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Highlights 

• A review of concurrent chemoradiotherapy in stage 3 non-small cell lung cancer 

• Recent trial data suggests a detriment to dose-escalated radiotherapy in this setting 

• Large degree of heterogeneity in patient, tumour and clinical factors between cases 

• Heterogeneity may be limiting the ability to detect benefits of doseescalation 

• Technology advances may better stratify cases and allow safer doseescalation 

 

Abstract 

The current standard of care for the management of inoperable stage 3 non-small cell lung 

cancer (NSCLC) is concurrent chemoradiotherapy (cCRT) using radiotherapy dose-

fractionation and chemotherapy regimens that were established 3 decades ago. In an 
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attempt to improve the chances of long-term control from cCRT, dose-escalation of the 

radiotherapy dose was assessed in the RTOG 0617 randomised control study comparing 

the standard 60Gy in 30 fractions with a high-dose arm receiving 74Gy in 37 fractions. 

Following the publication of this trial the thoracic oncology community were surprised to 

learn that there was worse survival in the dose-escalated arm and that for now the standard 

of care must remain with the lower dose. In this article we review the RTOG 0617 paper with 

subsequent analyses and studies to explore why the use of dose-escalated cCRT in stage 3 

NSCLC has not shown the benefits that were expected. The overarching theme of this 

opinion piece is how heterogeneity between stage 3 NSCLC cases in terms of patient, 

tumour, and clinical factors may obscure the potential benefits of dose-escalation by causing 

imbalances in the arms of studies such as RTOG 0617. We also examine recent advances 

in the staging, management, and technological delivery of radiotherapy in NSCLC and how 

these may be employed to optimise cCRT trials in the future and ensure that any potential 

benefits of dose-escalation can be detected.  
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The standard of care in inoperable stage 3 non-small cell lung cancer (NSCLC) is concurrent 

chemo-radiotherapy (cCRT) [1]. Despite recent technological advancements, the currently 

used radiotherapy dose fractionation and chemotherapy were devised over 30 years ago [2].  

The majority of patients with stage 3 disease treated with cCRT will eventually progress, 

translating into survival rates at 5 years of 20-30% at best [1,3]. A strategy to potentially 

improve local control is to escalate the dose of radiation delivered to the tumour. Martel et al 

demonstrated a clear dose response relationship in NSCLC, with 84Gy using conventional 

fractionation being required to get 50% probability of tumour control at 3 years [4]. Following 

this a number of early phase studies have investigated the concept of dose-escalation and 

concluded that radiation doses of 74Gy in 37 fractions can be delivered concurrently with 

chemotherapy using strict dose volume constraints for the organs at risk [5–8]. However the 

concept of dose-escalation as a strategy to improve outcome in stage 3 NSCLC is 

challenged by the surprisingly negative finding of the RTOG 0617 trial in which dose-

escalation with cCRT to 74Gy in 37 fractions led to worse survival compared to standard of 

care (60Gy in 30 fractions) [9].  

 

The following article is not a systematic review. It is intended to stimulate discussion 

regarding the disappointing results of RTOG 0617 and to offer solutions on how to improve 

future radiotherapy trials in locally advanced NSCLC. We aim to appraise the recent 

literature on cCRT since the publication of our previous review on this topic in 2014 and to 

identify research direction to optimise and intensify cCRT [3]. A recurring theme throughout 

this piece is the problem with heterogeneity in stage 3 NSCLC and its consequences for the 

results of randomised controlled trials in this field. Heterogeneity is defined as diversity 

between cases of a certain characteristic and in the case of stage 3 NSCLC may refer to 

patient and tumour related differences in burden of disease, anatomical location, histological 

subtype, and tumour and host genomics. In terms of tumour genomics, heterogeneity exists 

at an inter-patient, intra-patient, or intra-tumoural level, however we shall focus on the 
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former. Additional ‘external’ sources of heterogeneity refer to differences in radiotherapy 

technique, quality assurance (QA), diagnostic radiology, and technology. Table 1 

summarises sources of heterogeneity and how they can impact on trial results. We propose 

that in recent trials heterogeneity of stage 3 NSCLC has been a major and overlooked 

confounder in the analysis and clinical interpretation of the findings. We highlight solutions 

that are currently being employed to exploit technological advances in diagnostics, 

radiotherapy planning, and treatment delivery that may enable improved outcomes through 

allowing for heterogeneity and individualisation of treatment. 

 

Current standard of care in inoperable stage 3 NSCLC 

Following the failure to demonstrate the superiority of 74Gy in 37 fractions in RTOG 0617, 

the standard of care for inoperable stage 3 NSCLC patients with good performance status 

remains 60Gy in 30 fractions of 2Gy concurrently with chemotherapy.  This dose is based on 

a study from 1980 that found 60Gy (2Gy/fraction) to be more efficacious than lower doses in 

terms of local control and survival [10]. Over the following 3 decades trials have persistently 

demonstrated the additional benefit of chemotherapy both sequentially and ultimately 

concurrently for patients with stage 3 disease [11]. The optimal chemotherapy regimen is 

unknown with a number of different platinum doublets being used based on studies from the 

1990’s [3].  Recent gains in the management of stage 4 NSCLC have not translated to 

benefits in the management of stage 3 disease. For example, despite the superiority of 

pemetrexed with cisplatin in the management of metastatic non-squamous NSCLC [12], a 

study of non-metastatic disease failed to show superiority of the same regimen over 

etopside / cisplatin when given concurrently in stage 3 non-squamous disease [13]. 

Furthermore, tyrosine kinase inhibitors successfully used in stage 4 disease against genetic 

targets, such as epidermal growth factor receptor (EGFR) [14], are not used in the stage 3 

setting regardless of the driver mutation (although work is on-going to detect any potential 

ACCEPTED M
ANUSCRIP

T



benefits) [15][16](ClinicalTrials.gov:NCT01822496). Therefore most centres are using 

regimens that have barely changed over the last 30 years. Advances in radiotherapy 

delivery, quality assurance (QA), staging and supportive healthcare have enabled 

improvements in survival for this cohort of patients [17]. However it remains that cCRT for 

stage 3 NSCLC is currently given in a ‘one size fits all’ basis despite great variability in the 

clinical and pathological features of this broad group of patients. 

 

Staging and anatomical heterogeneity 

The American Joint Committee on Cancer (AJCC) staging for stage 3 NSCLC is presented 

in Figure 1A [18]. Stage 3 encompasses a diverse spectrum of clinical presentations. It can 

refer to a small peripheral primary with chest wall involvement and solitary hilar node or a 

large 10cm tumour centrally located invading the mediastinum with diffuse mediastinal and 

supraclavicular lymph node involvement (Figure 1B). Such diverse presentations are 

because the TNM classification was primarily created to stratify the operability of lung 

tumours based on organ involvement and size. Technological advances in non-surgical 

therapies are not adequately accounted for. A number of studies of non-surgical radical 

patients show superior prognostic factors to the TNM system. For example, a single 

institution study of 270 NSCLC patients treated with radical radiotherapy found that overall 

gross tumour volume (GTV) and number of positive lymph nodes on PET was a better 

predictor of prognosis than TNM staging [19]. The importance of GTV as a prognostic factor 

has been demonstrated since [20–22], yet patients in the RTOG 0617 study were not 

stratified for GTV volume. Limitations of TNM staging are demonstrated for surgical patients, 

and most marked for the N-stage [23]. In N2 disease the number of nodal stations involved 

is a poor prognostic factor for survival in a multivariate analysis of patients undergoing 

surgery [23]. In a study of 702 patients the 5-year overall survival (OS) for patients with 

radiologically undetectable nodes subsequently confirmed after surgery, was 35% versus 
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13% for one compared with more than one lymph-node station involved. A further study has 

demonstrated that in N1/2 disease the number of lymph nodes positive at surgery is a better 

predictor for survival than AJCC nodal classification [24]. In non-surgical cases a study of 

148 inoperable IIIA-N2 patients showed that outcome from cCRT correlated better with the 

Japanese Nodal Classification [25] [26]. This classification uses the primary tumour location 

to stratify N2 nodal positivity into limited and extensive groups based on the specific lymph 

node stations involved. In this study both progression free survival (PFS) and OS were 

significantly better in IIIA-N2 patients with limited nodal disease [26]. In RTOG 0617 patients 

were stratified to achieve a similar proportion of IIIA to IIIB in both treatment dose arms but 

the aforementioned data suggests that this is not sufficiently robust to ensure balance for 

prognostic stage and the risk of occult metastatic disease. The rationale for dose-escalation 

studies is that a higher radiotherapy dose will improve local control and thereby improve 

survival. The question then is whether the failure of dose-escalation strategies to date is due 

to a potential imbalance of inclusion of patients that are at high risk for occult metastasis at 

presentation? In both arms of RTOG 0617 one third of patients relapsed with clinically or 

radiologically detectable metastatic disease within 12 months of treatment. Given that local 

relapse is difficult to confirm radiologically (due to post radiotherapy fibrosis) the most 

reliable endpoint to detect treatment failure is OS and an imbalance of risk of metastatic 

disease based on nodal stage could skew results.  

 

The large volume of the lungs within the thorax creates a wide variation in the location of 

tumours with regard to proximity to critical organs such as the heart. In RTOG 0617 the 

heart dose was higher in the high dose arm and a multivariate analysis of the survival data 

for all patients in the study revealed that higher heart V5 and V30 were associated with 

poorer survival [9].  In another study of 333 radical radiotherapy plans the heart was re-

contoured according to RTOG 0617 guidelines and on multivariate analysis heart V50 was 

one of the variables associated with poorer survival [27]. When stratified by V50 heart dose 
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less than 25% versus 25% or greater the 2-year OS rates were 45.9% versus 26.7%. A data 

mining approach at our institute used the collation of approximately 1000 NSCLC radical 

radiotherapy plans to identify irradiated anatomical regions associated with poorer survival 

[28]. The plans were deformed to a reference and dose distributions compared to map dose 

differences between survivors and non-survivors at different time points. This identified a 

dose differential centred over the aorta and the origin of the left coronary artery with a 6Gy 

differential between survivors and non-survivors at 12 months and a 6 month survival 

difference between patients receiving above or below 20.2Gy to this critical region. Most 

recently an analysis was performed on all dose-escalated NSCLC patients (receiving 

between 70 and 90Gy) treated in trials of the Eastern Cooperative Oncology Group between 

1996-2007 [29]. In the 112 patients reviewed, 26 (23%) had one or more cardiac events 

following dose-escalated radiotherapy with a median of 26 months to first event. On 

multivariate analysis, cardiac radiotherapy dose was significantly associated with the 

occurrence of cardiac events with 2-year risk-adjusted event rates of 4%, 7%, and 21% for 

mean heart dose <10Gy, 10 to 20Gy, and >20Gy respectively. Interestingly in this study 

heart doses were not associated with overall survival. RTOG 0617 did not stratify patients 

for tumour location so imbalances in this variable between the two dose arms may have 

contributed to the poorer outcomes seen with dose-escalation. In addition to the heart, 

proximity to other critical structures such as the spinal cord and brachial plexus, as well as 

overall dose to the lungs themselves, may limit the dose deliverable to the tumour and 

prevent dose-escalation. It is also important to consider the degree of respiratory motion 

present as there is variability depending on the location of the tumour in the lung with a 

higher degree of motion affecting lower lobe tumours [30][31]. A higher proportion of lower 

lobe tumours in one arm of a study may increase the incidence of geographic misses to 

worsen the outcome. 

 

Diagnostic heterogeneity  
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Heterogeneity in diagnostic radiology between centres can affect trial outcome interpretation 

in two categories, pre-treatment staging determination and post-treatment recurrence 

detection. The last decade has seen the introduction of FDG PET-CT into routine clinical 

practice for the staging of potentially radically treatable NSCLC. PET-CT increases the 

detection of nodal and metastatic disease to reduce the incidence of occult metastatic 

disease in staging groups [32]. Using PET data in radiotherapy planning improves target 

volume delineation and reduces inter-clinician delineation variability [33]. Pre-treatment PET 

scanning was similar for both groups in RTOG 0617 (89% for high-dose arm vs 91% for low-

dose arm). Recognising the high rate of false-positive PET reports, endobronchial 

ultrasound (EBUS) is now used in routine clinical practice for the staging of stage 3 NSCLC. 

Given the high risk of brain metastases in stage 3 NSCLC, brain imaging is the standard of 

care for patients considered for cCRT in many centres. Heterogeneity exists between 

centres in the modality of brain imaging used with CT, MR, and thin-slice MR available. 

Neither EBUS nor brain imaging usage was standardised in studies such as RTOG 0617 

causing a potential imbalance of stage of disease in different dose arms. 

. 

Genetic and histopathological heterogeneity 

Due to the carcinogenic effect of cigarette smoke, lung cancers have one the highest 

mutational burdens of any cancer [34]. Therefore mutational drivers of lung cancer are 

heterogeneous and known therapeutically targetable drivers such as EGFR, EML4-ALK and 

ROS1 affect only a small proportion of cases, particularly in smokers. In one study patients 

with tumours harbouring activating mutations in EGFR who receive cCRT have longer local 

control and fewer local relapses than those without activating EGFR mutations [35]. 

Conversely another study found that patients with hotspot KRAS mutations had shorter 

median relapse-free survival and poorer response rates following cCRT [36]. Another 

interesting but unexplained observation is that maintenance gefitinib (EGFR tyrosine kinase 
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inhibitor) in molecularly unselected post cCRT patients gave worse survival [15]. Therefore 

there is much to learn about the molecular determinants and mechanisms of radiosensitivity 

and normal tissue toxicity. While randomisation may dilute varying radiosensitivity and 

tumour molecular characteristics, more precise molecular classification to stratify patients 

needs to be a major focus of future trials. In RTOG 0617 the addition of the EGFR inhibitor 

(cetuximab) to cCRT did not confer any survival benefit [9]. No prospective genetic 

stratification occurred although a planned retrospective analysis suggested that patients with 

high EGFR expressing tumours might receive a survival benefit with cetuximab (42.0 vs. 

21.2 months median OS, p=0.032) as opposed to patients with low EGFR expressing 

tumours that might do worse with cetuximab (19.5 vs. 29.6 months median OS, p=0.056). In 

RTOG 0617 patients were stratified for histological subtype and no subtype was associated 

with a better survival on multivariate analysis. However, stage 4 chemotherapy NSCLC trials 

have demonstrated that there is a difference in response to chemotherapy regimens based 

on histological subtype [12]. Data from cone-beam CT imaging that verifies the accuracy of 

radiotherapy delivery during treatment suggests a correlation between rapid shrinkage and 

poorer outcome for non-adenocarcinoma but not rapidly shrinking adenocarcinoma histology 

in patients receiving cCRT [37]. Furthermore, histopathological evaluation of surgical 

specimens indicates that a larger clinical target volume (CTV) may be required for 

adenocarcinoma compared to squamous to ensure adequate coverage of microscopic 

disease [38].  Therefore, whilst there is currently no robust data to claim that different 

histological subtypes have different outcomes to cCRT, future trials should be designed to 

ensure adequate power for known molecular and histological subtypes. 

 

Radiotherapy heterogeneity 

Within the same dose-fractionation, the delivery of radiotherapy varies greatly between 

centres regarding technology used, target volumes, organs at risk (OAR) tolerances, set-up 
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protocols and care throughout treatment. Within departments, where the above variables are 

expected to be constant, there is often great variability between clinicians in terms of target 

delineation [39]. Therefore radiotherapy for stage 3 NSCLC is delivered in a very 

heterogeneous manner that could confound trial results. The simplest intervention is to 

introduce radiotherapy QA into the trial protocol so that the same planning methods, OAR 

tolerances and target volumes are used between participating centres. This was done to 

some extent for RTOG 0617 (OAR constraints were recommended but not mandated) and in 

NCT00686959 (evaluating different chemotherapy regimens in cCRT) but radiotherapy QA 

has been lacking for other major studies. In RTOG 0617 patients were recruited from 185 

centres with a median of only 2 cases per centre. Despite a QA protocol for RT planning and 

delivery there was significant disparity between the two dose arms with a significantly higher 

rate of protocol non-compliance (26% vs. 17% p=0.02) in the high dose arm [9]. Also 

treatment delays were longer and contouring was poorer in the high dose arm. These 

disparities could be explained in part by inexperience with the higher dose in centres with a 

low volume of patients. The authors of RTOG 0617 highlighted the potential effects of using 

a large number of participating centres by publishing subsequent analysis of the RTOG 0617 

data along with data from the phase I/II dose-escalation study [40][41]. Separating outcomes 

into those treated at low volume centres (LVC – 3 or less patients enrolled) and high volume 

centres (HVC – more than 3 patients) revealed that patients from the HVCs had statistically 

superior OS, PFS and mean heart dose [40]. In data from the early phase dose-escalation 

study there was a very high median survival for stage 3 patients (39.8 months) suggesting 

benefit to dose-escalation [41]. The discrepancy of this result compared to the larger 

subsequent phase III trial was attributed to lower heart doses and also plans being double 

checked by experienced staff to ensure protocol compliance in the smaller phase I/II study 

[41].  
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Data from an unplanned subset analysis of the RTOG 0617 patients whose RT treatment 

plans were compliant to the planning and contouring protocol showed the detriment of dose-

escalation on survival remained. Examining the protocol reveals permitted variations in 

radiotherapy planning between centres. There is flexibility in the GTV to CTV expansion, 

allowing 0.5-1.0cm. Secondly, to allow for challenging critical structure geometry, the 

prescribed dose was allowed to cover as little as 90% of the PTV. Finally the heart was 

ranked lowest (behind spinal cord, lungs, oesophagus, and brachial plexus) in terms of 

priority for meeting normal tissue dose constrains and the limits to the heart (60Gy to <1/3, 

45Gy to <2/3, and 40Gy to <100% of the heart) are relatively high and not mandatory. In 

addition it has been shown elsewhere that despite detailed contouring protocols there is still 

significant inter-clinician variability in contouring target volumes in NSCLC [42].  

 

Clinical trials across multiple institutions over long time periods must account for changes in 

the technology used to plan or deliver the radiotherapy. The last decade has seen a shift 

from a 3D conformal approach (3DCRT) to the use of Intensity Modulated Radiotherapy 

(IMRT). Stratification occurred in RTOG 0617 to give equal numbers of 3DCRT and IMRT in 

the treatment arms. A subsequent analysis showed no difference in OS or local control 

between the two techniques although patients treated with IMRT had larger PTVs, more 

stage 3B disease, and worse socioeconomic demographics [43]. It was proposed that as 

IMRT and 3DCRT had similar outcomes the use of IMRT might have mitigated against these 

potential negative impacts on survival. It was also found that IMRT patients had lower heart 

and lung doses, fewer grade 3 pneumonitis episodes, and better quality of life post treatment 

[43][44]. No prospective randomised datasets demonstrate a survival benefit of IMRT over 

3DCRT although some retrospective series support the finding that IMRT offers equivalent 

survival for poorer prognosis tumours and reduces normal tissue irradiation. A recent 

retrospective analysis of 7492 stage 3 NSCLC patients treated between 2003 – 2011, of 

which 10% received IMRT, showed a small but significant advantage in OS versus non-
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IMRT treatments [45]. The availability of IMRT may influence the clinical decision of whether 

or not a curative dose of cCRT can be safely delivered. The stratification of IMRT and 

3DCRT in RTOG 0617 prevented bias in this regard. An emerging technology is four-

dimensional CT (4DCT) radiotherapy planning that takes account of the motion of the 

tumour in the respiratory cycle to prevent geographical misses. Like the advanced 

technologies that preceded it, there is currently variation in the use of 4DCT between 

centres. There is also heterogeneity between 4DCT centres regarding methods used for 

reconstruction of the imaging data and the protocols used for image acquisition. 

 

Clinical response heterogeneity 

There is conflicting data on the prognostic value of tumour shrinkage during and immediately 

post-cCRT for stage 3 NSCLC. In one retrospective study the GTVs pre-treatment and 1-

month post-treatment, as assessed by CT, were analysed for 157 patients [21]. This 

showed, in concordance with previous studies, that patients with smaller pre-treatment 

GTVs had better survival. However they also found a trend to worse OS with a larger volume 

reduction ratio (indicating better short-term response to treatment) in a multivariate model 

(p=0.075) [21]. Another study of 99 patients undergoing RT and cCRT supported this finding 

using an automated analysis of tumour regression on cone-beam CT scans during treatment 

to show that pronounced tumour regression was associated with worse loco-regional control 

and OS [37]. Conflicting data from another study shows better survival in patients with 

greater tumour regression on cone-beam imaging during cCRT [46]. Differences between all 

3 studies may account for the conflicting results such as assessment time points, patient 

demographics, and method of tumour measurement. However it is clear that the era of cone-

beam treatment imaging has revealed heterogeneity between tumours regarding early 

response to cCRT and further work may identify those patients more likely to benefit from 

treatment intensification such as dose-escalation. Weight loss throughout treatment may 
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also indicate those patients with a poor prognosis. This was initially described in stage 3 

patients receiving cCRT who lost weight between the first and last day of treatment with 

inferior OS and PFS in patients whose body mass index reduced by 0.5kg/m2 over this time 

[47].  Early weight loss (5% loss between the start and third week of radiotherapy) is also 

associated with a significantly poorer OS [48]. In this study all patients were weight-stable 

prior to the commencement of cCRT and received weekly dietetic support. The weight loss 

group had similar toxicities, chemotherapy doses, and GTVs so the mechanism for poorer 

outcome is not known. However it appears the detriment associated with early weight loss is 

not merely a surrogate for locally advanced disease or de-escalation of treatment. Further 

work is required before early weight change can be used as clinical biomarker but in the 

future this observation may guide decisions regarding dose-escalated treatment. 

 

Determination of local relapse post-radiotherapy for lung tumours is notoriously difficult even 

for experienced radiologists due to fibrotic changes caused by radiation. In one study of 50 

patients who received hypofractionated lung radiotherapy, 20 patients had abnormalities 

deemed suspicious for recurrence (at a median of 20.7 months) yet only 3 of those were 

proven to have recurred on further follow-up [49]. Most data on the challenges associated 

with radiotherapy response assessment come from hypofractionated studies where 

increased dose per fraction appears to enhance the fibrotic and inflammatory response [50]. 

The effect of dose-escalation on severity of fibrosis is not quantified and it is possible that 

the high incidence of local recurrence reported in some studies could be a consequence, at 

least in part, of misinterpretation. This effect could be compounded by the aforementioned 

heterogeneity in participating institutions of RTOG 0617 in which radiologists may have 

misinterpreted CT scans as showing local recurrence. Data suggests that differing 

radiotherapy techniques can influence the appearance of fibrosis, adding further potential 

heterogeneity between centres [51]. The use of PET scanning may be beneficial to 
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distinguish fibrosis from recurrence [52], but again heterogeneity in its use between centres 

is problematic for the interpretation of trial results. 

 

Currently available solutions and future directions  

Despite the disappointing results of RTOG 0617, a number of studies are currently 

evaluating treatment intensification in stage 3 NSCLC. As things stand currently there are 2 

key questions. Firstly is there enough evidence of a potential benefit to dose-escalation in 

stage 3 NSCLC cCRT to justify further trials? Secondly how could these new trials be 

optimised to ensure a benefit (or conclusive negative result) is detected? Regarding 

evidence of potential benefit from dose-escalation, the justification for RTOG 0617 was 

based upon radiobiological calculations that dose-escalation should improve outcome in 

stage 3 NSCLC [4]. Following RTOG 0617, the publication of initial early phase data 

showing a benefit of dose-escalation and the identified shortcomings of the original phase III 

trial justify further exploration of dose-escalation, but employing individualised regimens 

rather than a single fixed dose based on 2Gy per fraction [41]. The question of how to 

optimise further trials is more complex as the sections above have illustrated the factors that 

make stage 3 NSCLC such a heterogeneous group.  Unless these factors are controlled for 

in phase III trials then there is a risk they could compromise trial results as suggested by 

subsequent analyses of RTOG 0617. Table 1 summarises potential solutions available to 

limit the effects of heterogeneity in NSCLC. Some of these solutions are based upon current 

evidence and could be implemented immediately whereas some are based upon promising 

technologies in development that are yet to be proven beneficial. Strategies such as isotoxic 

radiotherapy, functional boosting, and adaptive techniques all aim to improve survival 

through superior local control via dose escalation whilst limiting normal tissue dose. Others 

are solutions that may be employed to better balance trial arms for risk of metastatic disease 

and prognosis and enhance the ability to demonstrate benefit. 
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Regarding measures that could be made immediately an important starting point is to 

determine what stages of disease should be included in future trials and whether 

stratification by AJCC staging should be replaced by other variables such as total GTV. 

Similar considerations may be made regarding the anatomical location of tumours such as 

tumour centrality. Other immediately available measures are enhancing QA and protocols, 

regulated use of different technologies, and centralising aspects of the trial such as 

diagnosis of relapse or plan review. 

 

Current technology allows approaches that permit the heterogeneity of NSCLC to be 

embraced in treatment planning to produce individualised escalated doses with the aim of 

improving local control. Isotoxic radiotherapy aims to increase the tumour dose by allowing 

an individualised dose prescription of radiotherapy that can be escalated up to a maximum 

as long as OAR dose tolerances are not exceeded. An in silico exercise found that a twice-

daily accelerated radiotherapy regimen with total dose determined by an individualised 

maximal tolerated dose led to superior tumour control probability to standard dose 

fractionations [53]. An early phase feasibility study showed accelerated individualised dose 

prescriptions allowed escalated doses to be safely delivered to the tumour (no excess 

toxicity and comparable survival) [54][55]. The original study used 3DCRT so 2 further 

studies have been conducted in the UK (ClinicalTrials.gov:NCT01836692) and the 

Netherlands (ClinicalTrials.gov:NCT01166204) using IMRT alongside 4DCT planning and 

image guided radiotherapy techniques with the hypothesis that these technologies will allow 

safe dose-escalation to the tumour without breaching OAR tolerances [56].  

 

Combining functional imaging data may identify regions of tumours that will benefit from a 

dose-escalation boost to improve local control.  Using imaging pre and post-radiotherapy it 
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was shown that residual PET avid areas post-treatment correspond to poorer prognosis and 

these areas correspond to regions on the pre-treatment scan with the highest avidity 

[57][58]. A phase II randomised trial investigated the feasibility of delivering dose-escalation 

to PET avid regions and demonstrated it is possible to boost dose to PET avid lesions to 

86.9 +/- 14.9Gy without excess OAR dose [59]. Another phase II trial has demonstrated 

favourable local control and survival using a mid-treatment PET-CT scan to give escalated 

doses to residual tumour [60].  This approach is now being evaluated in a phase 3 trial using 

PET scanning midway though the radiotherapy course and either continuation to 

conventional 60Gy in 30# or adaptive planning with dose-escalation to PET avid regions up 

to a total of 80.4Gy in 30# (RTOG 1106). [18F]-Fluoromisonidazole (F-MISO) is a tracer 

used in functional imaging to identify areas of hypoxia [61]. A phase II study has been 

performed using F-MISO imaging to identify areas to deliver dose-escalated boost resulting 

in doses of up to 86Gy [62]. In this study there was no reported extra toxicity with dose-

escalation and, whilst it concluded that dose-escalation could not reverse the poor prognosis 

of F-MISO positive patients, further work is required to see if dose-escalation to hypoxic 

regions is beneficial. Using other advances trials are assessing the benefits of dose-

escalation to peripheral primaries using hypofractionated SBRT whilst delivering 

conventional fractionated radiotherapy to mediastinal lymph nodes 

(ClinicalTrials.gov:NCT01933568).  

 

Adaptive radiotherapy may improve the accuracy of radiotherapy delivery, ensuring that 

geographical misses and OAR doses do not dilute the benefits of dose-escalation. In the 

LARTIA trial patients undergoing cCRT for stage 3 NSCLC received weekly CT scans and 

were re-planned if there was tumour shrinkage [63]. Re-planning was performed in 50 of 217 

patients with 42% average reduction of CTV between initial planning and re-planning CTs. 

Compared to historical data the re-planned patients had lower pulmonary toxicity. The infield 

(within re-planned CTV) and marginal (within initial but not re-planned CTV) relapses were 
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20% and 6% respectively suggesting that routine re-planning of shrunken CTVs is safe to 

reduce toxicity and allow the dose-escalation to tumours in proximity to critical regions that 

shrink significantly during treatment. It is hoped the use of linear accelerators with integrated 

MR imaging will allow enhanced adaptive radiotherapy and the superior conformality of 

protons may allow dose-escalation to central regions whilst keeping OAR doses within 

tolerance [64].   

 

Looking to future technological advancements it may be possible to use radiomics 

characteristics to stratify patients. Radiomics describes the use of imaging modalities to 

extract quantitative data (such as size, shape and texture of a tumour) that can be used to 

characterise the phenotypes of different tumours and predict clinical outcomes [65]. In 

addition radiomics can be performed non-invasively at multiple time-points allowing temporal 

assessment of a tumour [66].  Whilst this is a relatively new field, work has already 

demonstrated how radiomics signatures can be prognostic in NSCLC patients receiving 

radiotherapy [67]. Therefore determining inclusion criteria using radiomics features 

associated with lower risk of occult metastases may be an effective strategy to identify a trial 

population with a greater potential benefit from dose-escalation. Further ahead it is 

envisioned that artificial intelligence will be applied to radiomics data to aid and automate 

tumour and OAR delineation [68]. 

 

Large sequencing studies have demonstrated that, despite their high mutational burden, 

actionable genetic drivers are unknown for a majority of NSCLC [69]. Functional biological 

studies are required to identify more drivers so that targeted agents can be trialled 

concurrently with cCRT. Genomic signatures have been validated in other tumour subtypes 

to identify specific tumours with poorer responses to radiotherapy [70][71]. Hopefully similar 

signatures could be developed for NSCLC so that patients with radioresistant tumours could 
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be identified as potential beneficiaries of dose-escalation. In a similar vein, genomic profiles 

may be used to detect patients more likely to benefit from the addition of immune checkpoint 

inhibitors to their treatment. The difficulties of determining relapse may also be aided by new 

biological technologies, for example circulating tumour DNA (ctDNA) profiling has been 

demonstrated to detect disease relapse earlier than conventional radiology in patients 

undergoing resection of stage 1-3 NSCLC in the TRACER-X study [72]. It is conceivable that 

the incorporation of circulating biomarkers could aid in the delivery and intensification of RT 

in patients with stage 3 unresectable NSCLC. Biological methods of relapse detection may 

also augment radiological methods to improve and standardise assessment of response as 

well as identify patients with a high risk of relapse who should be spared the toxicity of 

cCRT.  

 

Conclusion 

We have highlighted multiple levels of heterogeneity between cases of stage 3 NSCLC and 

for future studies a priority is to ensure better equality in trial arms for newly identified 

prognostic factors. It may be argued that using large numbers of patients in randomised 

arms protects against some of these factors. However these potentially confounding factors 

need to be considered at the trial planning stage so that the benefits of stratification can be 

realised and factors that may result from differences in the treatment schedules (such as 

heart dose or anatomical location) can be controlled using dose constraints or protocol 

definitions. There is a balance to be achieved, as if trial entry criteria are too prescriptive it 

reduces the pool of eligible trial participants and limits the application of results to large 

segments of the actual patient population. However lung cancer is one of the most common 

cancers therefore it is conceivable that trials could be more selective with regards to entry 

criteria for subtypes of stage 3 and still enrol adequate numbers. This may provide evidence 

needed to justify dose-escalation trials in higher-risk patients using emerging technologies to 
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limit dose to critical structures. Another priority is the use of new technology, QA, and 

diagnostics to be standardised across multicentre trials. Critical facets of this approach such 

as central review of diagnostics are expensive and radiotherapy trials, disadvantaged by 

lack of pharmaceutical industry funding, need a collaborative approach to solve this. In 

summary, despite radiobiological rational and logical assumption there is currently paucity of 

modern phase III data for any cancer subtype showing survival benefit for dose-escalation 

with external beam radiotherapy in stage 3 disease. However despite the negative finding in 

RTOG 0617, there is enough justification to support further investigation into dose-escalated 

cCRT. Recent technological advances and the knowledge acquired from subsequent 

analyses of RTOG 0617 offer novel opportunities to safely assess dose-escalation in 

NSCLC and hopefully redress previous limiting factors to improve patient outcomes.   

ACCEPTED M
ANUSCRIP

T



References 

[1] A. Aupérin, C. Le Péchoux, E. Rolland, W.J. Curran, K. Furuse, P. Fournel, J. 

Belderbos, G. Clamon, H.C. Ulutin, R. Paulus, T. Yamanaka, M.-C. Bozonnat, A. 

Uitterhoeve, X. Wang, L. Stewart, R. Arriagada, S. Burdett, J.-P. Pignon, Meta-

Analysis of Concomitant Versus Sequential Radiochemotherapy in Locally Advanced 

Non–Small-Cell Lung Cancer, J. Clin. Oncol. 28 (2010) 2181–2190. 

doi:10.1200/JCO.2009.26.2543. 

[2] C. Faivre-Finn, Dose escalation in lung cancer: have we gone full circle?, Lancet 

Oncol. 16 (2015) 125–127. doi:10.1016/S1470-2045(15)70001-X. 

[3] N. Bayman, F. Blackhall, P. McCloskey, P. Taylor, C. Faivre-Finn, How can we 

optimise concurrent chemoradiotherapy for inoperable stage III non-small cell lung 

cancer?, Lung Cancer. 83 (2014) 117–125. doi:10.1016/j.lungcan.2013.11.017. 

[4] M.K. Martel, R.K. Ten Haken, M.B. Hazuka, M.L. Kessler, M. Strawderman, A.T. 

Turrisi, T.S. Lawrence, B.A. Fraass, A.S. Lichter, Estimation of tumor control 

probability model parameters from 3-D dose distributions of non-small cell lung cancer 

patients., Lung Cancer. 24 (1999) 31–7. 

http://www.ncbi.nlm.nih.gov/pubmed/10403692 (accessed May 22, 2017). 

[5] J.D. Bradley, K. Bae, M. V. Graham, R. Byhardt, R. Govindan, J. Fowler, J.A. Purdy, 

J.M. Michalski, E. Gore, H. Choy, Primary Analysis of the Phase II Component of a 

Phase I/II Dose Intensification Study Using Three-Dimensional Conformal Radiation 

Therapy and Concurrent Chemotherapy for Patients With Inoperable Non?Small-Cell 

Lung Cancer: RTOG 0117, J. Clin. Oncol. 28 (2010) 2475–2480. 

doi:10.1200/JCO.2009.27.1205. 

[6] S.E. Schild, W.L. McGinnis, D. Graham, S. Hillman, T.R. Fitch, D. Northfelt, Y.I. 

Garces, H. Shahidi, L.K. Tschetter, P.L. Schaefer, A. Adjei, J. Jett, Results of a Phase 

ACCEPTED M
ANUSCRIP

T



I trial of concurrent chemotherapy and escalating doses of radiation for unresectable 

non?small-cell lung cancer, Int. J. Radiat. Oncol. 65 (2006) 1106–1111. 

doi:10.1016/j.ijrobp.2006.02.046. 

[7] M.A. Socinski, A.W. Blackstock, J.A. Bogart, X. Wang, M. Munley, J. Rosenman, L. 

Gu, G.A. Masters, P. Ungaro, A. Sleeper, M. Green, A.A. Miller, E.E. Vokes, 

Randomized Phase II Trial of Induction Chemotherapy Followed by Concurrent 

Chemotherapy and Dose-Escalated Thoracic Conformal Radiotherapy (74 Gy) in 

Stage III Non?Small-Cell Lung Cancer: CALGB 30105, J. Clin. Oncol. 26 (2008) 

2457–2463. doi:10.1200/JCO.2007.14.7371. 

[8] M.A. Socinski, J.G. Rosenman, J. Halle, M.J. Schell, Y. Lin, S. Russo, M.P. Rivera, J. 

Clark, S. Limentani, R. Fraser, W. Mitchell, F.C. Detterbeck, Dose-escalating 

conformal thoracic radiation therapy with induction and concurrent 

carboplatin/paclitaxel in unresectable stage IIIA/B nonsmall cell lung carcinoma: a 

modified phase I/II trial., Cancer. 92 (2001) 1213–23. 

http://www.ncbi.nlm.nih.gov/pubmed/11571735 (accessed June 25, 2017). 

[9] J.D. Bradley, R. Paulus, R. Komaki, G. Masters, G. Blumenschein, S. Schild, J. 

Bogart, C. Hu, K. Forster, A. Magliocco, V. Kavadi, Y.I. Garces, S. Narayan, P. 

Iyengar, C. Robinson, R.B. Wynn, C. Koprowski, J. Meng, J. Beitler, R. Gaur, W. 

Curran, H. Choy, Standard-dose versus high-dose conformal radiotherapy with 

concurrent and consolidation carboplatin plus paclitaxel with or without cetuximab for 

patients with stage IIIA or IIIB non-small-cell lung cancer (RTOG 0617): a 

randomised, two-by-two factorial phase 3 study, Lancet Oncol. 16 (2015) 187–199. 

doi:10.1016/S1470-2045(14)71207-0. 

[10] C.A. Perez, K. Stanley, P. Rubin, S. Kramer, L. Brady, R. Perez-Tamayo, G.S. Brown, 

T.J. Concannon, M. Rotman, T. And, H.G. Seydel, A Prospective Randomized Study 

of Various Irradiation Doses and Fractionation Schedules in the Treatment of 

ACCEPTED M
ANUSCRIP

T



lnoperable Non-Oat-Cell Carcinoma of the Lung Preliminary Report by the Radiation 

Therapy Oncology Group, (n.d.). http://onlinelibrary.wiley.com/store/10.1002/1097-

0142(19800601)45:11%3C2744::AID-CNCR2820451108%3E3.0.CO;2-

U/asset/2820451108_ftp.pdf?v=1&t=j3315hc7&s=f243e7aa6706fef347835f328481be

dc7c803eff (accessed May 24, 2017). 

[11] N. O’Rourke, M. Roqu? i Figuls, N. Farr? Bernad?, F. Macbeth, Concurrent 

chemoradiotherapy in non-small cell lung cancer, in: N. O’Rourke (Ed.), Cochrane 

Database Syst. Rev., John Wiley & Sons, Ltd, Chichester, UK, 2010: p. CD002140. 

doi:10.1002/14651858.CD002140.pub3. 

[12] G.V. Scagliotti, P. Parikh, J. von Pawel, B. Biesma, J. Vansteenkiste, C. Manegold, P. 

Serwatowski, U. Gatzemeier, R. Digumarti, M. Zukin, J.S. Lee, A. Mellemgaard, K. 

Park, S. Patil, J. Rolski, T. Goksel, F. de Marinis, L. Simms, K.P. Sugarman, D. 

Gandara, Phase III study comparing cisplatin plus gemcitabine with cisplatin plus 

pemetrexed in chemotherapy-naive patients with advanced-stage non-small-cell lung 

cancer., J. Clin. Oncol. 26 (2008) 3543–51. doi:10.1200/JCO.2007.15.0375. 

[13] S. Senan, A. Brade, L. Wang, J. Vansteenkiste, S. Dakhil, B. Biesma, M. Martinez 

Aguillo, J. Aerts, R. Govindan, B. Rubio-Viqueira, C. Lewanski, D. Gandara, H. Choy, 

T. Mok, A. Hossain, N. Iscoe, J. Treat, A. Koustenis, B. San Antonio, N. Chouaki, E. 

Vokes, PROCLAIM: Randomized Phase III Trial of Pemetrexed-Cisplatin or 

Etoposide-Cisplatin Plus Thoracic Radiation Therapy Followed by Consolidation 

Chemotherapy in Locally Advanced Nonsquamous Non–Small-Cell Lung Cancer, J. 

Clin. Oncol. 34 (2016) 953–962. doi:10.1200/JCO.2015.64.8824. 

[14] T.S. Mok, Y.-L. Wu, S. Thongprasert, C.-H. Yang, D.-T. Chu, N. Saijo, P. 

Sunpaweravong, B. Han, B. Margono, Y. Ichinose, Y. Nishiwaki, Y. Ohe, J.-J. Yang, 

B. Chewaskulyong, H. Jiang, E.L. Duffield, C.L. Watkins, A.A. Armour, M. Fukuoka, 

Gefitinib or Carboplatin–Paclitaxel in Pulmonary Adenocarcinoma, N. Engl. J. Med. 

ACCEPTED M
ANUSCRIP

T



361 (2009) 947–957. doi:10.1056/NEJMoa0810699. 

[15] K. Kelly, K. Chansky, L.E. Gaspar, K.S. Albain, J. Jett, Y.C. Ung, D.H.M. Lau, J.J. 

Crowley, D.R. Gandara, Phase III Trial of Maintenance Gefitinib or Placebo After 

Concurrent Chemoradiotherapy and Docetaxel Consolidation in Inoperable Stage III 

Non?Small-Cell Lung Cancer: SWOG S0023, J. Clin. Oncol. 26 (2008) 2450–2456. 

doi:10.1200/JCO.2007.14.4824. 

[16] X.-N.Y. Yi-Long Wu, Wenzhao Zhong, Qun Wang, Song-Tao Xu, Wei-Min Mao, Lin 

Wu, Yi Shen, Yong-Yu Liu, Chun Chen, Ying Cheng, Lin Xu, Jun Wang, Ke Fei, Xiao-

Fei Li, Jian Li, Cheng Huang, Zhi-Dong Liu, Ke-Neng Chen, Hong-Hong Yan, Gefitinib 

(G) versus vinorelbine+cisplatin (VP) as adjuvant treatment in stage II-IIIA (N1-N2) 

non-small-cell lung cancer (NSCLC) with EGFR-activating mutation (ADJUVANT): A 

randomized, Phase III trial (CTONG 1104)., J Clin Oncol. 35 (2017) abstr 8500. 

http://abstracts.asco.org/199/AbstView_199_188666.html (accessed July 19, 2017). 

[17] M. Christodoulou, N. Bayman, P. McCloskey, C. Rowbottom, C. Faivre-Finn, New 

radiotherapy approaches in locally advanced non-small cell lung cancer, Eur. J. 

Cancer. 50 (2014) 525–534. doi:10.1016/j.ejca.2013.11.027. 

[18] S. Edge, D.R. Byrd, C.C. Compton, A.G. Fritz, F.L. Greene, A. Trotti, AJCC Cancer 

Staging Manual seventh edition, in: AJCC Cancer Staging Man. Seventh Ed. 

Springer, 2009: p. 117. http://www.springer.com/it/book/9780387884400#aboutBook. 

[19] C. Dehing-Oberije, D. De Ruysscher, H. van der Weide, M. Hochstenbag, G. 

Bootsma, W. Geraedts, C. Pitz, J. Simons, J. Teule, A. Rahmy, P. Thimister, H. 

Steck, P. Lambin, Tumor Volume Combined With Number of Positive Lymph Node 

Stations Is a More Important Prognostic Factor Than TNM Stage for Survival of Non–

Small-Cell Lung Cancer Patients Treated With (Chemo)radiotherapy, Int. J. Radiat. 

Oncol. 70 (2008) 1039–1044. doi:10.1016/j.ijrobp.2007.07.2323. 

ACCEPTED M
ANUSCRIP

T



[20] C. Oberije, D. De Ruysscher, R. Houben, M. van de Heuvel, W. Uyterlinde, J.O. 

Deasy, J. Belderbos, A.-M.C. Dingemans, A. Rimner, S. Din, P. Lambin, A Validated 

Prediction Model for Overall Survival From Stage III Non-Small Cell Lung Cancer: 

Toward Survival Prediction for Individual Patients, Int. J. Radiat. Oncol. 92 (2015) 

935–944. doi:10.1016/j.ijrobp.2015.02.048. 

[21] T.R. Koo, S.H. Moon, Y.J. Lim, J.Y. Kim, Y. Kim, T.H. Kim, K.H. Cho, J.-Y. Han, Y.J. 

Lee, T. Yun, H.T. Kim, J.S. Lee, The effect of tumor volume and its change on 

survival in stage III non-small cell lung cancer treated with definitive concurrent 

chemoradiotherapy, Radiat. Oncol. 9 (2014) 283. doi:10.1186/s13014-014-0283-6. 

[22] P. Lee, J.G. Bazan, P.W. Lavori, D.K. Weerasuriya, A. Quon, Q.-T. Le, H.A. Wakelee, 

E.E. Graves, B.W. Loo, Metabolic Tumor Volume is an Independent Prognostic Factor 

in Patients Treated Definitively for Non?Small-Cell Lung Cancer, Clin. Lung Cancer. 

13 (2012) 52–58. doi:10.1016/j.cllc.2011.05.001. 

[23] F. Andre, D. Grunenwald, J.P. Pignon, A. Dujon, J.L. Pujol, P.Y. Brichon, L. Brouchet, 

E. Quoix, V. Westeel, T. Le Chevalier, Survival of patients with resected N2 non-

small-cell lung cancer: evidence for a subclassification and implications., J. Clin. 

Oncol. 18 (2000) 2981–9. doi:10.1200/JCO.2000.18.16.2981. 

[24] S. Wei, H. Asamura, R. Kawachi, H. Sakurai, S. Watanabe, Which is the Better 

Prognostic Factor for Resected Non-small Cell Lung Cancer: The Number of 

Metastatic Lymph Nodes or the Currently Used Nodal Stage Classification?, J. 

Thorac. Oncol. 6 (2011) 310–318. doi:10.1097/JTO.0b013e3181ff9b45. 

[25] J. Ichinose, T. Murakawa, H. Hino, C. Konoeda, Y. Inoue, K. Kitano, K. Nagayama, J.-

I. Nitadori, M. Anraku, J. Nakajima, Prognostic Impact of the Current Japanese Nodal 

Classifi cation on Outcomes in Resected Non -small Cell Lung Cancer, Chest. 146 

(2014) 644–649. doi:10.1378/chest.14-0159. 

ACCEPTED M
ANUSCRIP

T



[26] H. Horinouchi, Y. Goto, S. Kanda, Y. Fujiwara, H. Nokihara, N. Yamamoto, M. Sumi, 

T. Tamura, Y. Ohe, Candidates for Intensive Local Treatment in cIIIA-N2 Non-Small 

Cell Lung Cancer: Deciphering the Heterogeneity, Int. J. Radiat. Oncol. 94 (2016) 

155–162. doi:10.1016/j.ijrobp.2015.09.026. 

[27] C.K. Speirs, T.A. DeWees, S. Rehman, A. Molotievschi, M.A. Velez, D. Mullen, S. 

Fergus, M. Trovo, J.D. Bradley, C.G. Robinson, Heart Dose Is an Independent 

Dosimetric Predictor of Overall Survival in Locally Advanced Non–Small Cell Lung 

Cancer, J. Thorac. Oncol. 12 (2017) 293–301. doi:10.1016/j.jtho.2016.09.134. 

[28] A. McWilliam, C. Faivre-Finn, J. Kennedy, L. Kershaw, M.B. van Herk, Data Mining 

Identifies the Base of the Heart as a Dose-Sensitive Region Affecting Survival in Lung 

Cancer Patients, Int. J. Radiat. Oncol. 96 (2016) S48–S49. 

doi:10.1016/j.ijrobp.2016.06.128. 

[29] K. Wang, M.J. Eblan, A.M. Deal, M. Lipner, T.M. Zagar, Y. Wang, P. Mavroidis, C.B. 

Lee, B.C. Jensen, J.G. Rosenman, M.A. Socinski, T.E. Stinchcombe, L.B. Marks, 

Cardiac Toxicity After Radiotherapy for Stage III Non-Small-Cell Lung Cancer: Pooled 

Analysis of Dose-Escalation Trials Delivering 70 to 90 Gy., J. Clin. Oncol. 35 (2017) 

1387–1394. doi:10.1200/JCO.2016.70.0229. 

[30] S.C. Erridge, Y. Seppenwoolde, S.H. Muller, M. van Herk, K. De Jaeger, J.S.A. 

Belderbos, L.J. Boersma, J. V Lebesque, Portal imaging to assess set-up errors, 

tumor motion and tumor shrinkage during conformal radiotherapy of non-small cell 

lung cancer., Radiother. Oncol. 66 (2003) 75–85. 

http://www.ncbi.nlm.nih.gov/pubmed/12559524 (accessed May 31, 2017). 

[31] K. Harada, N. Katoh, R. Suzuki, Y.M. Ito, S. Shimizu, R. Onimaru, T. Inoue, N. 

Miyamoto, H. Shirato, Evaluation of the motion of lung tumors during stereotactic 

body radiation therapy (SBRT) with four-dimensional computed tomography (4DCT) 

using real-time tumor-tracking radiotherapy system (RTRT), Phys. Medica. 32 (2016) 

ACCEPTED M
ANUSCRIP

T



305–311. doi:10.1016/j.ejmp.2015.10.093. 

[32] E. Salminen, M. Mac Manus, FDG-PET imaging in the management of non-small-cell 

lung cancer., Ann. Oncol.  Off. J. Eur. Soc. Med. Oncol. 13 (2002) 357–60. 

http://www.ncbi.nlm.nih.gov/pubmed/11996464 (accessed June 29, 2017). 

[33] D. De Ruysscher, U. Nestle, R. Jeraj, M. MacManus, PET scans in radiotherapy 

planning of lung cancer, Lung Cancer. 75 (2012) 141–145. 

doi:10.1016/j.lungcan.2011.07.018. 

[34] M.S. Lawrence, P. Stojanov, P. Polak, G. V. Kryukov, K. Cibulskis, A. Sivachenko, 

S.L. Carter, C. Stewart, C.H. Mermel, S.A. Roberts, A. Kiezun, P.S. Hammerman, A. 

McKenna, Y. Drier, L. Zou, A.H. Ramos, T.J. Pugh, N. Stransky, E. Helman, J. Kim, 

C. Sougnez, L. Ambrogio, E. Nickerson, E. Shefler, M.L. Cortés, D. Auclair, G. 

Saksena, D. Voet, M. Noble, D. DiCara, P. Lin, L. Lichtenstein, D.I. Heiman, T. 

Fennell, M. Imielinski, B. Hernandez, E. Hodis, S. Baca, A.M. Dulak, J. Lohr, D.-A. 

Landau, C.J. Wu, J. Melendez-Zajgla, A. Hidalgo-Miranda, A. Koren, S.A. McCarroll, 

J. Mora, R.S. Lee, B. Crompton, R. Onofrio, M. Parkin, W. Winckler, K. Ardlie, S.B. 

Gabriel, C.W.M. Roberts, J.A. Biegel, K. Stegmaier, A.J. Bass, L.A. Garraway, M. 

Meyerson, T.R. Golub, D.A. Gordenin, S. Sunyaev, E.S. Lander, G. Getz, Mutational 

heterogeneity in cancer and the search for new cancer-associated genes, Nature. 499 

(2013) 214–218. doi:10.1038/nature12213. 

[35] S. Yagishita, H. Horinouchi, T. Katsui Taniyama, S. Nakamichi, S. Kitazono, H. 

Mizugaki, S. Kanda, Y. Fujiwara, H. Nokihara, N. Yamamoto, M. Sumi, K. Shiraishi, T. 

Kohno, K. Furuta, K. Tsuta, T. Tamura, Epidermal Growth Factor Receptor Mutation 

Is Associated With Longer Local Control After Definitive Chemoradiotherapy in 

Patients With Stage III Nonsquamous Non–Small-Cell Lung Cancer, Int. J. Radiat. 

Oncol. 91 (2015) 140–148. doi:10.1016/j.ijrobp.2014.08.344. 

[36] S. Yagishita, H. Horinouchi, K.S. Sunami, S. Kanda, Y. Fujiwara, H. Nokihara, N. 

ACCEPTED M
ANUSCRIP

T



Yamamoto, M. Sumi, K. Shiraishi, T. Kohno, K. Furuta, K. Tsuta, T. Tamura, Y. Ohe, 

Impact of KRAS mutation on response and outcome of patients with stage III non-

squamous non-small cell lung cancer., Cancer Sci. 106 (2015) 1402–7. 

doi:10.1111/cas.12740. 

[37] C. Brink, U. Bernchou, A. Bertelsen, O. Hansen, T. Schytte, S.M. Bentzen, 

Locoregional Control of Non-Small Cell Lung Cancer in Relation to Automated Early 

Assessment of Tumor Regression on Cone Beam Computed Tomography, Int. J. 

Radiat. Oncol. 89 (2014) 916–923. doi:10.1016/j.ijrobp.2014.03.038. 

[38] P. Giraud, M. Antoine, A. Larrouy, B. Milleron, P. Callard, Y. De Rycke, M.F. Carette, 

J.C. Rosenwald, J.M. Cosset, M. Housset, E. Touboul, Evaluation of microscopic 

tumor extension in non-small-cell lung cancer for three-dimensional conformal 

radiotherapy planning., Int. J. Radiat. Oncol. Biol. Phys. 48 (2000) 1015–24. 

http://www.ncbi.nlm.nih.gov/pubmed/11072158 (accessed June 19, 2017). 

[39] R.J.H.M. Steenbakkers, J.C. Duppen, I. Fitton, K.E.I. Deurloo, L. Zijp, A.L.J. 

Uitterhoeve, P.T.R. Rodrigus, G.W.P. Kramer, J. Bussink, K. De Jaeger, J.S.A. 

Belderbos, A.A.M. Hart, P.J.C.M. Nowak, M. van Herk, C.R.N. Rasch, Observer 

variation in target volume delineation of lung cancer related to radiation oncologist–

computer interaction: A “Big Brother” evaluation, Radiother. Oncol. 77 (2005) 182–

190. doi:10.1016/j.radonc.2005.09.017. 

[40] B.R. Eaton, S.L. Pugh, J.D. Bradley, G. Masters, V.S. Kavadi, S. Narayan, L. Nedzi, 

C. Robinson, R.B. Wynn, C. Koprowski, D.W. Johnson, J. Meng, W.J. Curran, 

Institutional Enrollment and Survival Among NSCLC Patients Receiving 

Chemoradiation: NRG Oncology Radiation Therapy Oncology Group (RTOG) 0617, 

JNCI J. Natl. Cancer Inst. 108 (2016). doi:10.1093/jnci/djw034. 

[41] S.E. Schild, S.L. Hillman, A.D. Tan, H.J. Ross, W.L. McGinnis, Y.A. Garces, D.L. 

Graham, A.A. Adjei, J.R. Jett, Mayo Clinic, North Central Cancer Treatment Group, 

ACCEPTED M
ANUSCRIP

T



Long-Term Results of a Trial of Concurrent Chemotherapy and Escalating Doses of 

Radiation for Unresectable Non–Small Cell Lung Cancer: NCCTG N0028 (Alliance), 

J. Thorac. Oncol. 12 (2017) 697–703. doi:10.1016/j.jtho.2016.12.021. 

[42] S. Senan, J. van Sörnsen de Koste, M. Samson, H. Tankink, P. Jansen, P.J. Nowak, 

A.D. Krol, P. Schmitz, F.J. Lagerwaard, Evaluation of a target contouring protocol for 

3D conformal radiotherapy in non-small cell lung cancer., Radiother. Oncol. 53 (1999) 

247–55. http://www.ncbi.nlm.nih.gov/pubmed/10660205 (accessed May 31, 2017). 

[43] S.G. Chun, C. Hu, H. Choy, R.U. Komaki, R.D. Timmerman, S.E. Schild, J.A. Bogart, 

M.C. Dobelbower, W. Bosch, J.M. Galvin, V.S. Kavadi, S. Narayan, P. Iyengar, C.G. 

Robinson, R.B. Wynn, A. Raben, M.E. Augspurger, R.M. MacRae, R. Paulus, J.D. 

Bradley, Impact of intensity-modulated radiation therapy technique for locally 

advanced non-small-cell lung cancer: A secondary analysis of the NRG oncology 

RTOG 0617 randomized clinical trial, J. Clin. Oncol. 35 (2017) 56–62. 

doi:10.1200/JCO.2016.69.1378. 

[44] B. Movsas, C. Hu, J. Sloan, J. Bradley, R. Komaki, G. Masters, V. Kavadi, S. 

Narayan, J. Michalski, D.W. Johnson, C. Koprowski, W.J. Curran, Y.I. Garces, R. 

Gaur, R.B. Wynn, J. Schallenkamp, D.Y. Gelblum, R.M. MacRae, R. Paulus, H. Choy, 

H. Choy, Quality of Life Analysis of a Radiation Dose-Escalation Study of Patients 

With Non-Small-Cell Lung Cancer: A Secondary Analysis of the Radiation Therapy 

Oncology Group 0617 Randomized Clinical Trial., JAMA Oncol. 2 (2016) 359–67. 

doi:10.1001/jamaoncol.2015.3969. 

[45] M. Koshy, R. Malik, M. Spiotto, U. Mahmood, C.G. Rusthoven, D.J. Sher, Association 

between intensity modulated radiotherapy and survival in patients with stage III non-

small cell lung cancer treated with chemoradiotherapy, (2017). 

doi:10.1016/j.lungcan.2017.04.006. 

[46] S.K. Jabbour, S. Kim, S.A. Haider, X. Xu, A. Wu, S. Surakanti, J. Aisner, J. 

ACCEPTED M
ANUSCRIP

T



Langenfeld, N.J. Yue, B.G. Haffty, W. Zou, Reduction in Tumor Volume by Cone 

Beam Computed Tomography Predicts Overall Survival in Non-Small Cell Lung 

Cancer Treated With Chemoradiation Therapy, Int. J. Radiat. Oncol. 92 (2015) 627–

633. doi:10.1016/j.ijrobp.2015.02.017. 

[47] E. Topkan, C. Parlak, U. Selek,  et al., Impact of weight change during the course of 

concurrent chemoradiation therapy on outcomes in stage IIIB non-small cell lung 

cancer patients: retrospective analysis of 425 patients., Int. J. Radiat. Oncol. Biol. 

Phys. 87 (2013) 697–704. doi:10.1016/j.ijrobp.2013.07.033. 

[48] K.J.C. Sanders, L.E. Hendriks, E.G.C. Troost, G.P. Bootsma, R.M.A. Houben, 

A.M.W.J. Schols, A.-M.C. Dingemans, Early Weight Loss during Chemoradiotherapy 

Has a Detrimental Impact on Outcome in NSCLC, J. Thorac. Oncol. 11 (2016) 873–

879. doi:10.1016/j.jtho.2016.02.013. 

[49] A. Takeda, E. Kunieda, T. Takeda, M. Tanaka, N. Sanuki, H. Fujii, N. Shigematsu, A. 

Kubo, Possible Misinterpretation of Demarcated Solid Patterns of Radiation Fibrosis 

on CT Scans as Tumor Recurrence in Patients Receiving Hypofractionated 

Stereotactic Radiotherapy for Lung Cancer, Int. J. Radiat. Oncol. 70 (2008) 1057–

1065. doi:10.1016/j.ijrobp.2007.07.2383. 

[50] M. Dahele, D. Palma, F. Lagerwaard, B. Slotman, S. Senan, Radiological Changes 

After Stereotactic Radiotherapy for Stage I Lung Cancer, J. Thorac. Oncol. 6 (2011) 

1221–1228. doi:10.1097/JTO.0b013e318219aac5. 

[51] S. Senthi, M. Dahele, P.M. van de Ven, B.J. Slotman, S. Senan, Late radiologic 

changes after stereotactic ablative radiotherapy for early stage lung cancer: A 

comparison of fixed-beam versus arc delivery techniques, Radiother. Oncol. 109 

(2013) 77–81. doi:10.1016/j.radonc.2013.08.034. 

[52] N. Nakajima, Y. Sugawara, M. Kataoka, Y. Hamamoto, T. Ochi, S. Sakai, T. 

ACCEPTED M
ANUSCRIP

T



Takahashi, M. Kajihara, N. Teramoto, M. Yamashita, T. Mochizuki, Differentiation of 

tumor recurrence from radiation-induced pulmonary fibrosis after stereotactic ablative 

radiotherapy for lung cancer: characterization of 18F-FDG PET/CT findings, Ann. 

Nucl. Med. 27 (2013) 261–270. doi:10.1007/s12149-012-0682-4. 

[53] A. van Baardwijk, G. Bosmans, S.M. Bentzen, L. Boersma, A. Dekker, R. Wanders, 

B.G. Wouters, P. Lambin, D. De Ruysscher, Radiation Dose Prescription for 

Non?Small-Cell Lung Cancer According to Normal Tissue Dose Constraints: An In 

Silico Clinical Trial, Int. J. Radiat. Oncol. 71 (2008) 1103–1110. 

doi:10.1016/j.ijrobp.2007.11.028. 

[54] A. van Baardwijk, G. Bosmans, L. Boersma, S. Wanders, A. Dekker, A.M.C. 

Dingemans, G. Bootsma, W. Geraedts, C. Pitz, J. Simons, P. Lambin, D. De 

Ruysscher, Individualized radical radiotherapy of non-small-cell lung cancer based on 

normal tissue dose constraints: a feasibility study., Int. J. Radiat. Oncol. Biol. Phys. 71 

(2008) 1394–401. doi:10.1016/j.ijrobp.2007.11.070. 

[55] A. van Baardwijk, S. Wanders, L. Boersma, J. Borger, M. Ollers, A.-M.C. Dingemans, 

G. Bootsma, W. Geraedts, C. Pitz, R. Lunde, P. Lambin, D. De Ruysscher, Mature 

results of an individualized radiation dose prescription study based on normal tissue 

constraints in stages I to III non-small-cell lung cancer., J. Clin. Oncol. 28 (2010) 

1380–6. doi:10.1200/JCO.2009.24.7221. 

[56] K. Haslett, K. Franks, G.G. Hanna, S. Harden, M. Hatton, S. Harrow, F. McDonald, L. 

Ashcroft, S. Falk, N. Groom, C. Harris, P. McCloskey, P. Whitehurst, N. Bayman, C. 

Faivre-Finn, Protocol for the isotoxic intensity modulated radiotherapy (IMRT) in stage 

III non-small cell lung cancer (NSCLC): a feasibility study, BMJ Open. 6 (2016) 

e010457. doi:10.1136/bmjopen-2015-010457. 

[57] H.J.W.L. Aerts, A.A.W. van Baardwijk, S.F. Petit, C. Offermann, J. van Loon, R. 

Houben, A.-M.C. Dingemans, R. Wanders, L. Boersma, J. Borger, G. Bootsma, W. 

ACCEPTED M
ANUSCRIP

T



Geraedts, C. Pitz, J. Simons, B.G. Wouters, M. Oellers, P. Lambin, G. Bosmans, 

A.L.A.J. Dekker, D. De Ruysscher, Identification of residual metabolic-active areas 

within individual NSCLC tumours using a pre-radiotherapy 18Fluorodeoxyglucose-

PET-CT scan, Radiother. Oncol. 91 (2009) 386–392. 

doi:10.1016/j.radonc.2009.03.006. 

[58] A. Abramyuk, S. Tokalov, K. Z?phel, A. Koch, K. Szluha Lazanyi, C. Gillham, T. 

Herrmann, N. Abolmaali, Is pre-therapeutical FDG-PET/CT capable to detect high risk 

tumor subvolumes responsible for local failure in non-small cell lung cancer?, 

Radiother. Oncol. 91 (2009) 399–404. doi:10.1016/j.radonc.2009.01.003. 

[59] W. van Elmpt, D. De Ruysscher, A. van der Salm, A. Lakeman, J. van der Stoep, D. 

Emans, E. Damen, M. Öllers, J.-J. Sonke, J. Belderbos, The PET-boost randomised 

phase II dose-escalation trial in non-small cell lung cancer, Radiother. Oncol. 104 

(2012) 67–71. doi:10.1016/j.radonc.2012.03.005. 

[60] F.-M. Kong, R.K. Ten Haken, M. Schipper, K.A. Frey, J. Hayman, M. Gross, N. 

Ramnath, K.A. Hassan, M. Matuszak, T. Ritter, N. Bi, W. Wang, M. Orringer, K.B. 

Cease, T.S. Lawrence, G.P. Kalemkerian, Effect of Midtreatment PET/CT-Adapted 

Radiation Therapy With Concurrent Chemotherapy in Patients With Locally Advanced 

Non-Small-Cell Lung Cancer: A Phase 2 Clinical Trial., JAMA Oncol. 3 (2017) 1358–

1365. doi:10.1001/jamaoncol.2017.0982. 

[61] J.G. Rajendran, D.C. Wilson, E.U. Conrad, L.M. Peterson, J.D. Bruckner, J.S. Rasey, 

L.K. Chin, P.D. Hofstrand, J.R. Grierson, J.F. Eary, K.A. Krohn, [18F]FMISO and 

[18F]FDG PET imaging in soft tissue sarcomas: correlation of hypoxia, metabolism 

and VEGF expression, Eur. J. Nucl. Med. Mol. Imaging. 30 (2003) 695–704. 

doi:10.1007/s00259-002-1096-7. 

[62] P. Vera, S. Thureau, P. Chaumet-Riffaud, R. Modzelewski, P. Bohn, M. Vermandel, 

S. Hapdey, A. Pallardy, M.-A. Mahé, M. Lacombe, P. Boisselier, S. Guillemard, P. 

ACCEPTED M
ANUSCRIP

T



Olivier, V. Beckendorf, N. Salem, N. Charrier, E. Chajon, A. Devillers, N. Aide, S. 

Danhier, F. Denis, J.-P. Muratet, E. Martin, A. Berriolo-Riedinger, H. Kolesnikov-

Gauthier, E. Dansin, C. Massabeau, F. Courbon, M.-P. Farcy-Jacquet, P.-O. Kotzki, 

C. Houzard, F. Mornex, L. Vervueren, A. Paumier, P. Fernandez, M. Salaun, B. 

Dubray, Phase II study of a radiotherapy total dose increase in hypoxic lesions 

identified by F-miso PET/CT in patients with non-small cell lung carcinoma [RTEP5 

study]., J. Nucl. Med. (2017) jnumed.116.188367. doi:10.2967/jnumed.116.188367. 

[63] S. Ramella, M. Fiore, S. Silipigni, M.C. Zappa, M. Jaus, A.M. Alberti, P. Matteucci, E. 

Molfese, P. Cornacchione, C. Greco, L. Trodella, E. Ippolito, R.M. D’Angelillo, Local 

Control and Toxicity of Adaptive Radiotherapy Using Weekly CT Imaging: Results 

from the LARTIA Trial in Stage III NSCLC, J. Thorac. Oncol. (2017). 

doi:10.1016/j.jtho.2017.03.025. 

[64] H. Bainbridge, A. Salem, R.H.N. Tijssen, M. Dubec, A. Wetscherek, C. Van Es, J. 

Belderbos, C. Faivre-Finn, F. McDonald, lung tumour site group of the international 

Atlantic MR-Linac Consortium, Magnetic resonance imaging in precision radiation 

therapy for lung cancer., Transl. Lung Cancer Res. 6 (2017) 689–707. 

doi:10.21037/tlcr.2017.09.02. 

[65] R.J. Gillies, P.E. Kinahan, H. Hricak, Radiomics: Images Are More than Pictures, 

They Are Data, Radiology. 278 (2016) 563–577. doi:10.1148/radiol.2015151169. 

[66] H.J.W.L. Aerts, E.R. Velazquez, R.T.H. Leijenaar, C. Parmar, P. Grossmann, S. 

Cavalho, J. Bussink, R. Monshouwer, B. Haibe-Kains, D. Rietveld, F. Hoebers, M.M. 

Rietbergen, C.R. Leemans, A. Dekker, J. Quackenbush, R.J. Gillies, P. Lambin, 

Decoding tumour phenotype by noninvasive imaging using a quantitative radiomics 

approach, Nat. Commun. 5 (2014) 1739–1740. doi:10.1038/ncomms5006. 

[67] J.E. van Timmeren, R.T.H. Leijenaar, W. van Elmpt, B. Reymen, C. Oberije, R. 

Monshouwer, J. Bussink, C. Brink, O. Hansen, P. Lambin, Survival prediction of non-

ACCEPTED M
ANUSCRIP

T



small cell lung cancer patients using radiomics analyses of cone-beam CT images, 

Radiother. Oncol. (2017). doi:10.1016/j.radonc.2017.04.016. 

[68] H.J.W.L. Aerts, The Potential of Radiomic-Based Phenotyping in Precision Medicine, 

JAMA Oncol. 2 (2016) 1636. doi:10.1001/jamaoncol.2016.2631. 

[69] A.M. Hudson, C. Wirth, N.L. Stephenson, S. Fawdar, J. Brognard, C.J. Miller, Using 

large-scale genomics data to identify driver mutations in lung cancer: methods and 

challenges, Pharmacogenomics. 16 (2015) 1149–1160. doi:10.2217/pgs.15.60. 

[70] S.A. Eschrich, W.J. Fulp, Y. Pawitan, J.A. Foekens, M. Smid, J.W.M. Martens, M. 

Echevarria, V. Kamath, J.-H. Lee, E.E. Harris, J. Bergh, J.F. Torres-Roca, Validation 

of a Radiosensitivity Molecular Signature in Breast Cancer, Clin. Cancer Res. 18 

(2012) 5134–5143. doi:10.1158/1078-0432.CCR-12-0891. 

[71] S.A. Eschrich, J. Pramana, H. Zhang, H. Zhao, D. Boulware, J.-H. Lee, G. Bloom, C. 

Rocha-Lima, S. Kelley, D.P. Calvin, T.J. Yeatman, A.C. Begg, J.F. Torres-Roca, A 

Gene Expression Model of Intrinsic Tumor Radiosensitivity: Prediction of Response 

and Prognosis After Chemoradiation, Int. J. Radiat. Oncol. 75 (2009) 489–496. 

doi:10.1016/j.ijrobp.2009.06.014. 

[72] C. Abbosh, N.J. Birkbak, G.A. Wilson, M. Jamal-Hanjani, T. Constantin, R. Salari, J. 

Le Quesne, D.A. Moore, S. Veeriah, R. Rosenthal, T. Marafioti, E. Kirkizlar, T.B.K. 

Watkins, N. McGranahan, S. Ward, L. Martinson, J. Riley, F. Fraioli, M. Al Bakir, E. 

GrÖnroos, F. Zambrana, R. Endozo, W.L. Bi, F.M. Fennessy, N. Sponer, D. Johnson, 

J. Laycock, S. Shafi, J. Czyzewska-Khan, A. Rowan, T. Chambers, N. Matthews, S. 

Turajlic, C. Hiley, S.M. Lee, M.D. Forster, T. Ahmad, M. Falzon, E. Borg, D. 

Lawrence, M. Hayward, S. Kolvekar, N. Panagiotopoulos, S.M. Janes, R. Thakrar, A. 

Ahmed, F. Blackhall, Y. Summers, D. Hafez, A. Naik, A. Ganguly, S. Kareht, R. Shah, 

L. Joseph, A.M. Quinn, P. Crosbie, B. Naidu, G. Middleton, G. Langman, S. Trotter, 

M. Nicolson, H. Remmen, K. Kerr, M. Chetty, L. Gomersall, D.A. Fennell, A. Nakas, S. 

ACCEPTED M
ANUSCRIP

T



Rathinam, G. Anand, S. Khan, P. Russell, V. Ezhil, B. Ismail, M. Irvin-sellers, V. 

Prakash, J.F. Lester, M. Kornaszewska, R. Attanoos, H. Adams, H. Davies, D. Oukrif, 

A.U. Akarca, J.A. Hartley, H.L. Lowe, S. Lock, N. Iles, H. Bell, Y. Ngai, G. Elgar, Z. 

Szallasi, R.F. Schwarz, J. Herrero, A. Stewart, S.A. Quezada, P. Van Loo, C. Dive, 

C.J. Lin, M. Rabinowitz, H.J. Aerts, A. Hackshaw, J.A. Shaw, B.G. Zimmermann, C. 

Swanton, M. Jamal-Hanjani, C. Abbosh, S. Veeriah, S. Shafi, J. Czyzewska-Khan, D. 

Johnson, J. Laycock, L. Bosshard-Carter, G. Goh, R. Rosenthal, P. Gorman, N. 

Murugaesu, R.E. Hynds, G. Wilson, N.J. Birkbak, T.B.K. Watkins, N. McGranahan, S. 

Horswell, M. Al Bakir, E. GrÖnroos, R. Mitter, M. Escudero, A. Stewart, P. Van Loo, A. 

Rowan, H. Xu, S. Turajlic, C. Hiley, J. Goldman, R.K. Stone, T. Denner, N. Matthews, 

G. Elgar, S. Ward, J. Biggs, M. Costa, S. Begum, B. Phillimore, T. Chambers, E. Nye, 

S. Graca, M. Al Bakir, K. Joshi, A. Furness, A. Ben Aissa, Y.N.S. Wong, A. Georgiou, 

S. Quezada, J.A. Hartley, H.L. Lowe, J. Herrero, D. Lawrence, M. Hayward, N. 

Panagiotopoulos, S. Kolvekar, M. Falzon, E. Borg, T. Marafioti, C. Simeon, G. Hector, 

A. Smith, M. Aranda, M. Novelli, D. Oukrif, A.U. Akarca, S.M. Janes, R. Thakrar, M. 

Forster, T. Ahmad, S.M. Lee, D. Papadatos-Pastos, D. Carnell, R. Mendes, J. 

George, N. Navani, A. Ahmed, M. Taylor, J. Choudhary, Y. Summers, R. Califano, P. 

Taylor, R. Shah, P. Krysiak, K. Rammohan, E. Fontaine, R. Booton, M. Evison, P. 

Crosbie, S. Moss, F. Idries, L. Joseph, P. Bishop, A. Chaturved, A. Marie Quinn, H. 

Doran, A. leek, P. Harrison, K. Moore, R. Waddington, J. Novasio, F. Blackhall, J. 

Rogan, E. Smith, C. Dive, J. Tugwood, G. Brady, D.G. Rothwell, F. Chemi, J. Pierce, 

S. Gulati, B. Naidu, G. Langman, S. Trotter, M. Bellamy, H. Bancroft, A. Kerr, S. 

Kadiri, J. Webb, G. Middleton, M. Djearaman, D. Fennell, J.A. Shaw, J. Le Quesne, D. 

Moore, A. Thomas, H. Walter, J. Riley, L. Martinson, A. Nakas, S. Rathinam, W. 

Monteiro, H. Marshall, L. Nelson, J. Bennett, J. Riley, L. Primrose, L. Martinson, G. 

Anand, S. Khan, A. Amadi, M. Nicolson, K. Kerr, S. Palmer, H. Remmen, J. Miller, K. 

Buchan, M. Chetty, L. Gomersall, J. Lester, A. Edwards, F. Morgan, H. Adams, H. 

Davies, M. Kornaszewska, R. Attanoos, S. Lock, A. Verjee, M. MacKenzie, M. Wilcox, 

ACCEPTED M
ANUSCRIP

T



H. Bell, N. Iles, A. Hackshaw, Y. Ngai, S. Smith, N. Gower, C. Ottensmeier, S. Chee, 

B. Johnson, A. Alzetani, E. Shaw, E. Lim, P. De Sousa, M. Tavares Barbosa, A. 

Bowman, S. Jordan, A. Rice, H. Raubenheimer, C. Proli, M. Elena Cufari, J.C. 

Ronquillo, A. Kwayie, H. Bhayani, M. Hamilton, Y. Bakar, N. Mensah, L. Ambrose, A. 

Devaraj, S. Buderi, J. Finch, L. Azcarate, H. Chavan, S. Green, H. Mashinga, A.G. 

Nicholson, K. Lau, M. Sheaff, P. Schmid, J. Conibear, V. Ezhil, B. Ismail, M. Irvin-

sellers, V. Prakash, P. Russell, T. Light, T. Horey, S. Danson, J. Bury, J. Edwards, J. 

Hill, S. Matthews, Y. Kitsanta, K. Suvarna, P. Fisher, A.D. Keerio, M. Shackcloth, J. 

Gosney, P. Postmus, S. Feeney, J. Asante-Siaw, T. Constatin, R. Salari, N. Sponer, 

A. Naik, B. Zimmermann, M. Rabinowitz, H.J.W.L. Aerts, S. Dentro, C. Dessimoz, C. 

Swanton, M. Jamal-Hanjani, C. Abbosh, K.-K. Shiu, J. Bridgewater, D. Hochauser, P. 

Van Loo, S. Quezada, S. Beck, P. Parker, H. Walczak, T. Enver, M. Falzon, I. Proctor, 

R. Sinclair, C. Lok, M. Novelli, T. Marafioti, E. Borg, M. Mitchison, G. Trevisan, M. 

Lynch, S. Brandner, F. Gishen, A. Tookman, P. Stone, C. Sterling, J. Larkin, S. 

Turajlic, G. Attard, R. Eeles, C. Foster, S. Bova, A. Sottoriva, S. Chowdhury, C. 

Ashish, J. Spicer, M. Stares, J. Lynch, C. Caldas, J. Brenton, R. Fitzgerald, M. 

Jimenez-Linan, E. Provenzano, A. Cluroe, G. Stewart, C. Watts, R. Gilbertson, U. 

McDermott, S. Tavare, T. Maughan, I. Tomlinson, P. Campbell, I. McNeish, A. 

Biankin, A. Chambers, S. Fraser, K. Oien, M. Krebs, F. Blackhall, Y. Summers, C. 

Dive, R. Marais, L. Carter, D. Nonaka, A.M. Quinn, N. Dhomen, D. Fennell, J. Le 

Quesne, D. Moore, J. Shaw, B. Naidu, S. Baijal, B. Tanchel, G. Langman, M. Collard, 

P. Cockcroft, J. Taylor, H. Bancroft, A. Kerr, G. Middleton, J. Webb, S. Kadiri, P. 

Colloby, B. Olisemeke, R. Wilson, C. Ottensmeier, D. Harrison, M. Loda, A. Flanagan, 

M. Wilcox, M. McKenzie, A. Hackshaw, J. Lederman, A. Sharp, L. Farrelly, C. 

Swanton, Phylogenetic ctDNA analysis depicts early stage lung cancer evolution, 

Nature. (2017). doi:10.1038/nature22364. 

  

ACCEPTED M
ANUSCRIP

T



Table 1 – Sources of heterogeneity and solutions to balance trial arms 

Source of heterogeneity 

 

Solutions 

Currently available Potential future strategies 

Tumour characteristics / 
Staging 

 Diverse clinical 
presentations account 
for same stage 

 Gross tumour volume 
(primary and nodes) 

 Number / location of 
involved nodes 

 Stratify / exclude cases 
into smaller prognostic 
groups based on: 

- GTV 

- Number of lymph 
nodes 

 

 Stratify / exclude cases into 
smaller prognostic groups 
based on: 

- Radiomic features 

Anatomical 

 Proximity to critical 
structures e.g. heart 

 Tumour motion 
variability 

 Isotoxic radiotherapy to 
individualise treatment 
based on proximity of 
OAR 

 Stratify / exclude cases 
into smaller prognostic 
groups based on 
anatomical location. 

 Better dose sparing of OAR 
(e.g. heart) using 
 
- Improved ‘beam-on’ 

imaging of tumour and 
OAR with MR-guided 
radiotherapy 
 

- Proton beam 
radiotherapy 

Genetic / Histopathological 

 Diverse genetic drivers 
– many unknown / 
some sensitising 

 EGFR expression 

 Squamous vs. non-
squamous histology 

 Stratify / exclude genetic 
or histopathological 
subtypes e.g. EGFR 
mutant / squamous 
histology 

 Identify biomarkers of 
intrinsic radiosensitivity for 
stratification 

Radiotherapy 

 Radiotherapy quality 
assurance 

 Centre Experience (high 
volume vs. low volume 

 Stratify use of advanced 
technology (e.g. 4DCT 
planning) 
 

 Comprehensive 
radiotherapy QA / 
centralised radiotherapy 

 Automation of radiotherapy 
planning tasks e.g. target 
and OAR delineation. 
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centres) 

 Technology – IMRT / 
PETCT/ 4D planning / 
IGRT and adaptive 
radiotherapy 

plan review / site 
training 

Clinical Response 

 Tumour shrinkage 
during treatment 

 Weight loss 

 Image-guidance and 
adaptive radiotherapy 
 

 Nutrition / dietician 
support 

 Functional imaging 
acquired during 
radiotherapy to adapt 
treatment. 

 

Diagnostic 

 Use of PET / EBUS / 
brain imaging to stage 
patient 

 Definition of local 
relapse 

 Centralise relapse 
definition 

 Enhanced imaging for 
relapse e.g. PET 
 

 Biological markers of 
relapse e.g. cfDNA 
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 Radiotherapy quality 
assurance 

 Centre Experience (high 
volume vs. low volume 

 Stratify use of advanced 
technology (e.g. 4DCT 
planning) 
 

 Comprehensive 
radiotherapy QA / 
centralised radiotherapy 

 Automation of radiotherapy 
planning tasks e.g. target 
and OAR delineation. 

ACCEPTED M
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centres) 

 Technology – IMRT / 
PETCT/ 4D planning / 
IGRT and adaptive 
radiotherapy 

plan review / site 
training 

Clinical Response 

 Tumour shrinkage 
during treatment 

 Weight loss 

 Image-guidance and 
adaptive radiotherapy 
 

 Nutrition / dietician 
support 

 Functional imaging 
acquired during 
radiotherapy to adapt 
treatment. 

 

Diagnostic 

 Use of PET / EBUS / 
brain imaging to stage 
patient 

 Definition of local 
relapse 

 Centralise relapse 
definition 

 Enhanced imaging for 
relapse e.g. PET 
 

 Biological markers of 
relapse e.g. cfDNA 
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