live cells from diverse species of 

mammals such as humans, mice or rats.  

These tissues are then chopped into small segments and prepared as a single-cell 

suspension using the enzyme trypsin. These cells are then seeded in a culture dish and 

maintained at adequate environmental conditions to produce colonies. 
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Once the mammalian cell colonies consist of approximately 50 cells, they become 

noticeable to the naked eye, as exhibited in Figure 2.8. Attainment of this cell quantity 

typically requires an estimated six to seven cell divisions. Cells experiencing fewer or 

no divisions (invisible) are indicated as dead. The quantity of colonies is counted either 

with a haemocytometer or an electronic imaging system and compared to the initial 

quantity of cells that were plated. The plating efficiency (PE) of a cell population can 

be quantified as the number of colonies observed divided by the number of cells plated 

(Munshi et al., 2005). 

 

Figure 2.8: The fundamental principle of quantifying a cell surviving fraction. (A) Unirradiated 

cells and (B) irradiated cells (Williams, 2019). 

To study the impact of radiation on the cells, many Petri dishes are plated under the 

same conditions using genetically identical cells. One set of dishes are not irradiated 

and are maintained as controls. The remaining Petri dishes are irradiated to various 

radiation doses. To allow colonies to arise from the surviving cells, both the irradiated 

cells and the control cells are incubated for a given time (from a few days to a couple 

of weeks). Such an investigation is termed a ‘clonogenic’ or a ‘survival’ assay (see 

Figure 2.9). The sustained proliferation of a single cell is the assumed mechanism for 

the formation of a colony. The surviving fraction (SF) for each radiation exposure can 

be calculated using Equation (2.2). 

 𝐒𝐅 =
# 𝐨𝐟 𝐜𝐨𝐥𝐨𝐧𝐢𝐞𝐬 𝐩𝐞𝐫𝐜𝐞𝐢𝐯𝐞𝐝

( #𝐨𝐟 𝐜𝐞𝐥𝐥𝐬 𝐬𝐞𝐞𝐝𝐞𝐝 × [
𝐏𝐄

𝟏𝟎𝟎])
⁄  

(2.2) 
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The preceding process described how an in vitro survival curve could be established. 

To quantify in vivo cell survival, two clusters of experimental tumours must be 

employed, which are commonly implanted subcutaneously in mice (Williams, 2019). 

Once implanted, one tumour group should be exposed to radiation while the other is 

not irradiated and maintained as a control. A few weeks after irradiation, a cell 

suspension is prepared from both groups. The cell suspension is then plated out under 

identical conditions, as previously explained. The discriminating factor in this scenario 

is the exposure of the cells under in vivo conditions.  

 

 

Figure 2.9: Diagram illustrating a typical cell survival experiment (Douglass, 2018). 
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2.7 Modelling the shape of the survival curve 

In radiobiological research, there is an urgent need for predicting the responses of cells 

to different radiation qualities. The cell survival curve models apply a mathematical 

formula and statistical concept to describe, quantify and interpret the shape of the cell 

survival curves. The choice of the cell survival and dose-response model utilised can 

significantly affect the model outcomes. When characterising cell survival curves, 

three models are employed to date, each with its own strengths and weaknesses: 

1. The single target/single-hit model. 

2. The multi-target single-hit model (also termed the two-component 

model). 

3. The linear-quadratic (LQ) model. 

These survival curve models are briefly discussed in the following subsections. 

2.7.1 Target theory 

A simple strategy for modelling the mechanism by which radiation kills cells is based 

on the notion that specific DNA regions might exist that are critical to retaining the 

reproductive capability of cell. These sensitive areas are indicated as distinct targets 

for undertaking radiation damage. 

 By employing this strategy, the survival of cells following radiation exposure is 

supposed to be associated with the number of inactivated targets. Regarding 

definitions of target theory, two interpretations of this fundamental theory have 

formerly been practised: single hit-target theory and multi-target, single-hit theory. 
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2.7.1.1 Single hit-target theory 

The single-hit target concept evolves from the assumption that a single hit on a single 

sensitive target within the cell causes cell death. This is also referred to as single-target 

single-hit inactivation, which results in the shape of the survival curve exhibited in 

Figure 2.10. The model is mathematically expressed as: 

 𝑺𝑭 = 𝐞𝐱𝐩 (
−𝑫

𝑫𝟎
) (2.3) 

Where SF is the fraction of cells that survived after receiving radiation dose D, and D0 

is the mean lethal dose. Additionally, the mean lethal dose refers to the dose at which 

63% of the cells are killed, or 37% (or 1/e) of the original cell population survived.  

The value D0 becomes a measure of the radiosensitivity of a biological specimen. For 

instance, cells are considered radiosensitive when they display a steep slope or a small 

D0. Conversely, the existence of a large D0 or a gradual slope implies a relatively radio-

resistant biological system. It is vital to recognise that D0 is defined as the dose that 

diminishes survival from 1 to 0.37  (i.e., to e−1) or from 0.1 to 0.037, and so on 

(Powers, 1962) . 

 

Figure 2.10: Shape of a single-target single-hit inactivation survival curve (Williams, 2019). 

 



 

Fundamental principles of radiobiology 38

Thus, this form of ‘single target single-hit’ addresses a simplistic scenario where if a 

single cell receives a specific amount of radiation dose greater than D0 then it would 

be damaged, otherwise, it would survive. Crucially, in such a scenario, the cell lacks 

the opportunity to repair the radiation damage. Thus, this scenario produces a straight 

survival curve. The single target single-hit notion is suitable for characterising the 

radiobiological reaction of some highly sensitive human cells (malignant and normal) 

as well as the reaction to high LET radiations (see Section 2.3) where a straight 

survival curve is evident.  

However, the model cannot explain most scenarios noted through mammalian cell 

survival data as it does not account for the shoulder portion of the curve at low doses 

(e.g., repair of sublethal damage, see Section 2.10). Consequently, to address the 

shoulder portion of the cell curve, a superior comprehensive form of the target 

principle was introduced; the so-called multi-target single-hit model. 

2.7.1.2 Multi-target single-hit theory 

In this model, the concept of the sensitive target within the cell is extended in such a 

way that the cell is considered to possess multiple (n) sensitive targets rather than just 

a single target. Moreover, to achieve cell death, a single radiation hit should reach 

every one of those n targets. Thus, Equation 2.3 is modified to address the shoulder 

observed in the cell survival curve for sparsely ionising radiation, as shown in Figure 

2.11. The shoulder portion of the cell curve suggests that there is more than one critical 

site in a cell, hence the need for the multi-target single-hit model, where a cell is 

assumed to have n targets and all these targets must be inactivated to cause cell death 

(Little, 1968). 

 SF = 1 – [1-exp(-D/D0]n (2.4) 
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Figure 2.11: Cell survival curve of the multi-target single-hit inactivation model (Gunderson and 

Tepper, 2015). 

In Figure 2.11, the Dq is established by extrapolating the straight part of the curve 

backward to the point of its intersection with the vertical axis. Thus, it is extrapolated 

to the point where the surviving fractions equal one. By setting the survival fraction 

to one, Dq represents a radiation dose below which there is no radiation influence. 

Thus, Dq is the minimum dose required for the realisation of a radiation effect. Both n 

and Dq are used to describe the width of the shoulder of the curve. If n is large, in the 

range of 10–12, the survival curve is noted to have a broad shoulder. If n is small, in 

the range of 1.5–2.0, then the curve has a narrow shoulder (Nomiya, 2013)  

Regarding the radiobiological rationale, the multi-target single-hit theory is an 

intellectually attractive idea. However, numerous factors have challenged this concept. 

For instance, the predicted cell survival curve response has an initial slope of zero (a 

flat response) that corresponds to low radiation doses. Thus, the probability of cell 

killing would approach zero, a feature that is not supported by experimental data 

(Nomiya, 2013).  
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2.7.2 Linear-quadratic model 

The linear-quadratic (LQ) model is widely accepted amongst the radiation oncology 

community. Moreover, this model offers a more detailed explanation of the radiation-

induced cell killing. First, it provides a better fit for the initial shoulder region of the 

cell survival curve. Second, this model can also be applied in both clinical and 

experimental radiobiology. It commonly performs adequately in representing 

reactions to radiation through both in vivo and in vitro experiments. 

Furthermore, several clinical situations have required the use of LQ principles as 

powerful clinical tools. The principles have been applied to model almost all the 

various dose rates and fractionation schemas, such as conventional fractionation, 

hypofractionation, hyperfractionation, accelerated fractionation, high dose rate 

brachytherapy, as well as combined brachytherapy and external beam radiotherapy 

(Qiu et al., 2020, Alaswad et al., 2019a, Guirado et al., 2020). 

 

 

Figure 2.12: Fundamental principles of the LQ model. At low radiation doses, the two DNA 

damages are the result of a single electron set in motion due to the absorption of ionising 

radiation. The likelihood of interactions between the damages is proportional to the total 

radiation dose. At higher doses, the two DNA damages are caused by two separate electrons. In 

such instances, the likelihood of an event is proportional to the square of the radiation dose 

(Douglass, 2018). 
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In the LQ model, two parameters are employed to describe the curved portion of the 

survival curve, namely α and β. The survival curve is seen to consist of both a linear 

and a quadratic portion (Douglas and Fowler, 1976, Fowler, 1989, Jones, 1999). A 

possible explanation of these two contributions to the cell survival curve is that the α 

portion represents death due to “single-hit” events. Thus, in such cases, the lethal 

damage (or death) is due to a single incident particle. In contrast, the β expression 

reflects the “multiple-hit” cell death originating from the DNA damage of two separate 

ionising events. This notion is depicted in Figure 2.12. 

Accordingly, the former linear component that accounts for cell killing due to single 

hits is described by the following formula: 

 𝑺𝑭𝟏 = 𝐞𝐱𝐩 (−𝜶𝑫) (2.5) 

Additionally, the β term, which characterises the curving component and has units of 

inverse dose squared, is that which describes the two-hit survival component. This is 

represented by the following formula: 

 𝑺𝑭𝟐 = 𝐞𝐱𝐩 (−𝜷𝑫𝟐) (2.6) 

Assuming that the single-hit and two-hit mechanisms are independent, then the overall 

expression for the cell survival curve is represented by the following formula: 

 𝐒𝐅 = 𝐒𝐅𝟏. 𝐒𝐅𝟐 = 𝐞𝐱𝐩 −(𝛂𝐃 + 𝛃𝐃𝟐) (2.7) 

Of note is that the α/β ratio has units of dose. Moreover, α/β is equal to the dose D at 

which the linear and quadratic contributions to the survival curve are equal, as 

described in Figure 2.13 (e.g., α/β = 10 Gy). Crucially, the shoulder width can also be 

characterised using the α/β ratio. In particular, a higher α/β ratio indicates a narrower 

shoulder. Conversely, a lower α/β ratio indicates a wider shoulder (see Section 2.8).  
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Figure 2.13: Typical LQ cell survival curve. The α/β value is the dose at which both the single-

and multi-hit events contribute equitably to cell killing. In this scenario, α/β = 10 Gy, which is a 

value identical to acutely reacting tissues(Halperin et al., 2020). 

2.8 Early and late responding tissues 

Different healthy tissues exposed to therapeutic ionising radiation exhibit varying 

degrees of response. The speed at which reactions evolve differs significantly from 

one tissue to another. Moreover, the speed of the response tends to profoundly rely on 

the amount of radiation dose deposited into the tissue.  

Accordingly, the impact of radiation on tissues is frequently split into early- and late-

reacting tissues. The intestinal epithelium, bone marrow cells and skin, for instance, 

are all examples of rapidly dividing self-renewing tissues. Thus, these tissues tend to 

have an early response to the influences of therapeutic ionising radiation. In contrast, 

the kidneys, lungs and the spinal cord are indicated as late-responding tissues (see 

Figure 2.4). The early-responding tissues tend to be capable of repopulating between 

fractions if the number of surviving cells is adequate.  
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On the contrary, late-responding healthy tissues require further caution because of 

their poor cell turnover and the unlikely chance of an adequate recovery following 

substantial radiation damage (Dörr, 2015). Modified fractionation schedules, as 

described in Chapter 3, consider these distinctions in tissue response to enhance the 

therapeutic ratio. 

 

Figure 2.14: Correlation between total radiation dose (D) and dose per fraction (d) across a broad 

range of healthy tissues in experimental animals. Late-reacting tissues are represented by solid 

lines and broken lines represent early-reacting tissues. Solid lines clearly are systematically 

steeper in contrast with the early-reacting tissues (broken lines) (Williams, 2019). 

The variation in patterns depicted in the dose-response curves for early- and late-

reacting tissues is an explicit distinction in the reaction to radiotherapy fractionation 

of these two categories of tissues. It is clear from the curves that the late-reacting 

tissues are more sensitive to alterations in fractionation compared with early-reaction 

tissues. The overall outcome is indicated in Figures 2.14 and 2.16. Thus, compared to 

the use of a single acute dose, the application of a fractionated regime to the late-

responding normal tissues ensures they are spared more for a specific degree of tumour 

damage. This raises questions concerning what exactly constitutes “early” or “late” 

reaction tissues. Using the above descriptions, early-responding tissues would possess 

a considerable proportion of cycling cells, whereas the late reaction tissues comprise 

considerable proportions of noncycling cells. 
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Thus, by employing this rationale, the radiosensitivity parameters 𝛼 and β are a 

measure of the radiotherapy fractionation sensitivity of the cells. For instance, cells 

with a higher α/β, are less sensitive to the sparing effect of fractionation, such as early-

responding tissues and tumours (see Figures 2.15 and 2.16). Note that this ratio is 

remarkably beneficial for estimating likely clinical outcomes. Low α/β ratios (1–5), 

indicate scenarios where the survival curves are bending rapidly at low radiation doses 

per fraction. Consequently, within and below the typical clinical radiation dose range 

(1.5–2.5 Gy per fraction) amendments in fraction size should have a noticeable impact 

on the isoeffect dose. Conversely, high values of α/β (6–14 Gy) imply a larger 

predominance of the linear expression α, so that variations in fraction size yield a 

minor influence on the isoeffect dose (Van Leeuwen et al., 2018, Scheenstra et al., 

2014, Chi et al., 2007). 

 

Figure 2.15: Variation of total radiation dose (D) with dose per fraction (d) for different α/β values 

(Chapman and Nahum, 2016). 
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Figure 2.16: LQ survival curves for early- and late-reacting tissues. The cell survival curve for 

late-reacting tissues depicts a more extensive curvature compared to early-reaction tissues 

(Barrett et al., 2009). 

2.9 Radiotherapy dose fractionation 

Radiotherapy dose fractionation constitutes one of the most efficacious 

radiotherapeutic strategies. The strategy entails a process of delivering a total radiation 

dose over a period of several weeks rather than as a single acute dose. Fractionation 

takes advantage of the varying capabilities of normal and malignant cells regarding 

their ability to recover from DNA damage. Due to this difference, fractionation can 

enhance the destructive impact on tumour cells while simultaneously diminishing 

damage to healthy cells. 

The fundamental principle of fractionation in radiotherapy can be understood through 

two simplistic notions. Dividing radiotherapy doses into multiple fractions spares 

healthy tissues as it enables the repair of sublethal damage (see Section 2.10). 

Moreover, this division allows for the repopulation of cells if the overall treatment 

period is adequately long (see Section 2.11). 
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Similarly, dividing a dose into several fractions enhances damage to the tumour owing 

to the resultant reoxygenation (see Section 2.12) and reassortment (see Section 2.13) 

of cells into radiosensitive stages of the cell cycle between radiotherapy dose fractions. 

It is these process that are often recognised as the four “R’s” of radiobiology: repair, 

repopulation, reoxygenation and reassortment. The following sections describe these 

radiobiological phenomena in greater detail. 

2.10 Repair 

DNA damage can either lead to an SSB which is simply rectified, or a DSB, which 

can result in permanent alterations if the repairs processed are inadequate (such as the 

incorrect rejoining of chromosomes) or it may lead to cell death. Consequently, 

according to the level of lethality induced by ionising radiation, damage is subdivided 

into three types:  

(1) Lethal damage (LD), which leads to irreparable cell death. 

(2) Sublethal damage (SLD), which typically repairs within a few hours, thereby 

preventing cellular death. 

(3) Potentially lethal damage (PLD), which can potentially damage the cell, but it also 

can be adjusted to repair the cellular damage under specific physicochemical 

environments. 

All these damage processes are associated in clinical radiotherapy with the efficacy of 

treatment. Lethal damage is a definite endpoint in treatment, while sublethal damage 

and potentially lethal damage have variable impacts in the field of radiotherapy. 

The predominant cell damage is sublethal, which has the potential to be repaired 

within hours unless an additional fraction of the radiotherapy dose is delivered. Repair 

of the DNA damage involves the healing of the radiation-induced damage in the 

interval between the two fractions of the dose.  
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However, application of the second dose shortly after the first application reduces the 

time available for the cell to repair the damage (Barendsen et al., 2001). Consequently, 

this leads to the cell dying, as indicated in the cell survival curves illustrated in Figure 

2.17 (Douglass, 2018) . 

 

Figure 2.17: Typical cell survival curves exhibiting the influence of radiotherapy fractionation. 

Curve A is the survival curve for a single acute radiation dose. Curves B to F are survival curves 

resulting from the delivery of each dose as a sequence of small fractions of D1. Doses are delivered 

within a time frame between fractions, that is, adequate for the recovery of sublethal damage. 

Notably, the multi-fraction survival curves are shallower compared to the corresponding single 

dose curve (Douglass, 2018). 

Within this context, healthy cells have an enhanced capacity to recover DNA breaks 

compared to malignant cells. Thus, splitting the total radiotherapy dose affords healthy 

cells the opportunity to repair the acquired sublethal damage between fractions. In 

contrast, the malignant cells with impaired DNA repair pathways have inferior 

capability to recover from ionising radiation damage to their DNA.  

PLD is a type of DNA damage that has the potential to repair the damage if the post-

irradiation conditions are suitable, as is the case with cell incubation following 

irradiation at either a reduced temperature of ≤20°C or treatment with inhibitors of 

protein synthesis. Moreover, in suboptimal ambiences, such as conditions of reduced 

temperature, cell survival increases as cell entry into mitosis is delayed. The ensuing 

delay increases the time cells have to repair radiation-induced DNA damage. 
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Alternatively stated, the repair mechanism occurs post-irradiation whenever cells are 

given a sufficient period to repair the damage instead of being allowed to proliferate 

through to the mitosis phase (Chew et al., 2019b). This type of damage has been 

observed in both in vitro and in vivo assessments with chemotherapeutic drugs or 

radiation dosages. Notwithstanding the foregoing, such a drastic treatment condition 

(e.g., reduced temperature) does not mimic a physiological condition that is ever likely 

to be perceived during a radiotherapy course. Thus, the importance of PLD to clinical 

radiation therapy is a subject of debate.  

Note that at lower radiotherapy doses, more sublethal damage can be repaired. 

However, at higher radiotherapy doses, the likelihood of sublethal damage repair 

diminishes. Additionally, SLD repair relies heavily on the spatial distribution of the 

ionising events generated by the different particles (e.g., the LET of radiation). For 

instance, the type of radiation applied governs the broadness of the shoulder observed 

in acute survival curves, thereby resulting in differences in the amount of SLD repair, 

as indicated in Figure 2.18. PLD and SLD repair are both observed with low-LET 

radiations (i.e., the cell survival curves of X-rays and γ-rays have a noticeable broad 

shoulder) but are absent for high-LET radiations (α-particles). 

 

 

Figure 2.18: LQ survival curves for X-rays, 15-MeV neutrons and alpha particles. Increases in 

the LET of the ionising radiation result in a steeper survival curve slope and a smaller extension 

of the initial shoulder. 
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2.11 Repopulation or re-generation 

Both healthy tissues and tumours are able to increase their cell production rate due to 

radiation-induced cell killing. This attribute is referred to as ‘regeneration’ or 

‘repopulation’. A conventional radiotherapy course tends to occur over a period of five 

to seven weeks. This is considered a sufficient duration to permit considerable cell 

proliferation to occur. Prolonging a fractionated radiotherapy course has a profound 

impact on normal tissues. This prolongation diminishes severe side effects as it 

facilitates recovery from radiation damage (see Section 2.10). However, it can also 

adversely affect or prevent the attainment of optimum local tumour control to a certain 

degree. 

Additionally, it has been demonstrated that the repopulation paradigm of tumours and 

healthy tissues after the initiation of irradiation tends to be distinguished by a lag phase 

(delay) prior to the rapid proliferative response (see Figure 2.19). As soon as the 

proliferative response becomes noticeable, though, it can be considerably vigorous 

(Withers et al., 1988). While this progression is distinctly favourable for healthy 

tissues to recover from radiation damage, rapid proliferation in tumours is evidently 

undesirable. 

 

Figure 2.19: Additional dose required to compensate for the proliferation effect in the skin of 

mice as a function of time following a radiotherapy treatment course of 3 Gy per fraction. A delay 

(lag-time) followed by a rapid increase in the rate of proliferation is characteristic of time factors 

in proliferating healthy tissues. In mouse skin, the time delay is approximately two weeks; 

whereas, in humans, it is approximately four weeks (Fowler, 1984). 
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The inevitable conclusion from the Withers et al. (1988) study is that radiotherapy, 

particularly for fast-growing tumours, must be completed as soon after initiation as 

practicable (see Figures 2.20 and 2.21). It might be preferable to delay the initiation 

of a radiotherapy course instead of introducing gaps during treatment that result in 

extending treatment time. Additionally, if the total treatment period is far too long, the 

efficacy of subsequent radiotherapy dose fractions is compromised owing to the 

surviving cells in the tumour have been triggered into rapid repopulation. 

 

 

Figure 2.20: Tumour control dose (TCD50) as a function of the total radiotherapy course 

(Williams, 2019). 

 

 

Figure 2.21: Tumour control dose (TCD50) as a function of the total radiotherapy course 

according to the T descriptor of the tumour node metastasis classification system (Halperin et al., 

2020). 
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Notably, Withers et al. (1988) analysed data for patients who were only treated with a 

radiotherapy modality. It might be assumed that comparable clinical observations in 

terms of the repopulating effect are experienced in chemotherapy or in the 

combination of chemotherapy and radiotherapy regimens. Considering this, evidence 

from NSCLC demonstrates inferior clinical outcomes from radiotherapy treatment 

preceded by a course of chemotherapy, in particular, the sequential chemoradiotherapy 

approach (see Chapter 5). These findings might be explained by the influence of the 

accelerated tumour repopulation triggered by the induction of chemotherapy. 

2.12 Reoxygenation 

For healthy tissues to retain viability, they require a regular supply of oxygen and 

nutrients. This mechanism is managed through a functional blood supply. Solid 

tumours do not differ from healthy tissue in this respect; they also have the same 

metabolic requirements. To accomplish this, tumours initially employ the blood 

supply of the host organ in which the tumour arises. Over time, the blood supply 

becomes inadequate to satisfy the high demands of the growing tumour mass, thereby 

leading to areas of hypoxia (Shannon et al., 2003). 

Crucially, hypoxic tumours (i.e., exhibiting low oxygen levels) are radioresistant to 

photon radiation. Therefore, their inactivation requires a higher dosage of radiation. 

Oxygenated cells are two to three times more sensitive to irradiation compared with 

hypoxic cells. Consequently, a modest dose of radiation would kill a greater number 

of oxygenated than hypoxic cells. A typical example of survival curves for mammalian 

cells irritated to X-rays in the absence and presence of oxygen are displayed in Figure 

2.22A (Douglass, 2018). 

The ratio of radiation doses delivered under hypoxic to oxic conditions required to 

attain the same biological outcome is termed the oxygen enhancement ratio (OER). 

The OER of sparsely ionising radiations (e.g., low-LET), such as X-rays and gamma 

rays, has a value in the range between 2.0 and 3.0. Moreover, the OER is determined 

for several biological systems with diverse endpoints, and its value for sparsely 

ionising radiations always tends to lie within this range. 
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 For densely ionising radiation such as alpha particles, the survival curve has no initial 

shoulder (see Figure 2.22 C). In this instance, the observed survival curves in the 

absence or presence of oxygen are identical. Thus, the resultant OER is unified and 

does not yield an oxygen effect.  

Additionally, for radiations of intermediate ionising density such as neutrons, the 

survival curve exhibits a substantially diminished shoulder. In such instances, the 

impact of oxygen is noticeable, though less than that observed for X-rays. In the 

instance displayed in Figure 2.22 B, the OER for neutrons is approximately 1.6 

(Douglass, 2018, Brown, 1999). In sum, the oxygen influence is notably substantial in 

the event of sparsely ionising radiation, such as X-rays, whereas it is negligible for 

densely ionising radiation. 

 

Figure 2.22: OER for different forms of ionising radiation. (A) X-rays display a higher OER of 

2.5. (B) Neutrons have an OER of 1.6. (C) α-particles display a unified OER (Douglass, 2018). 
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The reoxygenation of hypoxic tumour cells is feasible and remarkably productive 

when radiotherapy dose fractionation is applied. This is attributed to the increased 

likelihood that the initial radiotherapy dose fraction would eliminate a substantial 

amount of the well-oxygenated and radiosensitive cells situated in the immediate 

vicinity of the tumour’s blood supply. Subsequent periods between fractions allow the 

relatively hypoxic cells to increase their supply of oxygen.  

Consequently, this leads to the cells increasing in sensitivity during subsequent 

radiation doses (Hong et al., 2016). This mechanism of radiotherapy reoxygenation is 

described in Figure 2.23 (i.e., the potential of tumour self-sensitisation is feasible due 

to reoxygenation).  

 

Figure 2.23: Reoxygenation process. Tumours consist of a combination of hypoxic and aerated 

cells. A radiation dose of X-rays would damage a larger amount of oxic cells compared to hypoxic 

cells given the increased radiosensitivity of aerated cells. Consequently, immediately following an 

irradiation dose, most cells in the tumour are hypoxic. However, the reoxygenation of the cells 

will result in the return of the pre-irradiation pattern. If ionisng radiation is delivered in a 

sequence of fractions that are sufficiently separated in time for the reoxygenation process to 

evolve, then the subsequent emergence of hypoxic cells will not have a considerable impact on the 

tumour control response (Hall and Giaccia, 2012). 
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In view of the aforementioned findings, the generation of ‘peroxy radicals’ during 

radiotherapy is the primary reason for describing the killing efficiency of tumour cells. 

When photon radiation is directed into the body, it interacts with the abundant water 

molecules present in the body. This interaction generates high energy electrons that 

lead to the production of hydroxyl free radicals (OH) that are highly reactive and 

causes damage to the DNA, as described in Section 2.2. However, the resultant 

damage is potentially repairable, thus enabling the restoration of the damaged DNA 

and preventing cell lethality. Additionally, if the free radical reacts with oxygen prior 

to the collision, it produces a different type of radical termed a ‘peroxy radical’. The 

damage born of the effect of peroxy radicals is challenging and impossible to repair. 

Consequently, this form of DNA damage is ‘fixed’ into a permanent and irreparable 

state (West and Slevin, 2019). Thus, this describes the fundamental notion of the 

influence of oxygen in radiotherapy. 

2.13 Reassortment 

Reassortment (also referred as redistribution) describes that cells exhibit differential 

radiation sensitivities during the various cell cycle phases (see Figure 2.24). Each 

cell’s life cycle consists of four phases that are denoted as follows: 

 

1. Gap1 (G1) phase: the cell growth phase where cells copy organelles and 

increase in physical size. 

2. S phase: the cell synthesis phase involving the complete copying of the 

DNA in its nucleus. 

3. Gap2 (G2) phase: a further growth phase during which a cell produces more 

organelles and proteins. During this phase, the cell also initiates the 

restructuring of its contents in preparation for mitosis.  

4. Mitotic (M) phase: During the M phase, the cell divides its copied DNA and 

cytoplasm resulting in the formation of two new daughter cells. 
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Figure 2.24: Four stages of the cell cycle (Panawala, 2019). 

Due to this natural cycling process, the cells display an asynchronous distribution 

along the cycle. This feature assists fractionated radiotherapy as it causes the cells to 

develop different radiosensitivities for the different cell-cycle phases. Evidence has 

shown that cells exhibit the greatest resistance to radiation during the S-phase, and 

most notably in the final period of the S-phase. In contrast, cells display the greatest 

levels of sensitivity during the G2 and the mitotic phase. It is during these latter two 

phases that the cell survival curves display a steeper slope and are, to a large degree, 

shoulderless (see Figure 2.25).  

 

  

Figure 2.25: Influence of the cell cycle stage on survival curves. Notable variations in survival are 

observed according to the cell cycle phase (Halperin et al., 2020). 
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The resistance in S phase is hypothesised to be attributed to the homologous 

recombination of the chromosomes. This process evolved as a consequence of the 

increase in the availability of unharmed sister templates in the S phase. Thus, this 

facilitates the adoption of a sister chromatid as a template for the faithful recreation of 

the damaged region and the accurate joining of the ends. The sensitivity in the G2 

phase potentially arises from the short period available for cells to repair radiation 

damage before continuing to divide. Furthermore, the time required for the completion 

of each of the four phases differs. Whilst the DNA synthesis phase takes 

approximately 8 h to complete, the time a cell takes to complete the mitotic phase is 

approximately 1 h, the G2-phase is 3 to 5 h and the remainder of the cell cycle, which 

consists of the G1-phase, is any period from as little as 6 to 12 h. Thus, the G1-phase 

shows the greatest degree of variability (Schaue and McBride, 2015). 

The exposure of an asynchronous population of cells (e.g., different phases during the 

cell cycles) to a large radiation dose, results in higher number of cells being damaged 

in the sensitive phases of the cell cycle compared to the resistant phases. Thus, the end 

result of such an exposure is the production of a cell population that is partially 

synchronised. These findings imply that the delivery of radiation doses in short time 

intervals will result in scenarios that may influence the total number of cells killed, 

and hence, adversely affect local tumour control. If the surviving cells have time to 

abandon their resistant phase to enter a more sensitive phase, then the impact of a 

subsequent radiotherapy dose would be more noticeable. This phenomenon is termed 

redistribution or reassortment (Chapman and Nahum, 2016). 
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Figure 2.26: Cell survival experiment on Chinese hamsters irradiated with two X-ray fractions 

over different time frames between two radiation doses. Survivors of the initial radiation dose are 

predominantly in the resistant (late S) stage of the cycle. If the period between radiation doses is 

approximately 6 h, then the resistant cells would progress to the more radiation sensitive G2 and 

M phases (Douglass, 2018). 

Notably, the redistribution of cells into the sensitive phases of the cycle is reliant on 

the capability of the cells to proliferate. For instance, the ordinary non-proliferating 

tissues, such as connective tissues and the spinal cord, might not be influenced. 

However, tissues undergoing rapid proliferation, such as tumours, can be more 

sensitised to redistribution.  

Thus, the discrepancy in cell sensitivity is a fundamental factor that must be 

considered for the delivery of radiation treatment. This is particularly beneficial in the 

delivery of fractionated doses of ionising radiation as it improves the probability of 

tumour cells entering a sensitive cell cycle at a certain stage during the treatment 

regimen, which leads to enhanced tumour cell kill (see Figure 2.26). 
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Chapter 3 Optimal tumour control for early-

stage non-small-cell lung cancer  

3.1 Introduction 

Radical surgery remains a treatment mainstay for early-stage NSCLC; however, many 

patients with NSCLC are not candidates for surgery due to comorbidities, such as 

cardiopulmonary dysfunction, stage I, II or chronic obstructive pulmonary disease or 

tumour size during stages III and IV (Hatton et al., 2016), or because they refuse 

surgery altogether. Consequently, curative external-beam radiotherapy is commonly 

regarded as an alternative therapeutic procedure for early-stage NSCLC (Din et al., 

2013). 

The conventional fractionation (CF) radiotherapy schedule, as proposed by the 

Radiation Therapy Oncology Group (RTOG), is 45–70 Gy and includes one treatment 

per day of 1.8–2.5 Gy per fraction over 6–8 weeks (Taremi et al., 2012). Notably, CF 

radiotherapy has historically been associated with poor local tumour control (35%, 

17% and 9% at one-, two- and three-year follow-ups, respectively) (Baumann et al., 

2011). Another fractionation scheme suggested by some institutions in the United 

Kingdom is continuous hyperfractionated accelerated radiotherapy (CHART), which 

prescribes radiation doses of 54 Gy via 1.5 Gy per fraction delivered 3 times per day. 

In the United Kingdom, CHART is recommended as the standard of care for patients 

undergoing a radiotherapy course for NSCLC. This fractionation scheme has the 

potential to improve local tumour control up to 66%, 40% and 20% at one-, two- and 

three-year follow-ups, respectively (Sanganalmath et al., 2018a). 
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In addition, improved survival and local tumour control can be attained using 

stereotactic ablative radiotherapy (SABR), a state-of-the-art technique that is 

considered the optimal treatment for patients with early-stage NSCLC for whom 

surgical procedures are not appropriate. Several studies and prospective phase II trials 

have confirmed that the rates of local tumour control are as high as 83–96% 

(Hamamoto et al., 2012, Andratschke et al., 2011, Takeda et al., 2009, Dunlap et al., 

2010, Kopek et al., 2009, Brown et al., 2009), significantly higher than the data 

reported for three-dimensional conformal radiation therapy (3D-CRT) and CHART. 

SABR is typically performed at a much greater dose per fraction than either 3D-CRT 

or CHART, and it has generated outstanding local tumour control in early-stage 

NSCLC (96%, 89% and 84% at one , two- and three-year follow-ups, respectively) 

(Hamamoto et al., 2012). The authors of the RTOG 0236 research study recommended 

that SABR can be regarded as the main therapeutic procedure for patients with early-

stage NSCLC (Baumann et al., 2011), and it can be argued that SABR is also 

preferable to surgery for most patients with early-stage NSCLC. 

However, from a radiobiology perspective, the application of the linear-quadratic (LQ) 

concept at such a high dose per fraction is controversial. Considerable debate exists in 

the literature regarding the accuracy of LQ-based tumour control probability (TCP) 

modelling for predicting the clinical outcomes encountered at high dose-per-fraction, 

such as for SABR treatment of NSCLC. For instance, Kirkpatrick et al. (2008) argued 

that the LQ model, which expresses the mechanism of the radiation’s interaction with 

and destruction of DNA, and therefore represents a fundamental component of the 

TCP model, may be inapplicable to radiation therapy protocols that employ a high 

dose per fraction.  A few authors have defended this view by stating that the 

eradication of tumours using hypofractionated radiotherapy protocols is determined 

by biological concepts (e.g., vascular and stromal damage) that are more qualitatively 

complex than those encountered with standard or hyperfractionated radiotherapy 

protocols. Therefore, these biological phenomena are not accounted for by the LQ 

model (Brown et al., 2014, Fuks and Kolesnick, 2005, Kocher et al., 2000).  
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Similar arguments were made by Park et al. (2012) who indicated that radiotherapy 

treatment courses that apply doses of more than 8.0 Gy/fraction are likely to produce 

significant vascular damage and injury to the intratumoural microenvironment, 

thereby leading to indirect tumour cell death; notably, this is not the case for the 

standard treatment of 2 Gy/fraction.  

In response, SABR proponents have argued that its efficacy is due to escalated tumour 

radiation doses that confer high local tumour control and that its toxicity is limited by 

the same biological phenomena established for lower radiotherapy fractionation 

schemes, such as those used for CHART and 3D-CRT; therefore, no new 

radiobiological concepts are required to describe SABR’s clinical outcomes (Brenner, 

2008, Brown et al., 2013). 

The number of clonogens in the tumours of interest is a fundamental input parameter 

for TCP modelling. Clonogenic cell density for solid tumours can vary widely, ranging 

from 105–109 cm-3 (Nahum et al., 2003). The exact value of this number for different 

tumour types is not known, nor is it understood how this number varies between 

tumours in different patients. Within this context, various radiobiological methods 

have been developed and introduced to calculate TCP (Alaswad et al., 2018, Walsh et 

al., 2016, Ruggieri et al., 2013, Ruggieri et al., 2010, Baker et al., 2015, Stavreva et 

al., 2019). However, much of this radiobiological research has assumed that the treated 

volume contains a fixed number of clonogenic cells, which is perceived as one of the 

major limitations of these models.  

Notably, a few researchers have indicated that the likelihood of clonogenic cell density 

decreases from the centre of the gross tumour volume (GTV) towards the edge and 

that these decreases also occur within the clinical target volume (CTV) (Giraud et al., 

2000, Chao et al., 2003). In these situations, lower clonogenic cell densities can be 

destroyed with a relatively lower radiation dose than is usually required to eliminate 

tumours, while a higher radiation dose would be required to eliminate a tumour with 

a higher clonogenic cell density. Following these plans, the optimal TCP and normal 

tissue complication probabilities can be attained.  
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Additionally, the ICRU report 71 provides a conceptual, theoretical framework (see 

Figure 3.1) to describe the variation of cancer cell density within the GTV and CTV 

(Gahbauer et al., 2004). For instance, Figure 3.1a exhibit a classical example of tumour 

definitions (see Section 1.4) of a sole GTV (dark red) and the corresponding CTV 

(light red).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Schematic illustration describes the discrepancy of cancer cell density within the GTV 

and CTV for four different clinical scenarios (Gahbauer et al. 2004). 
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In this clinical scenario, The GTV incorporates predominantly those regions of the 

malignant growth where the quantity of cancer density is the maximum 

(approximately 106 cells/mm3), but might have a slight degree of heterogeneous 

density distribution due to necrosis. Figure 3.1 demonstrates that the cancer cell 

density diminishes markedly between the border of the GTV (dark red) and the outer 

limit of the CTV (light red).  Nevertheless, the reduction pattern of the cancer density 

as a function of the distance has not been quantitatively established (Gahbauer et al., 

2004, Berthelsen et al., 2007, Barrett et al., 2009). 

The objectives of this chapter were fivefold: (1) to explore the accuracy of a 

mechanistic TCP model to describe the clinical outcomes of a broad spectrum of 

NSCLC fractionation schemes, such as standard fractionation, hyperfractionation and 

hypofractionation; (2) to determine whether SABR’s tumouricidal mechanisms are the 

same as those of 3D-CRT and CHART; (3) to examine the association between 

radiation dose prescription and TCP for NSCLCs; (4) to develop a new radiobiological 

approach for modelling clonogenic density, addressing the current limitations of TCP 

research in the literature by using a new mathematical approach; and (5) to introduce 

the concept of a GTV–CTV margin into the TCP model. 
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3.2 Methodology 

3.2.1 Patient eligibility 

TCP models were fitted to a list of early-stage NSCLC patient data collected from the 

literature. To identify studies that described clinical outcomes of early-stage NSCLC, 

a systematic review analysis was conducted using Google Scholar, PubMed and 

Science Direct databases (see Figure 3.2). This systematic review was conducted using 

the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 

guidelines (Moher et al., 2010). The search included papers that had been published 

or accepted for publication or that appeared as meeting abstracts between June 1989 

and September 2018.  

The full articles were accessed when their abstracts were deemed pertinent. The 

bibliographies of relevant publications were also explored to locate additional related 

studies. From each article, detailed clinical outcome information was extracted for 

model analysis and simulation; this information included the number of patients, the 

total dose, the number of fractions, the dose per fraction, the radiotherapy modality, 

the prescription dose and local tumour control. Further inclusion criteria were that 

patients had to have been treated using one of three external-beam radiation therapy 

approaches: 3D-CRT, SABR or CHART. The studies also had to report local tumour 

control details at one-, two- and three-year follow-ups. These inclusion criteria had 

previously been utilised in radiobiological modelling research conducted by Alaswad 

et al. (2019b).  

In the first phase of the systematic review, 2,034 published articles were identified 

across the three electronic databases, of which 1,910 remained after eliminating all 

duplicates. EndNote X8.2 software (Thomson Reuters, USA) was used to manage and 

sort the articles. The article titles and abstracts were then comprehensively screened 

for the inclusion criteria; 1,857 studies were determined to be ineligible, leaving 53 

articles that were relevant to the research question.  
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After assessing these full-length articles, 16 studies containing a total of 2,713 patients 

met the inclusion criteria. Articles were excluded for several reasons, including but 

not limited to imprecise descriptions of radiotherapy dosages or the lack of a detailed 

quantitative presentation of clinical outcomes. A PRISMA flow chart detailing the 

process of study identification, inclusion and exclusion is shown in Figure 3.2. Table 

3.1 summarises patient dosimetric characteristics and clinical outcomes. 

 

Figure 3.2: PRISMA flow diagram illustrating the various phases of the systematic review search 

and the study selection process. 
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Table 3.1:Published data on 2,713 patients with early-stage NSCLC treated by 3D-CRT, CHART 

or SABR, including their local tumour control rates. 

 

 

 

RT 

modality 

Patient 

cohorts 

References # of 

patients 

d/fraction 

(Gy) 

# of 

fractions 

1-year 

tumour 

control 

(%) 

2-year 

tumour 

control 

(%) 

3-year 

tumour 

control 

(%) 

3D-CRT 1 (Saunders et 

al., 1999) 

225 2.0 30 35.0 13.0 7.0 

3D-CRT 2 (Baumann et 

al., 2011) 

203 2.0 33 35.0 17.0 9.0 

3D-CRT 3 (Lagerwaard 

et al., 2002) 

104 2.0 35 70.0 40.0 31.0 

3D-CRT 4 (Kong et al., 

2005) 

56 2.1 32 44.0 34.0 29.0 

3D-CRT 5 (Kong et al., 

2005) 

32 2.1 38 73.0 47.0 35.0 

3D-CRT 6 (Kong et al., 

2005) 

18 2.1 46 76.0 50.0 49.0 

CHART 7 (Sanganalma

th et al., 

2018a) 

849 1.5 36 66.0 40.0 20.0 

CHART 8 (Hatton et 

al., 2016) 

23 1.5 36 65.3 39.0 20.0 

CHART 9 (Baumann et 

al., 2011) 

203 1.5 40 73.0 43.0 27.0 

CHART 10 (Din et al., 

2013) 

583 1.5 36 63.0 31.0 20.0 

SABR 11 (Andratschk

e et al., 

2011) 

92 9.0 5 89.0 83.0 83.0 

SABR 12 (Takeda et 

al., 2009) 

38 10.0 5 95.0 93.0 93.0 

SABR 13 (Hamamoto 

et al., 2012) 

128 12.0 5 96.0 89.0 84.0 

SABR 14 (Dunlap et 

al., 2010) 

40 14.0 3 90.0 88.0 85.0 

SABR 15 (Kopek et 

al., 2009) 

88 15.0 3 95.0 89.0 87.0 

SABR 16 (Brown et 

al., 2009) 

31 20.0 3 95.0 84.0 83.0 
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Some questions might be raised concerning the published clinical outcome data 

presented in Table 3.1. Is the dose escalation the central factor behind high local 

tumour control, or do alternative factors influence the clinical outcomes, such as 

patient selection and tumour size? Notably, in patients with NSCLC, recent evidence 

has proposed that tumour size is significantly correlated with local tumour control. 

(Chen et al., 2002).  

For instance, Bradley et al. (2002) examined 207 inoperable NSCLC patients treated 

with conventionally fractionated radiotherapy to classify particular prognostic factors 

associated with outcomes; their multivariate and univariate statistical analysis 

determined that tumour size was the most notable factor for predicting local tumour 

control.  

The research also discussed whether tumour size might be more critical than the TNM 

classification system (see Chapter 4), which is the standard scheme for determining 

operability. Moreover, additional modelling parameters, such as the radiotherapy 

modality, overall treatment time, radiotherapy dose prescription and dose per fraction, 

also influence the clinical outcome data presented in Table 3.1. 

3.2.2 TCP model description 

Several methods of modelling local tumour control have been previously introduced 

(Ruggieri et al., 2013, Ruggieri et al., 2010, Stavreva et al., 2019, Giraud et al., 2000, 

Chao et al., 2003, Alaswad et al., 2019b, Baker et al., 2015). One of the most popular 

is the LQ model combined with Poisson statistics, which proposes that local tumour 

control is only attained if no clonogens survive the delivered radiation dose. The LQ 

model in Equation 3.1 describes the surviving fraction of clonogenic cells, S(D), after 

exposure to a specific radiation dose D. This model has two essential features: (1) a 

linear component corresponding to nonrepairable single lesions produced by a single 

track of radiation; and (2) a quadratic component, which is produced by two separate 

radiation tracks, corresponding to double lesions that are repairable at low doses. The 

LQ model is mathematically defined by the following equation: 
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 𝐒(𝐃) =  𝐞𝐱𝐩[−𝛂𝐧𝐝 − 𝛃𝐧𝐝𝟐] (3.1) 

where S represents the surviving fraction, n is the number of fraction, d is the dose per 

fraction, D is the total dose delivered over the treatment course and α (Gy−1) and β 

(Gy−2) are the intrinsic radiosensitivity factors determining the initial slope and 

degree of curvature, respectively, of the fundamental cell survival curve as shown in 

Section 2.7.2. 

It is also necessary to include the effects of incomplete sublethal lesion repair when 

establishing a radiobiological model to predict local tumour control. This has been 

addressed by introducing an additional factor (h) into Equation 3.1. Thames examined 

the effect of sublethal lesion repair for a fractionated treatment and recommended that 

the modelling process employ the following formula (Thames, 1985): 

 
𝐡 = (

𝟐

𝐦
) (

𝛉

𝟏 − 𝛉
) (𝐦 −

𝟏 − 𝛉𝐦

𝟏 − 𝛉
) (3.2) 

where m is the number of fractions per day, 𝜃 = [−𝜏Δ𝑇], 𝜏 is the repair half-time and 

Δ𝑇 is the time between fractions. Accordingly, Equation 3.1 can be rewritten as: 

 𝐒(𝐃) = 𝐞𝐱𝐩[−𝛂𝐧𝐝 − 𝛃𝐧(𝟏 + 𝐡) 𝐝𝟐] (3.3) 

Clonogenic tumour cells can repopulate during the course of fractionated 

radiotherapy, thereby reducing treatment effectiveness. This effect may be 

incorporated into the LQ model by introducing a repopulation correction factor that 

depends on two main parameters: the treatment duration and the clonogenic doubling 

time. Accordingly, Equation 3.3 can be rewritten as: 

 𝐒 (𝐃) = 𝐞−𝐧(𝛂𝐝+𝐆𝛃𝐝𝟐)+𝛄(𝐓𝟎−𝐓𝐝𝐞𝐥) (3.4) 

where 𝑇0is the overall radiation treatment time, Tdel is the delay time up to the onset 

of accelerated proliferation and 𝛾 is the accelerated repopulation time factor. The γ 

factor used in this study was 0.693/Tpot, with Tpot being the potential doubling time. 

The values of Tdel and Tpot were 28 days and 5 days, respectively, which are consistent 

with the observed clinical data reported (Mehta et al., 2001, Griffin, 2006). 
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The idea of local tumour control evolved from an assumption that tumour control 

could only be attained if no clonogens survived after the radiation dose was delivered. 

TCP is defined by Equation 3.5, in which N0 is the inceptive clonogen number and 

S(D) represents LQ cell survival: 

 𝐓𝐂𝐏 = 𝐞𝐱𝐩[(−𝐍𝟎𝐒(𝐃))] (3.5) 

These TCP models were revised to include a normal distribution of the radiosensitivity 

parameters α, β, 𝜎𝛼 and 𝜎𝛽 for a particular population utilising a cumulative density 

function, which allowed the model to be determined for a Gaussian-distributed range 

of radiosensitivities (Walsh et al., 2016, Alaswad et al., 2019b, Walsh and Putten, 

2013).  

The TCP models make two assumptions: 1) that the radiosensitivity components α and 

β are distributed normally with standard deviations 𝜎𝛼 and 𝜎𝛽; and 2) that the 

components are independent among the lung tumours that comprise the population 

described by the following equation: 

 
TCP = 

𝟏

𝟐𝛑𝛔𝛂𝛔𝛃
∬(𝐞𝐱𝐩[−𝐍𝟎𝐒(𝐃)]) × 𝐞𝐱𝐩 [

−(𝛂−�̅�)𝟐

𝟐𝛔
𝛂𝟐

−
(𝛃−�̅�)

𝟐

𝟐𝛔
𝛃𝟐

] 𝐝𝛂𝐝𝛃 (3.6) 

However, this integral can be estimated only through numerical methods and cannot 

be evaluated analytically; therefore, the present study used the following approach: 

 
𝐓𝐂𝐏 =  (

𝟏

𝐊
) ∑ (𝐞𝐱𝐩[(−𝐍𝟎𝐒(𝐃)𝐢]

𝐤

𝐢=𝟏
 (3.7) 

where K represents a patient cluster with a distinctive radiosensitivity (see Figure 3.3). 
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Figure 3.3: Determination of sample size: As the sample size K increases, initially the percentage 

difference in TCP is seen to vary substantially (1 – 𝟏 × 𝟏𝟎𝟐); this fluctuation in TCP then begins 

to diminish considerably (𝟏 × 𝟏𝟎𝟑 – 𝟏 × 𝟏𝟎𝟔). The inset plot depicts the smallest observed 

fluctuation in the TCP outcomes (± 0.7). The TCP in this example was computed using Baumann 

et al. (2011) data, which comprised 203 patients treated with a total dose of 66 Gy, yielding a 2-

year TCP of 26.4%. 
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Since the model was analytically intractable and the standard fitting methods were 

inappropriate, the TCP models were, therefore, fitted by employing the Nelder-Mead 

(NM) simplex algorithm (Nelder and Mead, 1965). The NM simplex algorithm is a 

derivative-free approach used in nonlinear continuous optimisation problems that 

provides a robust approach in determining a function’s local minimum with various 

variables (Lind and Brahme, 2007).  

With respect to the TCP model in this study, the variables are α, β, σα and σβ. Several 

initial estimates based on the known plausible ranges of radiosensitivity were used for 

the model simulations. These initial guesses were based on the radiosensitivity ranges 

that have been previously reported in the literature (Nahum, 2015, Park et al., 2008, 

Uzan and Nahum, 2012).  

In the NM simplex algorithm, the simplex consists of a polyhedron within n + 1 

vertices of the n-dimensional search space—that is, the number of points (vertices) is 

equal to one more than the number of dimensions in the search space.  

For four variables (α, β, 𝜎𝛼 and 𝜎𝛽), a simplex consists of a pentachoron with a pattern 

search comparing function values at the five points of the pentachoron. In each 

iteration, the highest objective function value (known as the worst vertex) is removed 

and substituted with a new vertex (known as the best vertex). This procedure produces 

a series of pentachorons with the function values at the points decreasing continuously.  

The iterations are repeated to minimise the objective function through reflection, 

expansion, shrinkage and contraction. By iterating this procedure, the NM simplex 

algorithm determines the best solution.  

Accordingly, this algorithm was used to minimise the mean squared error (MSE) that 

was yielded by the TCP model, which was weighted statistically to the number of 

patients for each dataset to avoid bias. The optimum TCP fit is that which produces 

the highest weighted coefficient of determination (R2) and the lowest weighted mean 

squared error (wMSE). 
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In this part of the model, the GTV was considered to have a uniform clonogenic cell 

distribution. Furthermore, the clonogenic density was set at 107 cm–3 in accordance 

with a study reported by Webb (1994) and Baker et al. (2015), who found that this 

value was the best fit for the clinical data for NSCLC. Equation 3.8 was used to 

calculate the initial number of clonogens as proposed by Webb and Nahum (1993): 

 N0 = GTV × Pclonogens (3.8) 

In addition, GTV volumes can vary between cancer stages and even between 

individuals in the same stage (Saunders et al., 1999). For the selected 3D-CRT and 

CHART studies (see Table 3.1), the majority of the patients were diagnosed with stage 

II or III NSCLC. Among these, one phase I randomised trial compared the clinical 

outcomes of patients diagnosed with stage II and III NSCLC who were treated with 

either 3D-CRT or CHART; it reported a mean GTV of 85 cm3 (Hatton et al., 2016).  

Accordingly, a mean GTV of 85 cm3 was used in the present study as the input tumour 

size parameter for the TCP simulation for patients receiving either CHART or 3D-

CRT. However, the included studies that used SABR primarily focused on stage I 

NSCLC with a mean GTV of 45 cm3; this value was, therefore, used as the input 

tumour size parameter for the SABR TCP model in the present study (Table 3.1). 

Cancer cells’ response to ionising radiation depends strongly on oxygen, which 

mediates the indirect influences of ionising radiation and causes cell death; cells 

become more radioresistant under hypoxic conditions. This hypoxic effect was 

incorporated into the LQ model using an oxygen enhancement ratio (OER)—i.e., the 

ratio of doses needed to produce the same biological effect for hypoxic and oxic 

conditions: 

 
𝐒 = 𝐞𝐱𝐩 (−

𝛂

𝐎𝐄𝐑
𝐝 −

𝛃

𝐎𝐄𝐑𝟐
𝐝𝟐) 

(3.9) 
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Within this context, the radiosensitivity parameters α and β depend on partial oxygen 

pressure, as determined by the OER. Typically, a tumour’s OER value is 1.75; 

however, it has been reported as 2.8 for NSCLCs (Brown et al., 2010). Furthermore, 

research has established the proportion of clonogens defined as hypoxic and oxic to 

be 20% and 80%, respectively (Lindblom et al., 2014), and this was also incorporated 

into the model. 

3.2.3 Modelling clonogenic cell density 

Two computational radiobiological models were developed in MATLAB to study the 

effects of varying clonogenic density distributions on local tumour control. To the best 

of our knowledge, no previous study has attempted to model this effect using the new 

approach described in sections 3.2.3.1 and 3.2.3.2. The same 16 patient cohorts 

described in Table 3.1 were used to study the effects of clonogenic cell density 

variations on TCP. Since the central goal of this part of the study was to determine the 

effect of different clonogenic cell densities on TCPs, only two-year tumour control 

data were selected to model this effect. These proposed approaches are described in 

the following subsections. 

3.2.3.1 Modelling clonogenic density decay in the GTV–CTV 

margin 

This first approach sought to investigate a realistic scenario in which the clonogenic 

cell density inside the GTV remained constant but decreased within the GTV–CTV 

margins (Gahbauer et al., 2004). This approach assumed that the entire GTV had a 

constant and uniform clonogenic cell density of 10⁷ cm–3. However, the CTV was set 

to have a clonogenic cell density equal to 10⁷ cm–3 at the inner edge, decaying to 10⁰ 

cm–3 at the outer edge, following a Gaussian distribution (see Equation 3.10). 

 

𝐲 = ∑ 𝐍𝟎𝐢
𝐞

[−(
𝐫−𝐛𝐢

𝐜𝐢
)

𝟐

]
𝐧

𝐢=𝟏

 (3.10) 
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Here, N0 is the clonogenic cell density, b is the centroid (location) and c is the decay 

peak width of the Gaussian decay distribution. The values used for N0, b and c were 

107 cm–3, 0 and 0.9, respectively. In addition, r was the range of values (3.0–3.5 cm) 

that represented the GTV–CTV margin and that determined the fall-off of clonogenic 

cell density within the GTV–CTV margin. 

For this approach, n = 40 segments were used, and additional geometric information 

about the value of the GTV–CTV margin was coded into the computational model, 

which was considered to be 5 mm, as illustrated in Figure 3.4A. The dose per fraction 

was also varied in the same manner as clonogenic cell density to determine the value 

for each segment. For instance, the prescribed radiation dose was held constant inside 

the GTV to match the constant clonogenic cell density and then decreased throughout 

the GTV–CTV margin, following the Gaussian decay (see Figure 3.4A). Equation 

3.10 was also modified slightly to model the decay of the dose distribution: 

 

𝐲 = ∑ 𝐝𝐢𝐞
[−(

𝐫−𝐛𝐢
𝐜𝐢

)
𝟐

]
𝐧

𝐢=𝟏

 (3.11) 

where d is the dose per fraction and r determines the radiation dose fall-off within the 

GTV–CTV margin. The values of the Gaussian parameters b and c were 0 and 5, 

respectively. 
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Figure 3.4:Proposed methods for modelling clonogenic cell density. (A) Illustrates the clonogenic 

cell density variations across the GTV and CTV. This model also introduces the concept of the 

GTV–CTV margin into the TCP. (B) Displays how the model functions as a numerical 

approximation for a nonuniform clonogenic cell density distribution and nonuniform dose-per-

fraction distribution. 
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3.2.3.2 Modelling clonogenic density decay across whole-

tumour volume 

The second approach modelled a half-Gaussian clonogenic distribution from the 

centre of the GTV. This approach did not attempt to replicate a tumour in a practical 

sense; rather, its focus was solely on the computational model, and it sought to 

investigate the sensitivity of varying both the doses and clonogenic cell densities and 

their interactions in local tumour control by using both Equations 3.10 and 3.11. 

 The goal was to deliver a high radiation dose to areas of high clonogenic cell density 

and a low radiation dose to areas of low clonogenic cell density—in other words, to 

maximise the dose delivered to high densities and minimise the radiation to low 

densities. Additional geometric information (such as GTV–CTV margins) was no 

longer required since the distribution functions would alter clonogenic cell density, 

and hence, the dose per fraction across all segments, as displayed in Figure 3.4B. 

3.2.4 Internal validation 

To create a TCP model with an excellent reproducibility and generalization 

performance, one must have a sensible validation procedure. This step is crucial for 

the reliability and robustness of the TCP model. Diverse frameworks for validating 

predictive models have been proposed in the literature.  

The two most common validation procedures are external and internal validations, 

where the former is based on test data from a different but ‘plausibly related’ 

population and the latter is based on test data from the same population (Steyerberg 

and Harrell, 2016, Steyerberg et al., 2003). 

Jackknife, bootstrapping, split-sampling, and cross-validation methods are classified 

as internal validation approaches because the performance is measured using patients 

from the model’s derivation set only (Zuo et al., 2010).  
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Of greater relevance is external validation, where the performance accuracy of the 

model is addressed and examined in independent samples to evaluate the reliability 

and transportability of the established model.  

The historical, geographic, methodologic, spectrum, and interval methods can all be 

classified as external validation approaches (Labarere et al., 2014). Unfortunately, 

validation of a TCP model remains very uncommon and, to the best of our knowledge, 

measurements of TCP model performance in a systematic procedure have not yet been 

taken or studied in the literature. 

A bootstrap resampling approach was employed to internally validate and verify the 

robustness of the TCP models. This approach assumed that an appropriate new dataset 

using the same population could be generated by randomly sampling the initial dataset 

and combining it with a ‘replicate’ bootstrap dataset (see Figure 3.5).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Schematic illustration describes the bootstrap validation process. 
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The points to be used were selected ‘with replacement’, indicating that a specific point 

could be selected repeatedly or not at all for a particular bootstrap sample (Efron, 

1992). The internal validation procedure was performed by randomly generating 2000 

bootstrap samples; each sample consisted of 16 data points, which were selected with 

replacement. Both R2 and RMSE were estimated using bootstrap resampling, with 

their 95% confidence intervals (CIs) then determined with bias-corrected and 

accelerated (BCa) percentile intervals.  
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3.3 Results 

3.3.1 Prediction of clinical outcomes: LQ-based statistical TCP 

model 

The TCP models expressed a strong positive linear relationship between the 

literature’s reported local tumour control and the estimated TCP outcomes. Figures 

3.6A, 3.6B and 3.6C show the correlation coefficient R2 of statistical tests between the 

estimated TCPs corresponding to each radiotherapy modality listed in Table 3.1 (3D-

CRT, CHART and SABR). The statistical analysis resulted in tumour control rates of 

R2 = 0.96 and wRMSE = 3.9% at the first-year follow-up, R2 = 0.96 and wRMSE = 

5.2% at the second-year follow-up and R2 = 0.97 and wRMSE = 5.9% at the third-year 

follow-up; all p-values were <0.05.  

Table 3.2 summarises the model’s predictions of the TCPs for one-year, two-year and 

three-year local tumour control rates. For patients who received SABR, TCPs were as 

high as 98.0%, 95.9% and 93.0% at one, two- and three-year local tumour control 

rates, respectively, with a biologically effective dose (BED) of ≥85.5 Gy. In contrast, 

the best TCPs for patients in the CHART subgroup were 83.5%, 44.1% and 28.5% at 

the first-, second- and third-year follow-ups, respectively, with a BED of ≤69.0 Gy. 

Contrary to the 3D-CRT results, poor local tumour control rates—and hence, low 

TCPs—were produced by the TCP model (see Figures 3.6A, 3.6B, 3.6C, Table 3.1 

and Table 3.2). 

The results obtained from the residuals analysis of the TCP model are summarised in 

Figures 3.6D, 3.6E and 3.6F. This statistical test demonstrated that the TCP model 

yielded minimum and maximum residuals of 0.1% and -12%, respectively. 
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Figure 3.6: Accuracy of the TCP models. The accuracy of TCP models was quantitatively assessed 

by employing a residuals analysis and determining the goodness of fit. Displayed here are the 

linear regression (A, B & C) graphs for 3D-CRT (green circles), CHART (blue circles) and SABR 

(black circles), with 95% confidence bounds. Each dataset was statistically weighted and scaled 

based on the number of patients in each group. 
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Table 3.2: Summary of TCP predictions for one-year, two-year and three-year local tumour 

control rates for one-year, two-year and three-year local tumour control rates. 

 

 

 

 

 

 

 

 

 

 

 

RT 

modality 

Patient 

cohorts 

1-year 

reported 

TCP 

(%) 

1-

year 

TCP 

(%) 

Diff 

(%) 

2-year 

reported 

TCP 

(%) 

2-

year 

TCP 

(%) 

Diff 

(%) 

3-year 

reported 

TCP 

(%) 

3-

year 

TCP 

(%) 

Diff 

(%) 

3D-CRT 1 35 29.5 5.5 13 18.2 -5.2 7 11.1 -4.1 

3D-CRT 2 35 38.6 -3.6 17 26.4 -9.4 9 18.5 -9.5 

3D-CRT 3 55 52.9 2.1 40 32 8 31 24 7 

3D-CRT 4 44 46.3 -2.3 34 28.5 5.5 29 20.2 8.8 

3D-CRT 5 73 70.1 2.9 47 44.7 2.3 35 37.5 -2.5 

3D-CRT 6 76 81.2 -5.2 50 54.6 -4.6 49 49.7 -0.7 

CHART 7 66 63.4 2.6 40 36 4 20 13.4 6.6 

CHART 8 65.3 63.4 1.9 39 36 3 20 13.4 6.6 

CHART 9 73 83.5 -

10.5 

43 44.1 -1.1 27 28.5 -1.5 

CHART 10 63 63.4 -0.4 33 35.9 -2.9 20 13.4 6.6 

SABR 11 89 89.8 -0.8 83 86.7 -3.7 83 83.7 -0.7 

SABR 12 95 95.1 -0.1 93 91.4 1.6 93 90.9 2.1 

SABR 13 96 98 -2 92 95.9 -3.9 84 93.3 -9.3 

SABR 14 90 89.5 0.5 88 82 6 85 81.5 3.5 

SABR 15 95 92.5 2.5 89 86.3 2.7 87 84 3 

SABR 16 95 96.8 -1.8 86.8 93 -6.2 83.8 88.6 -4.8 
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Figure 3.7 displays the global minimum solution of the initial guess of the radio 

sensitivity components α and β and their standard deviations σαand σβ, as produced 

by the NM simplex algorithm, for the 3D-CRT, CHART and SABR clinical outcome 

data for early-stage NSCLC. Additionally, the derived α/β values were 11.2 Gy ± 2.5 

Gy, 10.6 Gy ± 1.5 Gy and 9.2 Gy ± 2.3 Gy for the one-, two- and three-year local 

tumour control rates, respectively. 
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Figure 3.7: The radiosensitivity solutions produced by the NM algorithm for each dataset. The 

error bars represent σα and σβ. 

3.3.2 Modelling clonogenic density decay in the GTV–CTV margins 

Figure 3.8 shows the results of the half-Gaussian clonogenic cell density decay and 

half-Gaussian dose-per-fraction fall-off in the GTV–CTV margins, with constant 

values for the clonogenic cell density and dose per fraction in the GTV for all of the 

16 patient cohorts described in Table 3.1. For the region inside the GTV, all the graphs 

had a constant TCP inside the GTV, which was expected since both the clonogenic 

cell density and dose per fraction were constant. In the GTV–CTV margins, 

clonogenic cell density varied from 107 cm⁻3 to 100 cm⁻3 (see Figure 3.8A).  

The dose per fraction was reduced to 40% of the maximum value for all cohorts (see 

Figure 3.8B). Importantly, a relatively flat TCP was obtained in the GTV–CTV margin 

with a lower radiation dose, as displayed in Figure 3.7C. 
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Figure 3.8: Results of clonogenic cell density variations across a GTV–CTV margin of 5 mm. Both 

the dose per fraction (A) and clonogenic cell density (B) were constant throughout the GTV and 

fell off along a half-Gaussian decay across the GTV–CTV margin. A flat TCP was achieved across 

the treatment volume (C). 
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3.3.3 Modelling clonogenic density decay across the whole-tumour 

volume 

 

 

 

 

 

Figure 3.9: Four cohorts of patients modelled in parallel for two years post local-control 

treatment. Both the dose per fraction and clonogenic cell density varied along a half-Gaussian 

decay. 
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Appendix B.1 shows the results obtained using the approach described in section 

3.2.3.2, as applied to the 16 patient cohorts outlined in Table 3.1 and with a clonogenic 

cell density distribution and dose-per-fraction distribution of a half-Gaussian decay. 

Figure 3.9 shows the results for four cohorts of patients: one 3D-CRT cohort, one 

CHART cohort and two SABR cohorts. It is immediately apparent that there is now a 

total of six graphs for each particular combination of cell density and dose distribution, 

corresponding to a graph for the dose-per-fraction profile, a graph for the clonogenic 

cell density profile, and separate graphs for each of the four patient cohorts. The dose 

per fraction was reduced to 40% of the maximum value for all cohorts, and clonogenic 

cell density varied from 1×10⁷ cm–3 to 10⁰ cm–3 at the outer edge of the treated volume. 

It is evident that values of high clonogenic cell density and low doses per fraction (the 

lower right side of Figures 3.9C, 3.9D, 3.9E and 3.9F) produced poorly predicted TCP 

values. Likewise, for the values of low clonogenic cell density and high doses per 

fraction (the upper left side of Figures 3.9C, 3.9D, 3.9E and 3.9F), the predicted TCP 

values were very high. 

3.3.4 Internal validation 

Figure 3.10 depicts the bootstrap results that were generated using 2,000 bootstrap 

resamplings of the original dataset (training set). The histogram shows the variation 

of the correlation coefficients (Figures 3.10A, 3.10B and 3.10C) and the RMSEs 

(Figures 3.10D, 3.10E and 3.10F) across all of the bootstrap samples. The mean and 

the 95% confidence interval (CI) of the correlation coefficients (R2) and the RMSEs 

of the local TCP in these 2,000 samples with different clinical endpoints were as 

follows: one-year local tumour control, R2 = 0.98 (95% CI = 0.93–0.99) and RMSE = 

3.9 (95% CI = 2.6–6.3); two-year local tumour control, R2 = 0.98 (95% CI = 0.95–

0.99) and RMSE = 5.0 (95% CI = 4.0–6.3); and three-year local tumour control, R2 = 

0.98 (95% CI = 0.96–0.99) and RMSE = 5.5 (95% CI = 4.2–7.5). 
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Figure 3.10: Histogram of 2,000 bootstrap samples on R2 (A, B and C) and RMSE (D, E and F) 

for the one-, two- and three-year TCP model outcomes. These bootstrapping results were 

produced by resampling from the training set of 16 patient cohorts. The red broken vertical line 

indicates the boundaries of the bootstrap’s 95% confidence interval, the green broken vertical 

line indicates the bootstrap sample mean, the blue broken vertical line indicates the R2 value of 

the training set and the black broken vertical line indicates the RMSE value of the training set 

RMSE. The bootstrap histogram distribution of R2 for all clinical endpoints is skewed to the left 

(negatively skewed histogram). 
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3.4 Discussion 

This study used clinical data from 16 published reports on early-stage NSCLC (see 

Table 3.1) to establish a TCP model. An LQ-based TCP model was found to provide 

an adequate estimate of local tumour control for early-stage NSCLC even though the 

LQ model’s applicability in predicting local tumour control in hypofractionated 

radiotherapy regimens, such as SABR, has been a controversial and much-disputed 

subject within the field of radiobiology. Researchers have argued that SABR is 

characterised by markedly different radiobiology compared to conventional dose 

fractionation (Brown et al., 2014, Fuks and Kolesnick, 2005). 

 Moreover, a number of authors have argued that LQ-based TCP modelling 

underestimates SABR’s local tumour control because it does not take into account 

collateral cell death and vascular damage (Kirkpatrick et al., 2008). High-dose 

radiotherapy directly damages DNA and produces simultaneous indirect effects, such 

as out-of-field tumour responses with abscopal and bystander effects. In these 

situations, antitumour immunity and immune-based tumour death can be triggered by 

cell signals, such as apoptosis, necrosis and necroptosis (Sologuren et al., 2014). 

However, no reliable evidence has been provided to support any of these arguments. 

In fact, previous radiobiological modelling approaches (Alaswad et al., 2018, Alaswad 

et al., 2019b, Baker et al., 2015), as well as the current study (Alaswad et al., 2019a), 

have demonstrated that local tumour control in fractionated SABR of early-stage 

NSCLC is adequately modelled by extending the classic LQ formula to include the 

effects of hypoxia, tumour repopulation and the repair of sublethal damage.  

To the best of our knowledge, however, the present study is the first TCP model for 

early-stage NSCLC that has combined all three of these parameters. The TCP model 

used here accurately estimated local tumour control one, two and three years post-

treatment for early-stage NSCLC patients who received either 3D-CRT, CHART or 

SABR.  
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The model’s statistical analysis expressed a strong positive linear relationship between 

the reported local tumour control and the predicted TCP outcomes. The model’s results 

were strongly significant in both the fitted training datasets and the validated datasets 

(internal validation) and therefore provide a measure of confidence in the robustness 

of the current radiobiological models among the wide range of fractionation schemes 

and treatment modalities. 

Some questions might be raised about the outcomes of the TCP model’s statistical 

analysis. Is the dose escalation the main factor behind high local tumour control, or do 

other factors influence TCP, such as tumour size and patient selection? In patients with 

NSCLC, recent evidence has suggested that GTV is significantly associated with local 

tumour control (Chen et al., 2002). For instance, Bradley et al. (2002) analysed 207 

inoperable NSCLC patients treated with 3D-CRT to classify particular prognostic 

factors related to outcomes with 3D-CRT; their univariate and multivariate results 

indicated that GTV was the most significant factor for predicting local tumour control. 

The study also raised the question of whether GTV size might be more crucial than 

the tumour, node and metastasis (TNM) staging system (see Chapter 4), which is the 

conventional approach for determining operability. 

In another major study, 106 patients with newly diagnosed or recurrent stage I–III 

NSCLC were treated with 63–103 Gy in 2.1-Gy fractions, using 3D-CRT 

radiotherapy; the researchers found that tumour volume had no significant influence 

on local tumour control (Kong et al., 2005). Moreover, when both the total radiation 

dose and GTV were incorporated into a Cox statistical analysis for local disease 

control and survival, only the total prescribed radiation doses were significant, and the 

treated tumour volume became less pronounced.  

This suggests that radiation dose is a more robust predictor for local tumour control 

than GTV. In the present study, the majority of the collected patient data was related 

to early-stage NSCLC; therefore, patient selection and tumour size were not the main 

reasons for the markedly different levels of local tumour control. 
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A number of published studies have described the efficacy of escalating radiation 

doses for medically inoperable early-stage NSCLC. These studies have suggested that 

higher radiation doses provide better local tumour control and increase overall 

survival. Both TCP and clinical outcomes (Figures 3.6A, 3.6B, 3.6C, Table 3.1 and 

Table 3.2) have demonstrated that reducing the overall treatment time—typically an 

attempt to minimise the influence of the accelerated repopulation of cancer cells—

played a crucial part in attaining an enhanced level of tumour control for NSCLC. In 

addition, increasing the treatment fractions may extend the total treatment time by 

more than three weeks, reaching the clonogen proliferation time zone (see Section 

2.11) and ultimately causing a loss of local tumour control (Fowler, 2001).  

Accordingly, CHART and SABR were superior to 3D-CRT in producing an improved 

level of TCP. Furthermore, fractionation schemes that were completed in fewer than 

28 days showed only a small amount of repopulation, and the repopulation correction 

factor was therefore omitted for the subgroups of patients who received CHART or 

SABR. However, for treatment schemes that extended for more than 28 days, such as 

3D-CRT, accelerated repopulation of the clonogenic cells is anticipated to occur for 

the remaining period of the treatment schedule, and this effect was therefore accounted 

for and modelled for the 3D-CRT data. 

SABR is based on a philosophy that is distinct from other radiation therapy modalities 

because it utilises extremely high doses over just a few days (see Table 3.1). It is 

considered standard in radiotherapy that delivering focused high doses of radiation 

destroys the maximum number of clonogenic cells and therefore achieves optimal 

TCP. However, the increased probability of complications in normal tissues restricts 

the use of high radiation doses.  

It is known that, in NSCLC, clonogenic cell density is lower at the periphery than in 

the centre of the GTV. However, previous studies of TCP models have not taken these 

variations into account, and few quantitative analyses have measured the actual 

number of clonogenic cells in NSCLC.  
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To the best of our knowledge, only one study has attempted to measure the actual 

number of clonogens: that of Baker and Sanger (1991), who attempted to determine 

the clonogenic cell density in human tumours and found it to be approximately 1.12 × 

105 cm–3.  

The present study found that clonogenic cell density (see Figure 3.8C) exhibited a 

spike towards 100% TCP at the very periphery of the CTV; this is because, by 

definition, the CTV should have a clonogenic cell density of 0 at its outer edge. This 

is a good indication that the processes of clonogenic cell density segmentation and 

dose distribution segmentation did not adversely affect the outcomes of the model.  

Moreover, the model indicated that there was a sigmoidal relationship between the 

dose per fraction and the predicted TCP (see Figures 3.9C, 3.9D, 3.9E and 3.9F). This 

can be considered a proof of concept, since it is consistent with the theory of Strigari 

et al. (2008) that plotting the dose per fraction against the TCP is analogous to Figures 

3.9C, 3.9D, 3.9E and 3.9F, and it adds detail to the therapeutic index provided by 

Strigari et al. (2008). 

Accurate clinical outcome predictions can offer oncologists more reliable tools to 

enhance their decision making when balancing predicted benefits versus expected risk. 

As shown in this study, the established mechanistic TCP population model can 

sufficiently describe the clinical outcomes of early-stage NSCLC. However, local 

tumour control is determined by a complicated interplay between radiation dosimetry, 

tumour biology, tumour microenvironment and patient-related variables. These factors 

present a challenge in establishing a prognostic model for routine clinical practice.  

Additionally, the TCP model has only been designed to predict population-level 

clinical outcomes, not individual-level clinical outcomes. Although the model could, 

theoretically, predict both individual- and population-level clinical outcomes, the 

precise voxel information for each individual (e.g., dose distribution, clonogenic 

distribution, intratumour radiosensitivity, etc.) would be required, and this is a 

significant limitation of TCP models. 
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Another major source of uncertainty in radiobiological modelling is associated with 

the accurate determination of the radiosensitivity parameters α, β, σα and σβ. Data 

from several sources have shown high heterogeneity in reporting α and β values 

(Vernimmen and Slabbert, 2010, Williams et al., 2007, Datta et al., 2005, Qi et al., 

2011, Pos et al., 2006), indicating that α and β values can vary considerably between 

tumour sites and may even fluctuate between individuals. For NSCLC, a wide range 

of (α/β) values (2.2–12.6) has been reported in the literature (Van Leeuwen et al., 

2018, Santiago et al., 2016, Stuschke and Pöttgen, 2010).  

Measurements of α, β, 𝜎𝛼 and 𝜎𝛽 can be performed in vitro in tumour cell lines or can 

be derived from clinical radiotherapy outcome data. In the current study, the 

radiosensitivity parameters were estimated by fitting the TCP to a broad spectrum of 

radiotherapy schedules using the NM simplex algorithm. The outcomes of the models 

showed that the actual values of (α/β) can vary from 7–14 Gy depending on the, 

clinical outcomes, radiotherapy modalities and the fractionation schedules (see Figure 

3.6). 

Other factors believed to influence tumour response to radiation doses (such as cell 

cycling, tumour spatial heterogeneity, uncertainty associated with the delivery of 

radiation doses and interaction with the immune system) were not taken into account 

in this study. These variables play a role in determining clinical outcomes and remain 

a challenge to quantify and address with a modelling approach.  

Importantly, recent advances in radiotherapy (such as image-guided radiation therapy 

[IGRT], SABR, MRI-Linac and proton therapy) have improved the dosimetric 

uncertainties associated with treatment delivery (Yamamoto et al., 2018, Bendall et 

al., 2018, Gomez et al., 2018, Astaraki et al., 2019). However, such advances cannot 

entirely overcome the biological uncertainties. A good example of this is that the 

actual clonogenic density distribution of human tumours remains explicitly unknown, 

despite the tremendous recent developments in molecular imaging modalities.  
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For instance, positron emission tomography (PET) resolution is limited to 5 mm 

(Lazzeroni et al., 2018); microscopic diseases are considerably smaller than this, 

making the accurate determination of clonogenic density impossible. From a 

biological perspective, this issue remains one of the most significant gaps in the 

literature, and both physicists and radiobiologists, among other professionals in the 

radiation oncology community, must work together to resolve it. 

In conclusion, this chapter sought to establish a mechanistic local TCP model that 

could describe clinical outcomes of early-stage NSCLC. The findings suggest that the 

TCP model is appropriate for the analysis and evaluation of radiotherapy treatment 

plans with respect to one-, two- and three-year local tumour control through 3D-CRT, 

CHART and SABR. However, the present findings are subject to several complex 

radiobiological and physical limitations that must be taken into account.   
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Chapter 4 Comparison of the T descriptor of 

the 7th and 8th editions of the TNM staging 

system for non-small-cell lung cancer after 

radiotherapy 

4.1 Introduction 

The primary factors considered in making medical oncology treatment decisions, as 

well as in predicting prognoses and outcome assessments, remain the disease type and 

extent, which are indicated by a cancer stage grouping based on the tumour, node, 

metastasis (TNM) classification. A large and growing body of literature has described 

alternative secondary prognostic determinants that might influence treatment 

decisions, local tumour control and overall survival; these determinants include 

gender, age, tumour histology and treatment type (Pinto et al., 2018, Urvay et al., 2016, 

Hirsch et al., 2008, Socinski et al., 2003).  

Nevertheless, the TNM staging system retains greater influence and remains the most 

common primary indicator (Chansky et al., 2009).The TNM distribution scheme plays 

a vital role in standardising representations of the anatomical extent of solid malignant 

tumours (see Table 4.1).  
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Table 4.1 : Published definitions for primary tumour of NSCLC according to the T descriptors 

of the 7th and 8th editions (Goldstraw et al. 2016, Goldstraw et al. 2007). 
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In addition, the use of this scheme facilitates patient distribution into stage groups to 

differentiate those patients who are surgical candidates, either initially or after chemo-

radiotherapy, from those who will be treated radically and from those requiring 

palliation. Of particular note, although the TNM classification provides guidelines for 

the standardisation of stage groups, it still allows for substantial variations in the 

overall survival and for the heterogeneity of the patient population within a single 

group (Goldstraw et al., 2007).  

The Union for International Cancer Control (UICC) was established to update the 

TNM classification scheme as more data become available. Recently, major changes 

have occurred in the staging, diagnosis and treatment of lung cancer. The 8th edition 

of the TNM staging system was released in 2017 in an effort to improve the prognostic 

accuracy of patients with non-small cell lung cancer (NSCLC) and diminish or 

eliminate heterogeneity within each stage group (see Table 4.1 and Figure 4.1) 

(Detterbeck et al., 2017).  

 

Figure 4.1: Displays a typical example of fused PET-CT image exhibiting a 5-cm obstructing 

tumour in the right hilum. This categorised as a T2 tumour in accordance with the newly 

proposed 8th edition TNM guidelines, and previously have reportedly been as a T3 in accordance 

with the previous 7th TNM schema (Lim et al., 2018).   
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The 8th TNM has analysed a total of 77,156 patients, including 70,967 (92%) NSCLC 

patients (Goldstraw et al., 2016). This current advanced staging system has instituted 

important modifications in the T category, M category and stage grouping. In relation 

to the T descriptor, the T1 and T2 categories now consist of subcategories 

differentiated by 10 mm intervals (see Figures 4.2A and 4.2B) , and the current edition 

relies more heavily on tumour size for classification compared with the 7th edition 

(Vallieres et al., 2009).  

For instance, T1 is now sub-classified based on tumour size into (a) T1a (<10 mm), 

(b) T1b (>10 mm to 20 mm) and (c) T1c (>20 mm to 30 mm), which correspond to 

the three new stage subgroups in patients without lymph node involvement (stages 

IA1, IA2 and IA3) as exhibited in Figure 4.2A. A detailed and more in-depth analysis 

of the current edition can be found in (Goldstraw et al., 2016). 

From a radiobiological modelling perspective, tumour size and, hence, gross tumour 

volumes (GTVs) are fundamental input parameters for tumour control probability 

(TCP) predictions. TCP models have long been used in radiotherapy to assess the 

probability that the treatment intentions could be attained.  

Moreover, extensive efforts have been made over the last two decades to develop 

mathematical models that provide quantitative estimates of TCP using analytical 

expressions and statistical considerations. A common approach relies, fundamentally, 

on the assumption that all clonogenic cells are destroyed by the end of a treatment 

course. Thus, clonogenic cell death probability can be computed to estimate the local 

tumour control as described in Chapter 3. 
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Figure 4.2: Shows an anatomic schematic drawing describing the extensions of the primary 

tumour of non-small cell lung cancer according to the recommendations of the newly proposed 

8th TNM schema; (A) for the T1 descriptors, (B) for the T2 descriptors, (C) for the T3 descriptors 

and (D) for the T4 descriptors (Kandathil et al., 2018). 

 In recent years, there has been an increasing amount of literature emphasising the 

superiority of the 8th TNM over the 7th TNM (Sui et al., 2017, Chansky et al., 2017, 

Yang et al., 2017) in terms of clinical outcomes, albeit others disagree with this 

conclusion (Jung et al., 2018). In addition, no attention has been paid to quantify the 

discrepancy between the 7th and 8th editions of the TNM categorisation schema within 

the TCP modelling context. 

A 

B 

C 
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Therefore, this chapter seeks to remedy the above-mentioned controversy in the 

literature by providing a conceptual TCP framework based on cancer stages. The 

established TCP model is based on the non-quantitative tumour descriptors T in 

accordance with the recommendations of the 7th and 8th editions of the TNM 

categorisation schema. Moreover, this study contributes new insight into the debate 

involving the superiority of the 8th edition over the 7th edition by investigating the TCP 

model outcomes of three radiotherapy modalities, namely, CHART, 3D-CRT and 

SABR. 
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4.2 Methodology 

4.2.1 Patient eligibility 

The TCP model was fitted, following the recommendations of the 7th and 8th TNM 

classification system, to a set of NSCLC patient data collected from the literature. The 

included studies were identified through a comprehensive systematic search of Google 

Scholar, Science Direct and PubMed for studies conducted between January 2007 and 

January 2020. Various mutable processes according to Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses (PRISMA) were performed to determine 

which studies met the inclusion criteria, for the purpose of comparing the 7th and 8th 

editions of the TNM staging system (see Figure 4.3). 

Eligible studies were identified using the following key terms: “7th TNM and 8th 

TNM”, “T stage”, “NSCLC” and “cancer stage”.  The following inclusion criteria 

were also considered in the literature search: (1) the patient’s histopathology must 

confirm one of the three common NSCLC types: adenocarcinoma, squamous cell 

carcinoma or large-cell carcinoma and (2) either the tumour diameter or GTVs must 

have been reported.  

In the first stage of the systematic review, 4,450 studies were recognised across the 

three electronic databases; after all duplicates were eliminated, 3,150 articles were 

retained. The EndNote X8.2 software (Thomson Reuters, USA) was used to manage 

and sort the articles. Only one study involving 354 patients met the inclusion criteria. 

Articles were excluded for several reasons, including but not limited to imprecise 

descriptions of tumour size and GTV based on the T descriptor of the 7th and 8th 

editions of the TNM or the lack of a detailed quantitative description of the tumour 

size presentation of the patient distribution based on the two editions.  
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Figure 4.3: Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow diagram 

delineating the multiple stages of the study selection and systematic review search procedure. 
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4.2.2 TCP based on the 7th and 8th editions of the TNM 

In this part of the study, a single cohort consisting of 354 NSCLC patients was 

analysed to determine the impact of non-quantitative tumour descriptors T on the TCP 

model (Neppl et al., 2019). Notably, in the previous TCP model that was described in 

Chapter 3 (Alaswad et al., 2019a), a fixed GTV size was used to fit the local tumour 

curability model to 2,713 NSCLC cases collected from the literature. Equation 4.1 was 

used to compute the total initial number of clonogens (N0). In that study, a tumour 

volume of 45 cm3 was used in patients diagnosed with stage I NSCLC and treated with 

SABR, whereas an input value of 85 cm3 was used in stage II and III patients treated 

with CHART and 3D-CRT (Alaswad et al., 2019a). 

 N0=GTV × Pclonogens (4.1) 

In an effort to more realistically compare and contrast the differences between the 7th 

and 8th editions within the TCP frameworks, tumour volume was estimated based on 

the T descriptor of the 7th and 8th editions of the TNM. The T descriptor represents the 

size of the primary tumour and indicates whether it has invaded adjacent tissues. The 

greatest tumour diameter (GTD) is common terminology used to characterise tumour 

size in NSCLC. In theory, cancers with a higher T stage are more advanced and have 

larger GTVs than those with lower T stages. Building on these fundamental notions, 

Equation 4.1 was modified accordingly as follows: 

 N0=𝐆𝐓𝐕𝟕𝐭𝐡𝐓𝐍𝐌 × Pclonogens (4.2) 

 N0=𝐆𝐓𝐕𝟖𝐭𝐡𝐓𝐍𝐌 × Pclonogens (4.3) 

Here, GTV7thTNM and GTV8thTNM represent the estimated tumour volume based on the 

T descriptor of the 7th and 8th editions of the TNM, respectively. Additionally, the 

parameter of Pclonogens was set at 107 cm−3 in accordance with research published by 

(Baker et al., 2015, Webb and Nahum, 1993, Alaswad et al., 2019b), who deduced that 

this value of clonogenic cell density was the best fit for NSCLC clinical outcomes. 
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The patients in this single cohort were stratified based on the tumour size classification 

described in the 7th edition. Thus, tumours measuring <20 mm were classified as T1a, 

whereas those measuring >20 mm to ≤30 mm were classified as T1b. T2 disease was 

also subdivided into T2a (>30 mm to ≤50 mm) and T2b (>50 mm to ≤70 mm). 

Tumours measuring >70 mm were classified as T3. It should be noted that the 7th 

edition uses five tumour size-based categories with cut-off points at 20, 30, 50 and 70 

mm.  

For comparison purposes, each patient in this single cohort was reclassified and 

regrouped according to the 8th edition of the TNM. As a result, the T1 and T2 

categories were further subdivided according to size. T1 was sub-classified based on 

tumour size into (a) T1a (≤10 mm), (b) T1b (>10 mm to ≤20 mm) and (c) T1c (>20 

mm to ≤30 mm), which correspond to the three subcategories of patients without 

lymph node involvement, namely, IA1, IA2 and IA3.  

T2 stage was subdivided into T2a (>30 mm to ≤40 mm) and T2b (>40 mm to ≤50 

mm). The T3 category includes tumours measuring >50 mm to ≤70 mm in diameter, 

whereas T4 includes tumours measuring >70 mm and invading mediastinal structures 

or different nodules in a different ipsilateral lobe. 

In the field of radiation oncology, several studies have utilised the formula for the 

volume of a sphere to estimate tumour volume (Nishino et al., 2014, Piccinini et al., 

2015, Faustino-Rocha et al., 2013, Ball et al., 2006). In accordance with these 

publications, the GTVs for the 354 patients were estimated based on the T descriptor 

of the TNM, as follows:  

 𝐆𝐓𝐕𝟕𝐭𝐡𝐓𝐍𝐌= (4/3)π × 𝐫
𝟕𝐭𝐡𝐓𝐍𝐌
𝟑

 (4.4) 

 𝐆𝐓𝐕𝟖𝐭𝐡𝐓𝐍𝐌= (4/3)π × 𝐫
𝟖𝐭𝐡𝐓𝐍𝐌
𝟑

 (4.5) 

Here, GTV7thTNM and GTV8thTNM are the estimated tumour volumes based on the T 

descriptor of the 7th and 8th editions of the TNM, as discussed previously in this 

section. The r7thTNM and r8thTNM values characterise the tumour radius computed 

using the mean greatest dimension of the lesions that are displayed in Table 4.2.  
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The TCP model was generated following three radiotherapy fractionation schedules: 

3D-CRT) SABR and CHART. 

Table 4.2: Comparison of the T-descriptor and patient distribution as recommended by the 7th 

and 8th TNM classification systems (n = 354). 

 

4.2.3 TCP uncertainty 

In a radiotherapy procedure, the need to indicate uncertainties for the obtained results 

has long been recognised (Alaswad and Coleman, 2017, Alaswad and Coleman, 2019, 

Cai et al., 2018, Schneider et al., 2010, Ghandour et al., 2016, Bolt et al., 2017). 

Computationally, the accuracy of a TCP model is mainly dependent on two factors: 

the radiosensitivity parameters of α or β and the distribution of patients based on the 

7th and 8th TNM schemes. It is presumed that the previously prescribed α and β are 

independent and that each has its own standard deviation, that is, σα and σβ, 

respectively; therefore, the standard uncertainties of alpha u(α) and beta u(β) were 

estimated as follows: 

 𝐮(𝛂)=

𝛔𝛂

√𝐧
 (4.6) 

 𝐮(𝛃)=

𝛔𝛃

√𝐧
 

(4.7) 

Here, n represents the total number of patients (n = 354) involved in the simulation 

process. The fractional or relative uncertainty in the 
α

β
 ratio was determined from the 

fractional uncertainties in α and β. 
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 For instance, for alpha (α) with uncertainty u(α), the relative uncertainty is 
u(α)

α
. In 

the same manner, for beta (β), the relative uncertainty is 
u(β)

β
. Accordingly, the relative 

uncertainty of α/β is given by: 

 𝐮 (𝛂
𝛃⁄ )

𝛂
𝛃⁄

=  √(
𝐮(𝛂)

𝛂
)

𝟐

+ (
𝐮(𝛃)

𝛃
)

𝟐

  (4.8) 

Another source of uncertainty that should be addressed is the variation in tumour size 

in each stage group based on the T descriptor as recommended in the 7th and 8th 

editions of the TNM (see Table 4.2). Therefore, the idea of estimating the standard 

uncertainty as described by Equations 4.6 and 4.7 was adopted to address this issue, 

as follows: 

 𝐮(𝐓)=

𝛔𝐓

√𝐧
 

(4.9) 

Here, u(T) represents the standard uncertainty of the tumour size based on each T stage 

group (e.g. T1a) and n represents the distribution of patients in each T stage group. 

These two sources of uncertainties were summed up to provide the combined standard 

uncertainty of the TCP model uc(TCP). To determine the expanded uncertainty of the 

TCP model(UTCP), uc(TCP) was multiplied by a coverage factor k, as follows: 

 𝐔𝐓𝐂𝐏 = 𝐤 × 𝐮𝐜(𝐓𝐂𝐏) (4.10) 

A coverage factor of 2 was chosen in order to achieve a level of confidence of 

approximately 95%. 
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4.3 Results 

Figure 4.4 compares the estimated GTVs based on the T descriptor as described in 

Tables 4.1 and 4.2. The estimated mean GTV volume was 2.3 cm3 (0.9–3.7 cm3) in 

stage T1a, 10 cm3 (6.6–13.4 cm3) in stage T1b, 34 cm3 (29–39 cm3) in stage T2a, 95 

cm3 (93–97 cm3) in stage T2b, 282 cm3 (262–302 cm3) in stage T3 and 500 cm3 (300–

700 cm3) in stage T4; these estimates were obtained following the recommendations 

of the 7th edition.  

The estimated mean GTV volumes based on the guidelines provided in the 8th edition 

were 0.4 cm3 (0.3–0.5 cm3) in stage T1a, 2.7 cm3 (1.9–3.5 cm3) in stage T1b, 10 cm3 

(6.6–13.4 cm3) in stage T1c, 21.6 cm3 (11.6–31.6 cm3) in stage T2a, 53 cm3 (41–65 

cm3) in stage T2b, 104 cm3 (259–149 cm3) in stage T3 and 350 cm3 (190–510 cm3) in 

stage T4. Data from the scatter graphs (see Figure 4.4) further highlight the view that 

cancers with higher T stage are more advanced and have larger GTV volumes than 

those with lower T stages. 

 

(A) 



 

Comparison of the T descriptor of the 7th and 8th editions of the TNM staging system for non-small-cell lung 

cancer after radiotherapy 105 

 

 

 

 

Figure 4.4: Average estimated tumour volumes based on the T descriptor of the 7th and 8th editions 

of the TNM staging system; (A) for T1 descriptors, (B) for T2 descriptors, (C) for T3 descriptors, 

and (D) for T4 descriptors. The error bars indicate the standard deviation that represents the 

variability of the estimated GTV in each cluster. 
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Figures 4.5 and 4.6 depict the variation of the TCP with the tumour size and GTV in 

accordance with the recommendations of the 7th and 8th TNM schema, respectively. 

The performance of the TCP model in the two editions of the TNM staging systems 

was evaluated using the coefficient of determination (R2) and root mean square error 

(RMSE). Compared with the 7th edition, the 8th edition produced, to a certain degree, 

higher TCP predictions and an improved TCP model fit as indicated by the marginally 

higher R2 values and by the marginally lower RMSE presented in Figure 4.5 and Table 

B.1 of Appendix B. 
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Figure 4.5: Linear regression of the TCP model outcomes as a function of the mean tumour 

diameter for the 354 patients, based on the T descriptor of the 7th (A, C and E) and 8th (B, D and 

F) editions of the TNM staging system. Comparisons were made among the three radiotherapy 

protocols, namely, 3D-CRT, CHART and SABR, which employ various radiotherapy dose 

prescriptions. The error bars represent the uncertainty budget explained in Section 4.2.3 and 

summarised in Table 4.5. 
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Figure 4.6: The reduction in the TCP model outcomes as a function of the GTV based on the T 

descriptor of the 7th (A, C and E) and 8th (B, D and F) editions of the TNM staging system. The 

error bars represent the uncertainty budget explained in Section 4.2.3 and summarised in Table 

4.5. 
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The TCP curves for the three radiotherapy modalities according to the T descriptors 

of the 7th and 8th editions are shown in Figure 4.7. Based on the T staging criteria, the 

TCP curves exhibited a similar pattern in the two editions, with a distinct trend of 

separation in all of the T subcategories. Additionally, the TCP curves decreased as the 

T stage progresses to the next subgroups; this distinctive pattern was observed in all 

of the dose fractionation schemes implemented in the simulation process. 

 For example, the predicted TCP for the T stage T1a vs. T1b groups after applying 2 

Gy in 30 fractions was estimated to be 48% ± 1% vs. 43% ± 1% following the 7th 

edition and 51.5% ± 0.8% vs. 47.8% ± 0.8% following the 8th edition. Statistical 

assessment based on the unpaired t-test showed that the differences in the predicted 

TCP between adjacent T category groups in the 8th edition were all significant. 

 Similar TCP findings were observed in the 7th edition, except for T3 vs. T4 (t value = 

−1.3, p value = 0.23) in 3D-CRT and T3 vs. T4 (t value = 1.3, p value = 0.26) in 

CHART; these results were not significantly different at the 95% confidence interval, 

as shown in Figures 4.7A and 4.7C and Tables B.2 and B.4 of Appendix B. 

From the data in Figures. 4.5, 4.6 and 4.7, it is apparent that the outcomes from the 

TCP model also depend heavily on the fractionation scheme. The total radiotherapy 

dose ranges applied during the TCP simulation were 50–74 Gy, 54–79.2 Gy and 40–

60 Gy for 3D-CRT, CHART and SABR, respectively. The 3 × 20 Gy SABR schedule 

in the 8th edition yielded the highest TCP, ranging from 93.9% to 83.3% (see Figure 

4.5F), whereas the 25 × 2 Gy schedule in the 7th edition attained the lowest TCP, 

ranging from 37.50% to 18.35%, as shown in Figure 4.5A. 
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Figure 4.7: TCP curves for patients stratified by the T descriptors of the 7th and 8th TNM for 3D-

CRT (A, B), CHART (C, D) and SABR (E, F). 
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Table 4.3: TCP-derived radiosensitivity parameters based on the NM algorithm alongside the 

uncertainty analysis. The units of radiosensitivity factors α and β are (𝑮𝒚−𝟏) and (𝑮𝒚−𝟐), 

respectively. 

RT 

modality 

α β 𝝈𝜶 𝝈𝜷 𝒖(𝜶) 𝒖(𝜷) 𝒖 (𝜶
𝜷⁄ )

𝜶
𝜷⁄

 

3D-CRT 0.63 0.19 0.52 0.0053 0.30 0.003 0.48 

CHART 0.61 0.13 0.36 0.018 0.18 0.01 0.30 

SABR 0.61 0.12 0.55 0.0037 0.23 0.0015 0.36 

 

Knowledge on the uncertainties in the TCP context is highly desirable for model 

evaluation purposes. The total TCP model uncertainties were determined in 

accordance with the comprehensive guidelines presented by the Guide to the 

Expression of Uncertainty in Measurement (GUM) (ISO and OIML, 1995). All TCP 

uncertainty components, specifically radiosensitivity parameters and tumour size, are 

summarised in Tables 4.3 and 4.4 according to the categorisation provided in the 

GUM. These data were used to derive the combined uc(TCP) and expanded  

UTCP uncertainties by the T descriptors of the 7th and 8th editions of the TNM, as 

indicated in Table 4.5. This statistical uncertainty demonstrated that the T4 descriptors 

yielded the highest expanded uncertainty of 2.0%, 1.3%, and 1.6% for the 7th edition, 

and 1.1%, 1.7% and 1.2% for the 8th edition as displayed in Table 4.5. 
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Table 4.4:Comparison of the tumour size uncertainties according to the T descriptors of the 7th 

and 8th TNM staging schemes. 

 7th TNM 8th TNM 

T-stage Tumour 

size (cm) 

Standard 

deviation 

Standard 

uncertainty 

Tumour 

size (cm) 

Standard 

deviation 

Standard 

uncertainty 

T1a 1.6 0.38 0.06 0.9 0.07 0.03 

T1b 2.6 0.31 0.04 1.7 0.26 0.06 

T1c n/a n/a n/a 2.6 0.31 0.04 

T2a 3.9 0.87 0.08 3.3 0.69 0.085 

T2b 5.9 0.81 0.11 4.6 0.34 0.05 

T3 7.2 0.27 0.03 5.6 1.1 0.13 

T4 9.1 2.7 0.51 7.9 2.6 0.28 

 

Table 4.5: Summary of the TCP model budget uncertainties following the T descriptors of the 7th 

and 8th TNM staging schemes. 

 3D-CRT CHART SABR 

7th TNM 8th TNM 7th TNM 8th TNM 7th TNM 8th TNM 

T-

stage 

uc(TCP) 

 

𝑈𝑇𝐶𝑃 uc(TCP) 𝑈𝑇𝐶𝑃 uc(TCP) 𝑈𝑇𝐶𝑃 uc(TCP) 𝑈𝑇𝐶𝑃 uc(TCP) 𝑈𝑇𝐶𝑃 uc(TCP) 𝑈𝑇𝐶𝑃 

T1a 0.54 1.09 0.40 0.80 0.36 0.73 0.33 0.65 0.43 0.87 0.39 0.79 

T1b 0.52 1.05 0.43 0.85 0.34 0.68 0.36 0.71 0.41 0.82 0.42 0.85 

T1c n/a n/a 0.41 0.82 n/a n/a 0.34 0.68 n/a n/a 0.41 0.82 

T2a 0.56 1.12 0.45 0.90 0.38 0.76 0.39 0.77 0.45 0.89 0.45 0.90 

T2b 0.60 1.17 0.42 0.83 0.40 0.81 0.35 0.69 0.48 0.96 0.40 0.81 

T3 0.51 1.01 0.49 0.98 0.32 0.65 0.42 0.84 0.40 0.80 0.48 0.96 

T4 1.0 2.0 0.65 1.30 0.81 1.6 0.58 1.16 0.89 1.77 0.64 1.28 
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4.4 Discussion 

Considering that NSCLC is the leading cause of cancer-related mortality (Ferlay et al., 

2015), numerous clinical approaches have been implemented to enhance patient 

outcomes, including the combination of two oncologic procedures such as in the 

promising intraoperative radiotherapy, alongside the ongoing effort to establish a 

novel immunotherapeutic agent for NSCLC (Neuboeck et al., 2010, Manegold et al., 

2017). Additionally, clinical cancer staging has been recognised as having a major 

impact on the development and efficacy of radiotherapy.  

The primary purpose of TNM classification is to render a reproducible and consistent 

characterisation of tumour extent, albeit it can also predict clinical outcomes to some 

extent. On that account, the TNM schema is an essential component of both patients’ 

therapy and research frameworks. Accordingly, the current study presents further 

insight into how the concept of TCP correlates with cancer stage, particularly with the 

T descriptors of the TNM classification system. 

The primary edition of the TNM staging scheme for lung cancer was first introduced 

in 1974 by the UICC (Yoh Watanabe, 2003), and eight editions of this TNM staging 

system for lung cancer have been published over the past four decades (Goldstraw, 

2013, Neppl et al., 2019). These editions have emphasised that the T stage category, 

defined according to tumour size, is a key prognostic factor in determining disease-

specific survival.  

The T category was significantly updated in the 8th edition of the TNM classification 

system for lung cancer. For instance, in the 8th TNM edition, the T1 and T2 categories 

are more subdivided according to tumour size compared to 7th TNM system edition. 

Other than the present study, no previous TCP study has tried to quantify the difference 

between the 7th and 8th TNM classification scheme based on the T category.  
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The statistical analysis of the model outcomes revealed a strong association between 

tumour extent and local tumour cure probability. For instance, the T category 

classification according to tumour size and tumour volume generally showed that 

patients with T1 and T2 tumours demonstrated improved TCP outcomes compared 

with patients having T3 and T4 tumours, as indicated in Figures 4.5, 4.6 and 4.7. 

Furthermore, the regression analysis between the TCP model outcomes and mean 

greatest tumour sizes (see Figure 4.5) are consistent with those of other studies 

(Donnem et al., 2011, Ohtaki et al., 2013, Zhang et al., 2019), suggesting that both 

local tumour control and survival exhibited a strong negative linear reduction as a 

function of tumour size.    

Of note, these findings further confirm the common intuition that large tumour 

volumes adversely affect the clinical outcomes of radiation therapy. This phenomenon 

may well be explained by evidence that the amount of cancer stem cells grows 

proportionately with the expanding tumour size and that the radiation dose required to 

attain local tumour curability relies on the logarithm of surviving clonogenic cells to 

be deactivated.  

Zips (2009) observed a linear diminution of clonogenic density as radiotherapy doses 

increase, corroborating the results of Alaswad et al. (2019c). It is also evident that 

tumours become more radioresistant under hypoxic states, and hypoxia is more 

prevalent in large tumours than in small tumours (Salem et al., 2018, Forster et al., 

2019). Clinically, a large planning target volume (PTV) frequently restricts the use of 

high curative radiotherapy doses due to the tolerance limit of the adjacent organs at 

risk. Consequently, attaining the optimum local tumour control could be adversely 

affected. 

Within this framework, there is a large volume of retrospective studies detailing the 

function of tumour size as a prognostic determinant in NSCLC patients. Bradley et al. 

(2002) determined whether GTV volumes are a prognostic factor in 207 cases of 

inoperable NSCLC treated with definitive 3D-CRT.  
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Statistical analysis confirmed that tumour volume is highly prognostic for local 

tumour control and overall survival. Additionally, they suggested that tumour volume 

could be a fundamental basis for stratifying patients in clinical trials. Stinchcombe et 

al. (2006) analysed 102 cases with medically inoperable stage III NSCLC treated with 

concurrent chemoradiotherapy versus radiotherapy alone, and they concluded that 

GTV is a major critical predictor of local tumour control. 

The estimated TCP for SABR, CHART and 3D-CRT in this study, as shown in Figure 

4.5, concur with most of the published clinical results on this topic (Sandler et al., 

1990, Socinski et al., 2008, Zehentmayr et al., 2015, Jeremic et al., 1996, 

Sanganalmath et al., 2018b, Kopek et al., 2009, Dunlap et al., 2010, Koto et al., 2007). 

For instance, the reported model outcomes for T1 and T2 in this study ranged from 

94% to 89% and from 89% to 87%, respectively, corresponding to a radiation schedule 

of 60 Gy delivered in three fractions. These results are consistent with those of Dunlap 

et al. (2010) who found that the two-year local control rates were 90% and 70% for 

stages T1 and T2, respectively. The radiation schedule involved a total dose of 60 Gy 

delivered in three fractions. Moreover, they deduced that larger tumour volumes were 

associated with poor overall survival and local control.  

Other investigators (Ohtaki et al., 2013) reported inferior outcomes for SABR 

modality in stage T1 (77.9%) and T2 (40%) patients treated with a total dose of 48 Gy 

delivered in four fractions. The above publications, alongside the TCP outcomes 

shown in Figure 4.5, further support the fact that higher radiotherapy doses are 

associated with enhanced local tumour control. When the TCP curves were analysed 

based on the T category of the 7th and 8th editions, an improvement in TCP curve 

separation was perceived in every stage, from T1a to T4, and the differences were all 

significant. Nevertheless, the TCP curves of the stage T3 and stage T4 patients were 

not significant, according to the recommendations of the 7th edition (Figures 4.7A and 

4.7C). To the best of our knowledge, this study is the first to describe the impact of 

the inclusion of cancer stage of the 7th TNM and 8th TNM into the TCP model for 

NSCLC. 
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Additionally, the TCP model outcomes based on the T descriptors of the 8th TNM 

revealed an enhanced model fit, a higher R2 and a lower RMSE compared with those 

of the 7th TNM, implying the superior discriminatory ability of the later edition. It 

seems possible that these results are due to the more fine-grained tumour size 

categorisation in the 8th TNM that diminish the uncertainty of the tumour volumes in 

the low T categories. For instance, the 1-cm cut points as described by the recently 

proposed 8th TNM classification systems prove that every single centimetre, from 1 

cm to 5 cm, can contribute to the variations in local control probability, and thus, 

improve the model fit of this newly proposed edition.   

Comparing the 7th and 8th editions of the TNM staging system verified the findings of 

many studies conducted in the discipline of radiation oncology. In an external 

validation study of the 8th TNM classification for lung cancer, Chansky et al. (2017) 

found that the discrimination by the 8th edition of stage combinations and 

classifications is adequately valid for clinical, pathologic and, most reliably, in stage 

separations for NSCLC. They further confirms the geographic transportability of this 

newly proposed stage grouping and its applicability to primarily nonsurgically treated 

cohorts.  

This view was supported by Sui et al. (2017) who analysed a total of 3,599 NSCLC 

patients, concluding that the 8th edition yielded marginally higher discrimination 

compared with the 7th edition, as implied by the R2 values of the recurrence-free 

survival (RFS) and the overall survival (OS) (RFS = 0.183 vs. 0.178; OS = 0.172 vs. 

0.162). Similarly, Yang et al. (2017) provided an in-depth analysis of 858,909 NSCLC 

patients whose data were obtained from the National Cancer Database (NCDB). In 

this major study, Yang and his colleagues deduced that the T distribution schema of 

the 8th edition is more reliable than that of the 7th edition in discriminating various T 

subgroups, particularly in the pT1 stage. In terms of the overall performance of the 

two editions, the concordance index of the 7th edition in terms of pT subgrouping 

(0.608 ± 0.001) was slightly lower than that of the 8th edition (0.610 ± 0.001).  
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Moreover, they compared the cT subgrouping of the 7th edition (0.551 ± 0.001) to the 

cT subgrouping of the 8th edition (0.551 ± 0.001), and their results further 

demonstrated the superiority of the 8th edition over the 7th edition.  

By contrast, in a retrospective study involving 1,316 NSCLC cases, Jung et al. (2018) 

remarked that the T descriptors of the 8th edition of the TNM did not yield a higher 

explicit predictor of prognosis than the 7th edition. This study revealed that the survival 

curves and the five-year survival rates based on the T descriptors of the 8th TNM 

classification did not significantly differ between sequential stages, more specifically 

for the T1a and T1b (p = 0.752) and T1c, T2a and T2b (p = 0.832) subcategories. 

Nevertheless, the study clarified that the 8th edition might not be inferior to the 7th 

edition in terms of prognostic stratification based on an analysis involving a single 

small cohort. 

It is worth pointing out that the main limitation of the present study is that only a 

single-institution patient cohort was utilised to fit the TCP model. This implies that 

the reported TCP findings in relation to the superiority of the 8th TNM edition over 7th 

TNM edition should be interpreted cautiously. Therefore, further validation research 

with a large cohort from multiple radiotherapy centres is required to clarify whether 

the 8th TNM is superior to the 7th TNM within the TCP modelling perspective. It 

should also be noted that the idea of TCP modelling is to describe local tumour control; 

thus, only the T descriptor of the TNM staging system can be incorporated into the 

TCP model. Nonetheless, the other two descriptors – namely the N and M – can also 

influence the overall survival. 
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Chapter 5 Influence of incorporating 

radiotherapy and chemotherapy on the tumour 

control probability of patients with locally 

advanced non-small-cell lung cancer 

5.1 Introduction 

In accordance with the tumour node metastases (TNM) distribution pattern, it is 

estimated that one-third of patients with non-small cell lung cancer (NSCLC) will be 

diagnosed with locally advanced (LA) disease (e.g., IIIA or IIIB), and the majority of 

these patients are not eligible for surgery in light of the considerable challenge with 

disease extension (Puri et al., 2020). It is worth noting that the therapeutic management 

of inoperable LA-NSCLC requires controls of both local disease and distant 

micrometastasis. 

Although employing radiotherapy as a sole treatment for this group of patients is 

potentially with curative intent, long-term survival and local tumour control rates are 

for the most part discouraging. For instance, the standard fractionation protocol of 60 

Gy delivered in 30 sessions yields an unsatisfactory five-year local tumour control rate 

of just 8%, as exhibited in Figure 5.1  (Saito et al., 1997) . 
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Interpretations of the patterns of failure following treatment with radiotherapy alone 

show that the inferior clinical outcomes are correlated not only with the inability to 

achieve control of the primary tumour extent, but also with the occurrence of distant 

metastases. Therefore, it has become increasingly important to establish and assess the 

potential performance of other treatment modalities, including strategies combining 

chemotherapy and radiotherapy. 

 

Figure 5.1: Overall survival curve for locally advanced NSCLC patients (stages IIIA and IIIB) 

treated with radiotherapy modality alone (Saito et al., 1997). 

Within this context, a combination of systemic chemotherapy and radiation has been 

correlated with substantially enhanced local tumour curability and long-term survival, 

as depicted in Figure 5.2 (Wolski et al., 2005). Chemotherapy is aimed at eradicating 

cancer cells that may have metastasised (spread) to other parts of the body from the 

original primary tumour, shrinking primary tumours, and slowing tumour growth (Ko 

et al., 2018). Currently, more than 100 cytostatic chemotherapy drugs are employed 

in daily clinical practice (Rompelman et al., 2017). 
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Figure 5.2: Local tumour control for locally advanced NSCLC patients treated with either 

concomitant chemoradiotherapy (CCR) or radical radiotherapy alone (RT) (Wolski et al., 2005). 

Furthermore, a recent phase I study conducted by Higgins et al. (2017b) of Winship 

Cancer Institute revealed a significantly positive clinical outcome of radiotherapy 

concurrent with chemotherapy. In that study, 19 patients with stages IIIA and IIIB 

NSCLC received 44 Gy of conventionally fractionated thoracic radiation with 

concurrent chemotherapy, along with a dose-escalated SABR boost to the primary 

tumour as well as the involved mediastinal lymph nodes. The overall survival rates for 

the one-, two- and three-year follow-ups were 62%, 56% and 39%, respectively. 

Similarly, a phase III clinical trial performed by Sause et al. (2000) investigated 

whether chemotherapy followed by radiotherapy could yield exceptional clinical 

outcomes in surgically unresectable NSCLC cases wherein patients underwent either 

hyperfractionated radiation or standard fractionation radiotherapy. The clinical 

outcomes of that study implied a trend toward an improvement in overall survival, 

wherein the one-year survival rate of the patients treated with radiotherapy alone was 

45% and the survival rate of those treated with concurrent chemo-radiation was 60%. 

Nevertheless, concern persists as to whether major incidences of toxicity may occur 

due to the addition of chemotherapy (Chen et al., 2020).  
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The two fundamental oncologic treatment regimens for delivering the aforementioned 

combining modalities are: (a) sequential, whereby chemotherapy modality is 

completed prior to the initiate of the radiotherapy and (b) concurrent, according to 

which radiation and chemotherapy are administered simultaneously (Rajappa et al., 

2019). The former approach diminished the risk of distant metastases, may also reduce 

the volume of the primary tumour making subsequent irradiation more effective, and 

may even make the tumour resectable. Nevertheless, prolonged total treatment time, 

postponed irradiation, and the possibility of accelerated repopulation of tumour cells 

(see Section 2.11) can adversely affect local tumour control. 

On the other hand, the potential advantages of concurrent radiochemotherapy include 

– but are not limited to – sensitisation of tumour cells to radiation by the administration 

of chemotherapy drugs and shortening of overall treatment time compared with 

sequential therapy. Several studies have shown that concurrent radiochemotherapy 

yielded improved local control and median survival rates contrary to the sequential 

radiochemotherapy; one example is the noteworthy and continual effort by the 

NSCLC Collaborative Group., who conducted a meta-analysis of six randomised trials 

that evaluated the superiority of concurrent radiochemotherapy versus sequential 

radiochemotherapy (Aupérin et al., 2010). 

 Within this framework, analysis by Maguire et al. (2014)  has indicated that the 

median progression-free survival (PFS) of concurrent radiochemotherapy was 

significantly enhanced in comparison with sequential radiochemotherapy (20.67 and 

15.81 months, respectively), and the one- and two-year PFS rates were 55% and 34%, 

respectively, for the concurrent therapy arm, and 52% and 24% for the sequential 

therapy arm (Maguire et al., 2014). Nonetheless, sequential radiochemotherapy is 

associated with lower toxicity (e.g., less radiation pneumonitis and oesophageal 

toxicity). 
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Thus, concomitant radiochemotherapy is broadly employed in the UK, Ireland and 

other European countries as the standard treatment procedure for unresectable stage 

III NSCLC (Lim et al., 2010, Pallis et al., 2010, Postmus et al., 2017, Ramnath et al., 

2013, Helbrow et al., 2012, Brunelli et al., 2009). Of note, the rationale behind the 

combined modality procedure is that cytotoxic drugs diminish micrometastatic foci 

and also function as radiosensitisers. Clinical data from several sources reveal that the 

risk of locoregional relapse and distant metastasis were less evident in concomitant 

radiochemotherapy compared to radiotherapy alone (see Table 5.1).  

Stage III NSCLC disease can be perceived hypothetically as having two compartment 

regions: a loco-regional compartment in the chest and a distant compartment 

harbouring potential micrometastases. Thus, the paramount objective in managing this 

disease can be described in two aspects: eradicating the visible intrathoracic disease 

and diminishing the incidence of subsequent systemic intrathoracic metastases.   

However, there have been few efforts to radiobiologically model these combination 

therapies; such modelling would facilitate patient stratification and optimisation of 

this combination treatment approach. Consequently, it would be practically useful if 

the effects of cytotoxic drugs could be expressed by radiobiological principles. 

Additionally, local tumour control probability (TCP) is the core radiobiological notion 

for NSCLC control and other cancers, as has been comprehensively investigated in 

various contexts of this thesis. Quantification of the chemoradiation effects by 

employing the TCP model can thus further yield more robust insight into the clinical 

implications and perspectives of this combination treatment approach.  

The rationale behind the involvement of radiobiological modelling within the context 

of chemoradiotherapy was highlighted by Plataniotis and Dale (2008), who 

emphasised that clinical trial designs should include radiobiological modelling 

assessments that can provide an indication of how to optimally facilitate patient 

stratification. Nonetheless, research in the field of TCP modelling of NSCLC has 

tended to focus on quantifying the radiation effect alone and has not dealt with the 

chemotherapy principle. 
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Furthermore, technical advancement in dose optimisation and delivery of radiotherapy 

( e.g., VMAT and proton therapy) have contributed fundamentally to enhanced clinical 

outcomes while also diminishing the toxicities confronted during the administration 

of a concurrent radiochemotherapy approach. Nonetheless, several published studies 

were unable to reproduce that advancement in clinical outcomes and reduce toxicity 

for LA-NSCLC (Harris et al. 2014, Mell et al. 2003). A possible explanation for these 

unexpected outcomes may be due to the uncertainty in the delivered radiation dose. 

The objectives of this chapter were threefold: (1) to extend the TCP model described 

in Chapter 3 (Alaswad et al., 2019a) in order to evaluate the feasibility of quantifying 

the effect of cytotoxic chemotherapy for patients diagnosed with LA-NSCLC; (2) to 

analyse the impact of dose variations in the overall TCP outcomes; and (3) to discuss 

in depth the challenges encountered during radiotherapy delivery for LA-NSCLC. 
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5.2 Methodology 

5.2.1 Patient selection criteria 

5.2.1.1 Search strategy 

The clinical data employed in the TCP model fit were assembled from three electronic 

sources: PubMed, Google Scholar and ScienceDirect. A systematic review was 

performed in compliance with the Preferred Reporting Items for Systematic Reviews 

and Meta-Analyses (PRISMA) guidelines, in manner analogous to the searches 

undertaken to accomplish research demonstrated in Chapters 3 and 4 (see Figure 5.1).  

The search strategy for the PubMed electronic database utilised the following text 

words (TW) and Medical Subject Headings (MeSH): local tumour control (TW), 

radiotherapy alone versus chemoradiotherapy (MeSH), concurrent chemoradiotherapy 

(MeSH) and concomitant chemoradiotherapy (MeSH). Subsequently, the same above-

mentioned keywords were diversely merged and utilised across the databases of 

Google Scholar and ScienceDirect. To restrict the identified clinical studies within the 

scope of the research question and confine the investigation to the pertinent citations, 

the design of the search was profoundly dependent upon the Boolean logic criteria. 

5.2.1.2 Patient eligibility 

Eligibility criteria required that publications examine two clusters of treatment arms 

comparing and analysing clinical outcomes of radiochemotherapy with radiotherapy 

alone in patients with histologically verified, locally advanced, nonresectable NSCLC. 

In an effort to provide a comprehensive overview of the available evidence for 

building the TCP model, all types of clinical investigations were considered, including 

– but not limited to – prospective studies and randomised controlled clinical trials 

comparing radiotherapy-alone with radiochemotherapy. A further inclusion criterion 

was that publications reported local tumour control details at one-, two- and three-year 

follow-ups. 
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5.2.1.3 Study selections 

The preliminary comprehensive literature review search yielded a total of 951 

potentially relevant articles. After excluding duplicates, 531 records were retained for 

further investigation. Study identification components were regulated in a three-step 

refinement process. During the first inclusion stage, the article titles and abstracts were 

comprehensively screened for the inclusion criteria, which identified 481 articles that 

were determined to be unrelated to the research subject. The full text of the remaining 

44 citations was then systematically reviewed and analysed, which left 8 qualifying 

studies that met the inclusion criteria.  

In the final phase of the search entailed a review of reference lists of selected papers, 

which yielded no additional eligible studies. Furthermore, publications that were later 

revised by their authors were also examined. Hence, the initial paper of the randomised 

and controlled phase III trial by the Japan Clinical Oncology Group (JCOG0301) 

(Atagi et al., 2012), which was included in the systematic review, was replaced by an 

updated study (Atagi et al., 2018). Nonetheless, the local tumour control outcomes 

reported in 2018 remained the same as reported in 2012. 

5.2.1.4 Clinical data extraction 

The following clinical data were extracted from each article for the purpose of 

modelling analysis and simulation: (1) number of patients enrolled in each treatment 

arm; (2) radiotherapy treatment, including the number of fractions and total dose; (3) 

chemotherapy agent and dosing regimen; and (4) data associated with the outcomes 

assessment, specifically local tumour control rates at one, two, and three years in each 

treatment arm. For studies whose results were exhibited only in a Kaplan-Meier curve, 

corresponding local control rates were extracted from the curves.  
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Figure 5.3: PRISMA flow diagram illustrating the various phases of the systematic review search 

and the study selection process. 
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Table 5.1: Baseline patient characteristics of the studies included in building the TCP models. 

Reference Radiation therapy alone (n = 441) Combined chemoradiotherapy (n = 400) 

n 

 

TD 

(Gy) 

d/f 

(Gy) 

Local tumour 

control (%) 

n CCRT regimen Local tumour 

control (%) 

1 2 3 1 2 3 

(Crino et al., 1993) 33 56 2.0 15 NA NA 33 CIS 100 mg/m2 and 

ETOP 120 mg/m2 in 

addition to 56 Gy/ 28 

fractions. 

17 n/a n/a 

(Scagliotti et al., 

2006) 

46 60 2.0 20 11 NA 43 DOC 120 mg/m2 in 

addition to 60 Gy/ 30 

fractions 

32 19 

 

n/a 

(Atagi et al., 2005, 

Atagi et al., 2012, 

Atagi et al., 2018) 

23 60 2.0 18 10 8.0 23 CARB 600 mg/m2 in 

addition to 60 GY/ 30 

fractions 

40 20 18 

(Schaake-Koning 

et al., 1992) 

114 60 3.0 35 21 9 110 CIS 120 mg/m2 in 

addition to 60 Gy / 20 

fractions 

60 33 29 

(Sarihan et al., 

2004) 

20 63 2.0 24 15 15 21 PAX 360 mg/m2 in 

addition to 63 Gy/ 32 

fractions 

63 38 38 

(Lee et al., 2012) 82 65 2.0 30 17 10 43 Platinum-taxol regimen 

in addition to 65 Gy/ 33 

fractions 

40 35 13 

(Wolski et al., 

2005) 

23 70 2.0 45 30 25 45 PAX/ CARB 

(prescription not 

specified) in addition to 

70 Gy/ 35 fractions 

83 50 38 

(Sim et al., 2001) 70 80 2.0 50 35.4 30 82 Wide range of drugs in 

addition to 80 Gy/ 40 

fractions 

56 43.1 38 

 
No; number of patients enrolled in each arms, TD; total dose, d/f; dose per fraction, Cisplatin; 

CIS, etoposide; ETOP, DCO; docetaxel, CARB; carboplatin, PAX; paclitaxe 
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5.2.2 Radiochemotherapy model description 

Exploratory radiobiological modelling may advance experience of the potential 

usefulness of concomitant radiochemotherapy. In this portion of the research, the TCP 

model described in Chapter 3 was further extended to quantify the effect of adding 

chemotherapy to radiotherapy. Within this framework, to quantify the therapeutic gain 

of radiochemotherapy in comparison to radiotherapy alone, two possible TCP models 

scenarios were proposed in the literature: (1) that the drug may improve tumour control 

probability outcomes by potentiating the local efficacy of radiotherapy (sensitisation 

effect), or (2) that it may have an independent effect, directly killing the tumour cells 

(Jones and Dale, 2005, Barazzuol et al., 2010, Plataniotis and Dale, 2008, Alaswad et 

al., 2020).   

The dose sensitisation approach assumed that each radiotherapy dose was 

administered concurrently with a sensitising agent in such a way that fractional dose 

d became dose dc, where c was the chemotherapy-modulated radiation dose 

enhancement factor. The dose of chemotherapy applied in this scenario is not 

necessarily sufficient to cause significant cell kill. A typical value of c may range 

between 1.2–2, as shown in Appendix A. It is worth pointing out that the modulated 

radiation dose enhancement factor is not based on a specific chemotherapy 

prescription; rather, it is determined by trial and error. For instance, the reasonable 

value of this factor can be determined by inserting a set of c values within the standard 

TCP model equation and then evaluating whether the overall TCP is enhanced to the 

level observed in the clinical trial.  

Remarkably, this approach may not reflect the authentic influence of chemotherapy 

dose prescriptions on the overall TCP outcomes (see Appendix A.8), because there are 

common situations in which significant doses of chemotherapy are administered 

simultaneously with radiotherapy, as shown in Table 5.1. For instance, carboplatin 

(CARB) is administered at daily doses of 30 mg/M2 for 20 fractions in the treatment 

of LA-NSCLC cancer. Accordingly, the dose intensity is high and can produce 

meaningful cell kill and tumour regression when administered on its own. In such an 



 

Influence of incorporating radiotherapy and chemotherapy on the tumour control probability of patients with non-

small-cell lung cancer 129 

event, independent cell kills – rather than pure sensitisation – are a more realistic 

mechanism for quantifying the influence of synergistic cytotoxic chemotherapy with 

radiotherapy. Thus, it was decided that this is a more adequate approach that would be 

adopted in the current investigations. 

The TCP-LQ model described in Equation 3.5 was amended to quantify the effect of 

chemotherapy prescription according to the log cell kill notion as shown in Equation 

5.1. Notably, the log cell kills mechanism relies on the assumption that cytotoxic drugs 

eliminate a certain fraction of clonogenic cells based on the drug concentration. 

 
𝐓𝐂𝐏 =  𝐞−𝐍𝟎𝐞

−𝐧(𝛂𝐝+𝐆𝛃𝐝𝟐)+𝛄(𝐓𝟎−𝐓𝐝𝐞𝐥)−𝐍𝐜𝐗

 (5.1) 

Here, the chemotherapy factor can be quantified using the factor Nc, which is the 

number of chemotherapy cycles each with a cell kill coefficient X. Additionally, the 

NcX was determined for each clinical trial described in Table 5.1 through the following 

two equations:  

 𝐓𝐂𝐏𝐑𝐓 =  𝐞−𝐍𝟎𝐞−𝐄
 (5.2) 

 𝐓𝐂𝐏𝐑𝐓+𝐂𝐑𝐓 =  𝐞−𝐍𝟎𝐞−𝐄−𝐍𝐜𝐗
 (5.3) 

Here, 𝐓𝐂𝐏𝐑𝐓 and 𝐓𝐂𝐏𝐑𝐓+𝐂𝐑𝐓  represent local tumour control for the radiotherapy-

alone and radiochemotherapy arms, respectively, which are shown in Table 5.1. By 

taking the natural logs and dividing both Equations 5.2 and 5.3, this leads to Equation 

5.4: 

 𝐍𝐜𝐱 = 𝐥𝐧 (
𝐥𝐧 𝐓𝐂𝐏𝐑𝐓

𝐥𝐧 𝐓𝐂𝐏𝐑𝐓+𝐂𝐑𝐓
) (5.4) 

 It is important to realise that the value of Ncx was determined for each clinical trial at 

different clinical end points, which were then inserted as input parameters into the 

original model described in Chapter 3 to quantify the influence of radio chemotherapy 

on the overall TCP model outcomes.  
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5.2.3 Impact of dose variation on TCP 

It is widely recognised that radiotherapy machines are calibrated to deliver a specific 

radiation dose under a set of standard conditions (Eaton et al., 2020). Recent advances 

in radiotherapy (such as image-guided radiation therapy [IGRT], SABR, MRI-Linac 

and proton therapy) have reduced the dosimetric uncertainties associated with 

treatment delivery (Astaraki et al. 2019, Bendall et al. 2018, Gomez et al. 2018, 

Yamamoto et al. 2018). From that perspective, the previously recommended 5% 

tolerance for the absorbed-dose accuracy was substituted by more precise statistical 

measures. For instance, in scenarios with high radiation dose gradients (i.e., situations 

where dose variations greater than 20%/cm are encountered) the notion of distance to 

agreement (DTA) with an accuracy of 3.5 mm is strongly recommended. In contrast, 

in regions of low radiation dose gradients, the discrepancy between the treatment 

planning absorbed dose and the measured absorbed dose should be within 3.5% 

(Gregoire and Mackie, 2011). 

Additionally, several situations may arise that result in a patient receiving a 

radiotherapy dose with a systematic difference to that prescribed by the radiation 

oncologists. The sources of radiotherapy dose uncertainty include – but are not limited 

to – absolute calibration of the treatment machine, modelling of radiation transport 

within the patient, tumour and healthy tissue delineation, patient positioning, and day-

to-day patient positioning variations. These potential variations in the delivered 

radiotherapy dose may adversely impact the patient’s clinical outcomes. Therefore, 

the effects of radiotherapy dose uncertainty on the TCP model were quantified. This 

was accomplished by varying the nominal radiation dose exhibited in Table 5.1, from 

-5% to +5%, with an interval of 0.5 for both radiotherapy alone and 

radiochemotherapy arms. 
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5.3 Results 

Table 5.2: Computed NCx values for different clinical end points. 

Clinical 

end 

point 

References 𝐓𝐂𝐏𝐑𝐓 𝐓𝐂𝐏𝐑𝐓+𝐂𝐑𝐓 Diff 

(%) 

𝐥𝐧𝐓𝐂𝐏𝐑𝐓 𝐥𝐧𝐓𝐂𝐏𝐑𝐓+𝐂𝐑𝐓 𝐍𝐜𝐗 

1
-y

ea
r 

fo
ll

o
w

-u
p

 

(Crino et al., 1993) 0.17 0.32 14.60 -1.77 -1.15 0.43 

(Scagliotti et al., 2006) 0.23 0.42 19.00 -1.47 -0.87 0.53 

(Atagi et al., 2018) 0.23 0.44 20.50 -1.46 -0.83 0.57 

(Schaake-Koning et 

al., 1992) 

0.25 0.53 28.60 -1.39 -0.63 0.80 

(Sarihan et al., 2004) 0.28 0.53 25.20 -1.27 -0.63 0.70 

(Lee et al., 2012) 0.31 0.52 20.60 -1.16 -0.66 0.57 

(Wolski et al., 2005) 0.39 0.67 27.80 -0.95 -0.41 0.85 

(Sim et al., 2001) 0.52 0.76 23.70 -0.66 -0.28 0.85 

2
-y

ea
r 

fo
ll

o
w

-u
p

 

(Scagliotti et al., 2006) 0.127 0.26 13.3 -2.06 -1.35 0.43 

(Atagi et al., 2018) 0.126 0.266 14 -2.07 -1.32 0.45 

(Schaake-Koning et 

al., 1992) 

0.171 0.28 10.9 -1.77 -1.27 0.33 

(Sarihan et al., 2004) 0.163 0.318 15.5 -1.81 -1.15 0.46 

(Lee et al., 2012) 0.187 0.342 15.5 -1.68 -1.07 0.45 

(Wolski et al., 2005) 0.252 0.409 15.7 -1.38 -0.89 0.43 

(Sim et al., 2001) 0.384 0.506 12.2 -0.96 -0.68 0.34 

3
-y

ea
r 

fo
ll

o
w

-u
p

 

(Atagi et al., 2018) 0.078 0.2 12.2 -2.55 -1.61 0.46 

(Schaake-Koning et 

al., 1992) 

0.12 0.307 18.7 -2.12 -1.18 0.59 

(Sarihan et al., 2004) 0.111 0.245 13.4 -2.20 -1.41 0.45 

(Lee et al., 2012) 0.134 0.251 11.7 -2.01 -1.38 0.37 

(Wolski et al., 2005) 0.196 0.314 11.8 -1.63 -1.16 0.34 

(Sim et al., 2001) 0.332 0.414 8.2 -1.10 -0.88 0.22 
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Table 5.2 shows the deduced chemotherapy log cell kill (i.e., NCx values) factors based 

on the clinical trials outcomes described in Table 5.1. The chemotherapy factor were 

derived for three clinical end points: one-, two- and three-year local tumour control 

follow-ups, which were eventually employed to quantify the effect of synergistic 

cytotoxic chemotherapy with radiotherapy on the overall TCP model outcomes. 

The NCx values ranged from 0.43–0.85 for one-year local tumour control clinical 

outcomes, 0.33–0.46 for two-year local tumour control clinical outcomes, and 0.22–

0.59 for three-year local tumour control clinical outcomes. From the data presented in 

Table 5.2, it is apparent that the NCx value for specific clinical trials depends mainly 

on the discrepancy between the reported local tumour controls for radiotherapy alone 

and radiochemotherapy arms, respectively. For instance, the greater the difference in 

local tumour control between the two arms, the greater the value of the NCx factor.  

In agreement with previously published results (Alaswad et al., 2019a, Alaswad et al., 

2019b, Alaswad et al., 2019c, Alaswad et al., 2018), the TCP model is capable of 

successfully fitting the clinical data of locally advanced NSCLC following the 

radiotherapy regimen arm (see Figure 5.4A). In this study, the TCP model quantified 

the synergistic cytotoxic chemotherapy with radiotherapy by incorporating the NCx 

factor. The TCP model outcomes revealed a strongly positive linear correlation 

between the predicted TCP outcomes and the local tumour control reported in the 

literature.  Figures 5.4A and 5.4B show the correlation coefficient R2 of statistical tests 

between the estimated TCPs corresponding to both arms. The statistical analysis 

yielded tumour control rates of R2 = 0.88 and wRMSE = 0.85% for the radiotherapy 

alone arm, and R2 = 0.86 and wRMSE = 1.3% for the radiochemotherapy arm. All p-

values were < 0.05. 

Consistent with the reported outcomes presented in Table 5.1, the TCP model 

outcomes for the radiochemotherapy arm exhibited TCPs superior to those of the 

radiotherapy alone arm. For the radiochemotherapy arm, TCPs were as high as 75.5%, 

50.6% and 41.4% at one-, two- and three-year local tumour control rates, respectively.  
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Figure 5.4: Correlation between the reported clinical outcomes and TCP model outcomes for 

radiotherapy alone (A) and radiochemotherapy (B) arms. The dataset was statistically weighted 

and scaled by incorporating the effect of the number of patients in each clinical trial. 

 

Table 5.3 displays the global minimum solution of the initial guess of the radio 

sensitivity components α and β and their standard deviations σα and σβ, as produced 

by the NM simplex algorithm, for both radiotherapy and radiochemotherapy arms. 

Table 5.3: Radiosensitivity solutions produced by the NM algorithm. 

RT 

modality 

α β 𝝈𝜶 𝝈𝜷 α/β 

1-yr TCP 0.68 0.15 0.16 0.0025 4.5 

2-yr TCP 0.57 0.14 0.34 0.0075 4.0 

3-yr TCP 0.53 0.11 0.28 0.0018 4.8 

 

A 

B 
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Figure 5.5: Influence of dose uncertainty on the overall TCP following radiotherapy alone arm 

for one-year follow-up (A), two-year follow-up (B), and three-year follow-up (C). 

A 

B 
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Figure 5.6: Influence of dose uncertainty on the overall TCP following radiochemotherapy arm 

for one-year follow-up (A), two-year follow-up (B), and three-year follow-up (C). 

 

A 

B 
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Figures 5.5 and 5.6 show a typical example of the variation in TCP model outcomes 

as a function of systematic dose shifts. The variation in the one-year TCPs for total 

doses of 60, 65, 70 and 80 Gy ranged between 17.8–27.9%, 24.7–38.6%, 30.3–47.4% 

and 42.9–59.9% for radiotherapy alone arms, and between 29.1–56.5%, 35.6–66.9%, 

58.3–74.2% and 68.4–82.8% for radiochemotherapy arms, respectively (see Figures 

5.5A and 5.6A). Similar variation trends were observed for the rest of the clinical end 

points (see Figures 5.5B, 5.5C, 5.6B and 5.6C). 

 

 

Figure 5.7: Boxplot compares the variation in TCP outcomes for radiotherapy-alone and 

radiochemotherapy arms due to dose uncertainty for one-year follow-up.  
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Figure 5.8: Boxplot compares the variation in TCP outcomes for radiotherapy-alone and 

radiochemotherapy arms due to dose uncertainty for two-year follow-up. 

  

Figure 5.9: Boxplot compares the variation in TCP outcomes for radiotherapy-alone and 

radiochemotherapy arms due to dose uncertainty for three-year follow-up. 
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Additionally, in order to examine the statistical distribution of the TCP model 

outcomes, boxplots (also known as box-and-whisker diagrams) were employed as 

shown in Figures 5.7, 5.8 and 5.9. The top and bottom of the box represent the third 

and first quartiles of the TCP values, respectively, and the middle line indicates the 

median value. The statistical assessment based on the unpaired t-test showed that the 

differences in predicted TCP for both arms were all significant, which further 

highlights the enhanced model outcomes for the radiochemotherapy arm (see Figures 

5.7, 5.8 and 5.9). 
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5.4 Discussion 

LA-NSCLC is defined as stage III disease with subclassification into stages IIIA, IIIB 

and IIIC in accordance with the newly proposed 8th TNM. Broadly, stage III NSCLC 

encompasses a heterogeneous combination of tumour presentations characterised as 

involving locoregional spread through primary tumour extension into extrapulmonary 

structures (e.g., T3 or T4) or mediastinal lymph node involvement (e.g., N1, N2 or 

N3), but involving no evidence of distant metastases (M0). Management with 

radiotherapy alone for LA-NSCLC has shown undesirable clinical outcomes. The 

application of sequential radiochemotherapy has yielded an improvement in overall 

survival rates from nearly 6% to 12% at five years. With the practical experience of 

concomitant radiochemotherapy, this rate improved to 15% with an overall survival 

gain of 4.5% at five years – but at the cost of radiation pneumonitis and oesophageal 

toxicity (Aupérin et al., 2010). 

Clinical experience of such patients with concurrent radiochemotherapy is constrained 

by the sensitivity of healthy lung tissues to radiation dose, which clinically may cause 

radiation pneumonitis and other oesophageal toxicity. Within this framework, a large 

volume of retrospective studies detail the clinical experience of the related toxicity 

following concurrent radiochemotherapy for LA-NSCLC. For instance, Tsujino et al. 

(2003) determined whether the percentage of pulmonary volume exposed to 

radiotherapy doses greater than 20 Gy (V20) was associated with the incidence and 

grade of radiation pneumonitis in 71 patients with inoperable LA-NSCLC treated by 

concurrent radiochemotherapy. 

 Statistical analysis confirmed that radiation pneumonitis grades of 0, 1, 2, 3, and 5 

were perceived in 17, 35, 16, 2, and 1 patients, respectively; the corresponding mean 

V20 values were 19%, 23.0%, 25.8%, 27.0%, and 34.5%. Thus, Tsujino and his 

colleagues indicated that concomitant radiochemotherapy strategy was associated with 

increased clinically relevant radiation pneumonitis.  
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In a similar vein, Graham et al. (1999) examined 99 patients with LA-NSCLC and 

determined that the percentage of total lung volume irradiated to 20 Gy corresponds 

significantly with the incidence of symptomatic radiation pneumonitis. Furthermore, 

a meta-analysis of sequential versus concurrent radiochemotherapy assessed six trials 

in 1,205 LA-NSCLC cases and indicated a substantial enhancement in the five-year 

rate of overall survival (11.3% to 16.2%) and a diminution in local recurrence (35% 

to 29%) with concomitant radiochemotherapy. Nonetheless, a significant increase in 

oesophageal toxicity was observed, yet no persuasive evidence of radiation 

pneumonitis was given in this study (Aupérin et al., 2010). 

Overall, 811 patients from 8 clinical trials were used in this study, with 411 patients 

in the radiotherapy alone arm and 400 in the radiochemotherapy arm. The TCP 

simulation was developed to predict three clinical end points: one-, two- and three-

year local tumour control. Table 5.1 depicts the treatment characteristics of the clinical 

trials included. The radiotherapy alone arm varied between the different trials in terms 

of dose per fraction, total radiation dose, number of daily doses and duration of overall 

radiotherapy course. Table 5.2 presents the exploratory calculations of the 

chemotherapy log cell kill factor used to fit the TCP model. Although intensive 

research has been conducted on the TCP modelling, no single study has quantified the 

influence of radiochemotherapy on the overall TCP model outcomes for NSCLC. 

Thus, the radiochemotherapy TCP findings in this research may be used to establish a 

benchmark for future studies of radiochemotherapy TCP lung modelling.  

Within this context, only one TCP modelling study, conducted by Plataniotis and Dale 

(2008), has attempted to determine chemotherapy log cell kill (i.e., NCx values). That 

modelling study employed clinical data from 11 clinical trials on cervical cancer to 

quantify synergistic cytotoxic chemotherapy with radiotherapy.  
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It is therefore encouraging to compare the findings shown in Table 5.2 with those 

reported by Plataniotis and Dale (2008), who found that the NCx values for cervical 

cancer range between -0.275–0.838, even though they do not concur with the values 

presented in Table 5.2. This discrepancy may be attributable to differences in the 

reported clinical outcomes between cervical cancer and LA-NSCLC. 

Three dominant factors make LA-NSCLC challenging to manage with radiotherapy: 

(1) dosimetric complications induced by the presence of tissue inhomogeneities (i.e., 

lung has notably low density in comparison with surrounding at-risk organs such as 

heart, kidneys, liver and oesophagus), (2) respiratory motion, and (3) proximity of 

various adjacent healthy organs with low radiation tolerances (see Section 1.5). 

Fundamentally, cutting-edge technologies such as 4D-CT and VMAT should yield 

therapeutic gains due to their capability to conform radiation doses to tumours. 

Nevertheless, some questions may be raised concerning the application of VMAT for 

thoracic cancers due to the respiratory motion involved. Additionally, in contrast to 

conventional 3D-CRT, VMAT irradiates only a portion of the target volume at a 

certain time. This creates the possibility of significant dosimetric missing of the target 

volume, which may, in turn, have an undesirable influence on local tumour control. 

This phenomenon has been recognised as ‘interplay effect’ (Ceberg et al., 2013, 

Palmer et al., 2017).  

On the basis of the preceding evidence, the optimum radiotherapy technique for LA-

NSCLC has been a controversial and much-disputed subject within the field of 

radiation oncology. Notably, no single-perspective research has been undertaken to 

determine the optimum radiotherapy modality for LA-NSCLC, and the published 

retrospective reports are contradictory. Liao et al. (2010) provided an in-depth 

retrospective analysis of 496 LA-NSCLC patients who were treated at MD Anderson 

Cancer Center between 1999 and 2006. In this major study, Liao and his colleagues 

compared toxicity and disease outcomes in patients treated with either 4D-CT/VMAT 

or 3D-CRT following concurrent radiochemotherapy regimens. The findings of this 

study concluded that modern technologies such as VMAT and 4D-CT are associated 
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with substantially improved local tumour control and survival rates, as well as a 

remarkable reduction in toxicity compared to 3D-CRT.   

In agreement with the previous findings, a single-institution retrospective 

investigation has suggested that intensity-modulated radiotherapy (IMRT) can 

improve overall survival and reduce treatment-related pneumonitis (Bezjak et al., 

2012). Nevertheless, a number of published studies were unable to reproduce that 

improvement in clinical outcomes and reduction in toxicity (Harris et al., 2014, Mell 

et al., 2003). For instance, in a major retrospective study involving 3,986 LA-NSCLC 

cases accumulated from the Surveillance, Epidemiology, and End Results (SEER) 

Medicare database, Shirvani et al. (2013) highlight the fact that clinical experience 

strongly encourages the adoption of VMAT in managing LA-NSCLC. Nonetheless, 

the study findings identified no significant differences between 3D-CRT and VMAT 

in the context of oesophageal, pulmonary or cardiac toxicity rates.  

Some questions may be posed in relation to the inconsistency and contradictory 

conclusions exhibited in the literature. Is the interplay effect the major contributing 

factor behind such discrepancies among scholars’ findings, or do other factors 

influence those findings, such as the dosimetric challenge in accurately delivering the 

VMAT plan?  

Additionally, the results of the present study indicate that dosimetric uncertainty in the 

prescribed radiation dose could lead to undesirable clinical outcomes (see Figures 5.5 

and 5.6). Similarly, in a recent analysis involving multi-radiotherapy UK centres, Bolt 

et al. (2017) showed that uncertainty in machine beam output measurements may 

result in variation of up to 10% in TCP model outcomes, which coincides with the 

findings listed in Figures 5.7, 5.8 and 5.9.  

It is important to note that VMAT delivers the radiotherapy prescription doses by 

modulating photon beam intensities through the continuous variation of dose rates, 

gantry speeds and multileaf collimator (MLC) positions at each control point. Such a 

sophisticated delivery of radiation dose may introduce additional uncertainty in the 

mechanical operation of the Linac due to profound dependence on  the application of 
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high numbers of small irregular field shapes, leading to discrepancies in dose 

distributions between computed and delivered plans. Within this framework, various 

quality assurance (QA) practices have been recommended to assess the dosimetric 

accuracy of the VMAT delivery technique. 

One of the most popular tools for performing patient-specific VMAT QA techniques 

is the 2D dosimetric comparison between the treatment plan and the measurement. 

During this procedure, a measurement is obtained before the patient begins treatment. 

This measurement (i.e., the patient-specific QA) is evaluated using the gamma 

analysis concept. The accepted gamma analysis criteria of a 3% dose difference and a 

3-mm distance to agreement (DTA) are the most commonly used (Mynampati et al., 

2012). This step is fundamental in radiotherapy to ensure that VMAT treatment is 

delivered with high accuracy. 

Notwithstanding the foregoing, several investigators have argued that the traditional 

patient-specific VMAT QA is not sensitive enough to detect dosimetric discrepancy 

between the treatment plan and the delivered plan. Furthermore, one drawback to the 

patient-specific VMAT QA technique is a weak-to-moderate correlation between 

clinically relevant dosimetric errors and 2D gamma analysis passing rates (Hussein et 

al., 2013). For instance, Mu et al. (2007) deliberately introduced random (± 1 mm and 

± 2 mm) and systematic (± 0.5 mm or ± 1 mm) errors in the MLC positions to evaluate 

the dosimetric effect. They found no significant dosimetric variation for either PTV or 

OARs that were introduced by random leaf position errors, whereas clinically 

significant differences (8% variation in D95% and approximately 12% in D0.1 cc to 

critical organs) were noted by systematic leaf position errors in complex IMRT plans. 

Alaswad and Coleman (2019) concluded that when 2D gamma analysis is performed 

using a 3% dose difference and a 3-mm DTA, both QA results and the error 

detectability are heavily dependent on the plane chosen for measurement acquisition, 

and no relationship was found between the error levels in several verification planes.  

Recently, log files have been established on numerous treatment machines to address 

concerns about traditional QA approaches in identifying both minor random and 
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systematic errors. One of the benefits of utilising this technique is that the log files are 

acquired and verified whenever the treatment plan is delivered. Hence, it can be 

verified during patient treatment. Furthermore, log files yield an immediate 

performance of VMAT plan checks and reduce the ampere-hours utilised in traditional 

QA techniques to a matter of minutes. However, there are still concerns about whether 

the log file-based QA technique offers confidence equal to that of measurements used 

by one of the traditional approaches.  

In recent years, proton therapy has gained momentum amongst the procedures of 

interest due to the absence of any exit radiation dose. This distinctive feature of proton 

therapy may potentially enable radiotherapy dose escalation without added toxicity to 

healthy tissues in the vicinity of the target volume. Numerous single-arm studies have 

been published with promising clinical outcomes that employ concurrent 

chemotherapy and proton beam therapy in LA-NSCLC (Nguyen et al., 2015, Hoppe 

et al., 2016). In a retrospective analysis using the National Cancer Database, Higgins 

et al. (2017a) concluded that proton therapy yields a substantial improvement in the 

survival rates compared to photon therapy. However, a notable limitation of this study 

is the absence of toxicity data. The interest in proton therapy led to the phase II 

randomised trial comparing conformal passive scattering proton therapy against 

VMAT for LA-NSCLC. Nonetheless, this ongoing NCT00915005 phase II trial 

comparing passive scattering proton therapy (PSPT) against IMRT for LA-NSCLC 

revealed no significant difference between the two arms in terms of radiation 

pneumonitis or oesophageal toxicity (Liao et al., 2018). The authors have stated that 

proton therapy was correlated with larger high-dose lung volumes due to the 

application of relatively large safety margins during the PSPT treatment plans. 

Notably, the authors have also observed that the rate of pneumonitis for the proton 

arm diminished with time during the trial evaluation, and hypothesise that this may be 

attributable to a learning curve in proton therapy planning, as re-plans of previous 

patients resulted in improved dosimetry. It is worth mentioning that the management 

of NSCLC by employing proton therapy is still in the early developmental stages with 

some specific barriers, such as proton range uncertainty inside the boundaries of 
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moving targets, which may restrict its practical applicability in the foreseeable 

future.          

In summary, this chapter demonstrates that the influence of radiochemotherapy can be 

modelled through incorporating the log cell kills concept into a TCP-LQ model and 

thus allow quantitative assessment of combined radiotherapy and chemotherapy 

modalities. Consistent with the reported outcomes presented in the extant literature, 

TCP model outcomes for the radiochemotherapy arm were found to be superior to 

those exhibited by the radiotherapy alone arm. 
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Chapter 6 Conclusion and future work 

6.1 Conclusion 

6.1.1 Optimal tumour control for early-stage non-small-cell lung 

cancer 

This thesis makes several noteworthy contributions in the field of radiobiological 

modelling of NSCLC. It sought to establish a mechanistic local TCP model that could 

describe clinical outcomes of NSCLC. A comprehensive meta-analysis of clinical 

outcomes for a broad spectrum of NSCLC fractionation schemes, such as standard 

fractionation, hyperfractionation and hypofractionation was conducted. This outcome 

analysis for clinical radiotherapy of local tumour control for NSCLC has not 

previously been undertaken or reported by other scholars. 

The findings suggest that the TCP model is appropriate for the analysis and evaluation 

of external beam radiation treatment plans with respect to one-, two- and three-year 

local tumour control through 3D-CRT, CHART and SABR.  

Furthermore, this study illustrates that the TCP model can describe clinical outcomes 

at high doses per fraction, such as those used in SABR. Therefore, this thesis argued 

that LQ-based TCP modelling can adequately describe tumour control radiotherapy 

regimens that employ high doses per fraction.  

This thesis determined that NSCLC can be adequately modelled by extending the 

classic LQ formula to include the effects of hypoxia, tumour repopulation and the 

repair of sublethal damage. To the best of our knowledge, the present study is the first 

TCP model for early-stage NSCLC that has combined all three of these parameters. 
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The variations in clonogenic cell density, with respect to TCP, were also investigated 

and modelled using a more practical approach to address a gap in the literature, which 

assumed that treated volume had a fixed quantity of clonogenic density. Within this 

this context, two new computational radiobiological models were developed in 

MATLAB to study the effects of varying both radiation dose prescription and 

clonogenic density distributions in local tumour control. Based on the proposed model, 

it was estimated that 60% of the dose was sufficient to maintain the desirable TCP 

after two years for the regions with lower clonogenic cell density.  

It is noteworthy that the TCP model, alongside the multiple patient cohorts employed 

in this thesis, has been published at varying times during the PhD (Alaswad et al., 

2020, Alaswad et al., 2019a, Alaswad et al., 2019b, Alaswad et al., 2019c, Alaswad et 

al., 2018), and has been endorsed by several scholars (Marsden, 2020, Radonic et al., 

2020, Kenny et al., 2020, Inal and Duman, 2020, Matsuya et al., 2020).   

Additionally, in 2020, Marsden published a paper in which he described the TCP 

established in this thesis as a novel and sophisticated compared with the previously 

published TCP models, in particular the Marsden TCP model which has been 

developed and published more frequently by (Uzan and Nahum, 2012).    

6.1.2 Comparison of the T descriptor of the 7th and 8th editions of 

the TNM staging system for non-small-cell lung cancer after 

radiotherapy 

Another core aspect of the current thesis was to assess the inclusion of cancer stages 

into a TCP model based on the T descriptors of the 7th and 8th editions of the TNM. 

The TNM staging system employs a configuration that depicts the anatomic extent of 

cancer, thereby enhancing the exchange of information between oncologists. 

A single cohort consisting of 354 NSCLC patients was used for the model fit. The 

TCP findings of this study indicate that patients with earlier-stage NSCLC T 

subcategories, such as T1a and T1b, display an improved local tumour control 

compared to patients with more advanced T subcategories, such as T3 and T4.  
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One of the findings of this research was that the T distribution schema of the 7th edition 

was slightly inferior to that of the 8th edition in terms of specifying the adjacent T 

subcategories. To the best of our knowledge, this study is the first to describe the 

impact of the inclusion of cancer stage of the 7th TNM and 8th TNM into the TCP 

model for NSCLC. Due to the small sample size used in this study, more studies are 

warranted to sufficiently quantify and precisely determine the superiority of the 8th 

edition of the TNM classification system from the radiobiological modelling 

perspective. 

6.1.3 Influence of incorporating radiotherapy and chemotherapy on 

the tumour control probability of patients with locally advanced 

non-small-cell lung cancer 

In addition, this thesis spotlighted the tangible contribution of synergistic cytotoxic 

chemotherapy with radiotherapy in treating locally advanced NSCLC. Clinical trial 

experiences from multiple references have reported that the risk of locoregional 

relapse and distant metastasis was less evident for patients treated with concomitant 

radiochemotherapy than radiotherapy alone. Although the influence of radiotherapy 

alone can be adequately described by TCP model, the combined impact of concomitant 

chemotherapy and radiotherapy remains subject to extensive research.  

Thus, the TCP-LQ model was amended to quantify the effect of chemotherapy 

prescription according to the log-cell kill notion. Notably, the log-cell kills mechanism 

relies on the assumption that cytotoxic drugs eliminate a certain fraction of clonogenic 

cells based on drug concentration. Overall, 811 patients from 8 clinical trials were 

used in this study, with 411 patients in the radiotherapy-alone arm and 400 in the 

radiochemotherapy arm.  

The TCP simulation was developed to predict three clinical endpoints: one-, two- and 

three-year local tumour control. This investigation demonstrated that incorporating the 

log-cell kills concept into a TCP-LQ model can improve tumour cure probabilities and 

thus allow quantitative assessment of combined radiotherapy and chemotherapy 

modalities. 
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Furthermore, accurate clinical outcome predictions could offer oncologists more 

reliable tools to enhance their decision-making when balancing predicted gains versus 

expected risk. As previously stated, the established mechanistic TCP population model 

can sufficiently describe the clinical outcomes of NSCLC. Notwithstanding this, local 

tumour control is determined by a complex interplay between radiation dosimetry, 

tumour biology, tumour microenvironment and patient-related variables. Thus, this 

thesis argued that these factors pose a challenge in establishing a prognostic model for 

routine clinical practice. 

6.2 Future work 

6.2.1 Dose to water versus dose to medium from a 

radiological modelling perspective: A single institution 

experience  

Conventional dose computations for radiotherapy treatment planning systems (TPSs) 

are commonly modelled to report absorbed doses to water (Dw) (assuming that the 

human body is largely composed of water). One possible explanation for this is that 

the input dosimetric data (e.g., absorbed dose, PDD, beam flatness and symmetry) 

used for TPS dose calculations algorithms are measured in a water phantom.   

The Monte Carlo (MC) dose calculation algorithm is recognised as the gold standard 

from an accuracy perspective, specifically in inhomogeneous media such as the lung. 

The MC can accurately model the physical interactions of each electron in media, a 

technique that remains time-consuming despite recent progress in computational 

capacity. This factor may explain the difficulty in adapting this technique to use in 

daily clinical practice. 

A recent, dramatic paradigm shift in radiotherapy occurred through reporting the 

prescribed radiation dose to the medium (Dm) by using the Acuros XB (AXB) dose 

calculation algorithm (Delbaere et al., 2019). The AXB has proved to coincide to a 
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large degree with the MC, even in inhomogeneous media, with the superiority of faster 

computation times and readily available on a commercial TPS. 

Recently, this system has been implemented in the radiation oncology department of 

King Fahad Medical City (KFMC). Nevertheless, the issue of whether to report the 

dose to Dw or Dm has been a much-disputed topic within the area of radiotherapy 

treatment planning (Gladstone et al., 2016, Ma and Li, 2011, Walters et al., 2010, 

Keall, 2002, Yang et al., 2020). Thus, future work for this project will be threefold: 1) 

retrospectively comparing clinical outcomes for patients who were treated using Dw 

with Dm in KFMC, 2) comparing DVH histograms in both scenarios, and 3) 

establishing a radiobiological model based on both Dw and Dm TPS dose 

distribution.     

6.2.2 Influence of radiotherapy treatment interruptions on 

tumour control probability: A multi-centre analysis 

experience 

A radiotherapy treatment schedule can be disrupted for various patient- or equipment-

/service-related reasons (e.g. a patient can be too ill to attend a session). However, the 

overall treatment time is a significant factor influencing the efficacy of a radiotherapy 

treatment. The accelerated repopulation of tumour clonogenic cells with increased 

treatment time is considered to be a major contributing cause for reduced local control 

without appropriate radiation dose compensation. 

Thus, future work will also involve addressing and quantifying the effect of treatment 

gap durations as well as their temporal occurrences within a treatment on the overall 

tumour control of non-small cell lung cancers. The patient data will be gathered from 

multiple centres in Saudi Arabia. Strategies to mitigate the effect of treatment gaps, 

such as varying treatment fraction numbers or fraction radiation doses, will be 

proposed from a radiobiological modelling perspective. 
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6.2.3 A TCP model for proton therapy beam of non-small cell lung 

cancer  

Proton therapy has gained in significance due to the absence of any exit radiation dose. 

This distinctive feature of proton therapy may potentially enable radiotherapy dose 

escalation without added toxicity to healthy tissues in the vicinity of the target volume. 

Numerous single-arm studies have been published with promising clinical outcomes 

that employ concurrent chemotherapy and proton beam therapy in LA-NSCLC 

(Nguyen et al., 2015, Hoppe et al., 2016). Recently, this therapeutic procedure has 

been implemented in King Fahad Medical City (KFMC) in Saudi Arabia.  

Nonetheless, most radiobiological research has focused on an evolving TCP model 

within the context of external beam radiotherapy. Thus, it is important to develop a 

mechanistic TCP model that is capable of describing the response of NSCLC to proton 

therapy. This, in turn, can yield greater insight into the clinical implications and 

perspectives of this promising therapeutic procedure. 

Future work for this project will therefore focus on extending the TCP-LQ model 

discussed in Chapter 3 (Alaswad et al., 2019a) to describe the response of NSCLC to 

proton therapy based on the concept of relative biological effectiveness (RBE). 

Notably, RBE is defined as the ratio of physical doses that cause the same biological 

effect and is calculated as RBE =Dcontrol ⁄Dtest. In this equation, Dcontrol is the 

physical dose of a reference radiation modality (X-rays) and Dtest is the physical dose 

of the radiation modality being investigated (protons). 
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6.2.4 A TCP model to improve clinical outcomes in patients with 

non-small cell Lung cancer: A clinical feasibility study  

The quality of a radiation treatment plan is often evaluated by physical quantities such 

as DVH parameters. Within this context, the TCP model proposed in this thesis can 

be used to realise the biological consequences of the treatment. For instance, physicists 

can incorporate the TCP model into in-house computer programs for evaluation of 

treatment plans. Because the proposed TCP model can account for different 

fractionation regimes such as 3D-CRT, CHART, and SABR, along with modalities in 

combined treatment (e.g., radiochemotherapy), it provides direct estimates of outcome 

probabilities to accomplish optimum local tumour control. This can provide valuable 

clinical guidance to escalate the radiotherapy dose for NSCLC.  

Additionally, physicists, along with radiation oncologists, can investigate and quantify 

the influence of treatment interruptions and different overall treatment time on the 

local tumour control. This can be accomplished by altering the clonogenic 

repopulation equation in the proposed TCP model. Notably, clonogenic repopulation 

depends on two main parameters: the treatment duration and the clonogenic doubling 

time.  

An additional useful feature of the proposed TCP model that can be considered during 

plan optimization is the modelling approach of clonogenic cell density proposed in 

this thesis. In this method, low clonogenic cell densities can be destroyed with a 

relatively lower radiation dose than is usually required to eliminate tumours, while a 

higher radiation dose would be required to eliminate a tumour with a higher clonogenic 

cell density. Following these treatment plans, the optimal TCP and normal tissue 

complication probabilities can be attained. Notably, physicists can employ the 

clonogenic cell density model to achieve optimum local tumour control.  

Therefore, future work for this project will focus on evaluating the feasibility of 

implementing the TCP-LQ model discussed in this thesis into daily clinical practice.
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Appendix A Dissemination of Research 

A.1 Optimal tumour control for early-stage non-small-cell 

lung cancer: A radiobiological modelling perspective 

 DOI: 10.1016/j.ejmp.2019.09.074 

 

 

https://doi.org/10.1016/j.ejmp.2019.09.074


 

Appendix A 177 

A.2 Radiation dose intensity and local tumour control of 

non-small cell lung cancer: A radiobiological modelling 

perspective 

 DOI: 10.1088/1742-6596/1248/1/012071 
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A.3 A TCP model for external beam treatment of non-

small cell lung cancer 

 DOI: 10.1016/j.ejmp.2018.06.037 
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A.4 Radiobiological modelling of clonogen distribution, 

hypoxic fraction and tumour size effects on local tumour 

control of non-small cell lung cancer 

 DOI: 10.1016/j.ejmp.2019.09.185 
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A.5 Comparison of the T descriptor of the 7th and 8th 

editions of the TNM staging system for non-small cell lung 

cancer after radiotherapy: An analysis from the TCP 

modelling perspective 

 Manuscript ID: RPOR-D-20-00295 
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A.6 Internal and external validation of a tumour control 

probability model for non-small cell lung cancer 
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A.7 Comparison of the T descriptor of the 7th and 8th 

editions of the TNM staging system for non-small cell lung 

cancer after radiotherapy: An analysis from the TCP 

modelling perspective 
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A.8 Influence of radiotherapy and chemotherapy on 

tumour control probability in patients with non-small cell 

lung cancer: A radiobiological modelling study 
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Figure A.1: Survival fractionation. Comparison between radiation-alone or chemo-radiation. 

Radiation-alone is represented by the black line, chemo-radiation (c=1.2) is represented by the 

red line, chemo-radiation (c=1.4) is represented by the blue line, chemo-radiation (c=1.6) is 

represented by the green line, chemo-radiation (c=1.8) is represented by the yellow line and 

chemo-radiation (c=2) is represented by the purple line. 

 

 

Figure A.2: Variations in tumour cure probabilities with different values of the chemotherapy-

modulated radiation dose enhancement factor. 
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A.9 Radiobiological modelling of concomitant 

radiochemotherapy for patients with locally advanced non-

small cell lung cancer: A tumour control probability 

perspective 
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A.10 Influence of radiotherapy dose uncertainty on local 

tumour control for locally advanced non-small cell lung 

cancer 
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A.11 The sensitivity of patient-specific IMRT QA methods 

in detecting systematic errors: field-by-field versus single-

gantry-angle composite 

 DOI: 10.1088/1742-6596/1248/1/012063 

 

 

https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1088%2F1742-6596%2F1248%2F1%2F012063?_sg%5B0%5D=IYZDtqJxJDuzi1MEbgntC9gZfZJwEnJnBrpQygg2NInxfOfgLBUI9rhI2H5kVoM4q4bUfXb1e3N6b_4MsA7SvNB7ew.-rxevM_K9d9eNleHZJRhBHBrsO9Zy8KsO52GtzGf5eNYN9DBeHr8Xf3X7NOxVSo6iauqhAraaa_h17KImOFSHQ
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A.12 Comparison of IMRT QA measurement methodology 

 DOI: doi.org/10.1016/j.ejmp.2017.05.074 

 

 

https://doi.org/10.1016/j.ejmp.2017.05.074
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Appendix B Additional results 

B.1 Optimal tumour control for early-stage non-small-cell 

lung cancer: A radiobiological modelling perspective 

 DOI: 10.1016/j.ejmp.2019.09.074 

 

 

Figure B.1: Analysis of variation in TCP as a function of hypoxic using: A) Baumann et al. (2011) 

data that comprised of 203 patients, treated using a total dose of 66 Gy, yielding  a 2-year TCP of 

26.4 %; (B) Sanganalmath et al. (2018a) data that comprised of 849 patients, treated using a total 

dose of 54 Gy, yielding  a 2-year TCP of 36 %. 

 

https://doi.org/10.1016/j.ejmp.2019.09.074
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Figure B.2: Shows the results obtained using the approach described in Section 3.2.3, as applied 

to the 16 patient cohorts outlined in Table 3.1 and with a clonogenic cell density distribution 

and dose-per-fraction distribution of a half-Gaussian decay. 
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B.2 Comparison of the T descriptor of the 7th and 8th 

editions of the TNM staging system for non-small cell lung 

cancer after radiotherapy: An analysis from the TCP 

modelling perspective 

Table B.1: Comparison of the TCP model performance according to the T descriptors of the 7th 

and 8th TNM staging scheme. 

Radiotherapy modality Fractionation  schedule 7th TNM 8th TNM 

R2 RMSE R2 RMSE 

 

3D-CRT 

2 Gy in 25 fractions 0.93 2.07 0.94 0.93 

2 Gy in 30 fractions 0.95 1.68 0.95 0.94 

2 Gy in 37 fractions 0.89 2.47 0.93 1.91 

 

CHART 

1.5 Gy in 36 fractions 0.90 2.82 0.91 2.53 

1.2 Gy in 58 fractions 0.94 2.27 0.95 1.94 

1.8 Gy in 44 fractions 0.95 1.84 0.96 1.53 

 

SABR 

10 Gy in 4 fractions 0.92 3.01 0.94 2.65 

15 Gy in 3 fractions 0.95 2.29 0.95 2.19 

20 Gy in 3 fractions 0.97 0.91 0.97 0.68 
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Table B.2: Statistical assessment based on the unpaired t-test for 7th TNM (3D-CRT, 2 Gy in 30 

fractions). 

T-descriptor TCP outcomes Comparison t-value p-value 

T1a 48.00 ±1.09 T1a vs. T1b -5.9 P < 0.05 

T1b 43.00 ±1.05 T1b vs. T2a 4.5 P < 0.05 

T2a 38.88 ±1.12 T2a vs. T2b -3.5 P < 0.05 

T2b 35.53 ±1.17 T2b vs. T3 4.1 P < 0.05 

T3 31.80 ±1.01 T3 vs. T4 -1.3 0.23 

T4 30.01 ±2.0 n/a n/a n/a 

 

Table B.3: Statistical assessment based on the unpaired t-test for 8th TNM (3D-CRT, 2 Gy in 30 

fractions). 

T-descriptor TCP outcomes Comparison t-value p-value 

T1a 51.5 ±0.80 T1a vs. T1b 5.3 P < 0.05 

T1b 478 ±0.85 T1b vs. T1c -7.4 P < 0.05 

T1c 42.9 ±0.82 T1c vs. T2a 2.9 P < 0.05 

T2a 41.1 ±0.90 T2a vs. T2b -5.3 P < 0.05 

T2b 37.4 ±0.83 T2b vs. T3 3.39 P < 0.05 

T3 35.0 ±0.98 T3 vs. T4 -4.8 P < 0.05 

T4 31.0 ±1.30 n/a n/a n/a 
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Table B.4: Statistical assessment based on the unpaired t-test for 7th TNM (CHART, 1.5 Gy in 

36 fractions). 

T-descriptor TCP outcomes Comparison t-value p-value 

T1a 33.3 ±0.73 T1a vs. T1b 13.0 P < 0.05 

T1b 25.8 ±0.68 T1b vs. T2a -8.9 P < 0.05 

T2a 20.6 ±0.76 T2a vs. T2b 6.0 P < 0.05 

T2b 16.8 ±0.81 T2b vs. T3 -6.3 P < 0.05 

T3 13.0 ±0.65 T3 vs. T4 1.3 0.26 

T4 11.7 ±1.6 n/a n/a n/a 

 

Table B.5: Statistical assessment based on the unpaired t-test for 8th TNM (CHART, 1.5 Gy in 

36 fractions). 

T-descriptor TCP outcomes Comparison t-value p-value 

T1a 37.5 ±0.65 T1a vs. T1b 8.8 P < 0.05 

T1b 32.6 ±0.71 T1b vs. T1c -12.1 P < 0.05 

T1c 25.7 ±0.68 T1c vs. T2a 3.9 P < 0.05 

T2a 23.4 ±0.77 T2a vs. T2b -7.7 P < 0.05 

T2b 18.8 ±0.69 T2b vs. T3 3.5 P < 0.05 

T3 16.6 ±0.84 T3 vs. T4 -5.0 P < 0.05 

T4 12.5 ±1.16 n/a n/a n/a 
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Table B.6: Statistical assessment based on the unpaired t-test for 7th TNM (SABR, 10 Gy in 4 

fractions). 

T-descriptor TCP outcomes Comparison t-value p-value 

T1a 50.0 ±0.43 T1a vs. T1b 24.4 P < 0.05 

T1b 41.6 ±0.41 T1b vs. T2a -17.0 P < 0.05 

T2a 35.6 ±0.45 T2a vs. T2b 12.1 P < 0.05 

T2b 31.0 ±0.48 T2b vs. T3 -13.8 P < 0.05 

T3 26.0 ±0.40 T3 vs. T4 3.34 P < 0.05 

T4 24.1 ±0.90 n/a n/a n/a 

 

Table B.7: Statistical assessment based on the unpaired t-test for 8th TNM (SABR, 10 Gy in 10 

fractions). 

T-descriptor TCP outcomes Comparison t-value p-value 

T1a 54.0 ±0.79 T1a vs. T1b 7.45 P < 0.05 

T1b 48.3 ±0.85 T1b vs. T1c -8.7 P < 0.05 

T1c 41.8 ±0.82 T1c vs. T2a 4.5 P < 0.05 

T2a 38.7 ±0.90 T2a vs. T2b -7.1 P < 0.05 

T2b 33.7 ±0.81 T2b vs. T3 4.2 P < 0.05 

T3 30.6 ±0.96 T3 vs. T4 -5.7 P < 0.05 

T4 25.3 ±1.28 n/a n/a n/a 

 


